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Abstract: Syngas can be used as feedstock for efficient energy conversion in solid oxide fuel
cells (SOFCs). In the current paper, the conversion efficiency of methane to synthesis gas
(Hz and CO) within a two-layer porous media reactor is investigated by a one-dimensional
two-temperature model. A detailed chemical reaction mechanism GRI-Mech 1.2 is used to
describe the chemical processes. Attention is focused on CO, content in the methane/air
mixture, heat loss to the surroundings, and solid thermal conductivity on temperature
distribution and conversion efficiency. Numerical results show that addition of CO; to the
methane/air mixture improves the conversion efficiency. For a molar ratio of CO,/CHy =1,
the conversion efficiency reaches 44.8%. An increase in heat loss to the surroundings leads
to a decrease in conversion efficiency. A greater solid thermal conductivity can improve the
conversion efficiency.

Keywords: two-layer porous media reactor; CO, injection; heat loss; conversion efficiency

1. Introduction

Solid oxide fuel cells (SOFCs) offer advantages such as high efficiency and environmen-
tal friendliness. Compared to traditional power generation methods, SOFCs can achieve
a power generation efficiency of up to 60% and do not emit pollutants like NOy, making
them highly environmentally friendly.

The syngas for SOFCs is mostly obtained through the cracking of hydrocarbon fuel/air
mixtures. Hj has the advantages of high calorific value per unit mass and almost no
environmental pollution during combustion. Hence, it is considered as an alternative to
hydrocarbon fuel in the future. Although the reserves of H, are very rich, most of them
exist in water and hydrocarbon fuels in the form of ions, which need to be extracted by
certain means [1-4]. The primary methods for producing syngas include thermochemical
water decomposition, biomass processing, electrolysis, coal and biogas utilization, steam
reforming, partial oxidation, and autothermal reforming. Among these, the most prevalent
method is the production of syngas through the reforming of hydrocarbon fuels [5,6].

Enhancing the conversion efficiency of hydrocarbon fuels is a hot topic in the field of
SOFCs. Among various methods, the most advanced approach is to modify anodes by an
active and stable coking catalytic layer as considered in the review by L. Fan et al. [7]. An-
other well-known approach is to transform fuel into syngas in the reactor with structured
catalysts on heat-conducting substrates with nanocomposite active components possessing
a high oxygen mobility and stability to coking [8]. The partial oxidation of rich fuels in

Batteries 2025, 11, 187

https://doi.org/10.3390/batteries11050187


https://doi.org/10.3390/batteries11050187
https://doi.org/10.3390/batteries11050187
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0003-4608-197X
https://doi.org/10.3390/batteries11050187
https://www.mdpi.com/article/10.3390/batteries11050187?type=check_update&version=2

Batteries 2025, 11, 187

20f11

porous media represents a promising technology. The porous media reactor has garnered
significant attention due to its extensive internal surface area and intricate gas flow path-
ways, which enhance heat transfer between the gas and solid phases. Syngas production
by partial oxidation of fuel rich in porous media has been extensively studied [9,10].

Toledo et al. [11] carried out an experimental study on syngas production in inert
porous media for three different hydrocarbon fuels. A one-dimensional steady-state nu-
merical model was established by using the two-temperature model and a GRI-Mech 3.0
detailed chemical reaction mechanism. The critical equivalence ratio of the three fuels for
superadiabatic combustion was presented. Araya et al. [12] conducted experimental and
theoretical studies on syngas production in an inert porous medium composed of Al,O3
spheres by adding a certain proportion of water vapor into natural gas. They found that
the output of Hj increases with the increase in the proportion of steam in the mixture.
Zeng et al. [13,14] carried out an experimental study on the fuel-rich combustion character-
istics of a two-layer reactor by adding different proportions of CO; into a CH,/air mixture,
and they established a one-dimensional, steady-state, two-temperature model. The Peter
mechanism of 17 species and 58 elementary reactions was adopted in their computations.
The radiation heat loss of solids at the inlet and outlet to the environment was considered.
Their results showed that CO, injection can improve the conversion efficiency of syngas.

In the experiment, heat loss to the surroundings is inevitable and the solid thermal
conductivity may have significant influence on combustion characteristics and syngas
production. Therefore, in the process of numerical studies, the wall heat loss should
be considered and the appropriate heat loss coefficient should be selected to reflect the
actual combustion situation of the reactor. Although fuel-lean [15,16] and fuel-rich [17-20]
combustion in porous media has been numerically investigated, these effects have not
been fully considered in previous research. The performance and durability of a 100 W
SOEFC stack system was investigated by Alenazey et al. [21] under the conditions of steady-
state and current load cycling. It was found that the total degradation rates were 54, 297,
and 370 mV within 72 h for three different stack temperatures of 650, 700, and 750 °C,
respectively. However, a steady drop as small as 0.5% was observed during the 24 current
load cycles.

This paper aims to clarify the effects of heat loss and thermal conductivity on syn-
gas production. The research results provide guidance for improving conversion effi-
ciency through optimized combustion conditions. To this end, a one-dimensional two-
temperature steady-state model of a two-layer porous medium reactor is established. The
two-temperature model means that the gas and solid phases have their own tempera-
tures. The GRI-Mech 1.2 detailed mechanism [22] is adopted to deal with the methane/air
combustion in porous media. Different proportions of CO; are added to the methane/air
mixture to explore the effect of CO; injection on conversion efficiency. A heat loss coefficient
is introduced to account for the heat loss to the surroundings and its influence on syngas
production. The impact of material properties on conversion efficiency is also examined.

2. Mathematical Model
2.1. Model Description

The research object of this paper is a two-layer porous medium reactor designed by
Zeng et al. [14]. The inner diameter of the reactor is 30 mm, and its length is 80 mm,
as illustrated in Figure 1. The porous medium material used in the reactor is Al,Os balls.
The balls used in the upstream section have a diameter of 2-3 mm, a filling height of 20 mm,
and a porosity of 0.4, serving as the diffusion layer for the flame. In the downstream
section, the balls have a diameter of 7.5 mm, a filling height of 60 mm, and a porosity of
0.46, functioning as the flame-supporting layer. For simplification, it is assumed that the
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d(epgegugTy)

dx

diameter of the balls in the upstream section is 2.5 mm. The fuel used in the model is
a methane/air mixture with varying proportions of CO,.

/> 25 mm A|203

7.5 mm Al,O,

CH,/CO,/Air Products

30 mm

20 mm 60 mm

Figure 1. Schematic of the two-layer reactor.

2.2. Governing Equation

In this paper, a one-dimensional model of the reactor is established. Considering the
complexity of heat transfer between the gas and solid phases in the reactor, the model is
simplified with the following assumptions:

1.  Gas radiation is ignored;

2 Porous media are isotropic and have an inert optical thickness;

3. The gas in porous media is an ideal gas and the flow in porous media is laminar;
4. A heat loss coefficient j is used to account for the heat loss to the surroundings.

Based on the above assumptions, the following governing equations are estab-
lished [15].
Continuity equation:
d(epgug)
dx
where ¢ is the porosity, and pg and ug are the gas density and mixture velocity, respectively.

=0 (1)

Momentum equation:

d(epgugug) dp ( dug) _Ap ?

dx E*@ Ax

dx

Gas energy equation:
dY dTy, — d dT

where cg is the specific heat of the gas mixture, Ag is the thermal conductivity of the gas
mixture, wy and Wy are the reaction rate and molecular weight of the i-th component in the
mixture, and hy is the volumetric convective heat transfer coefficient, which is calculated
by the following equations [15]:

6Ny SA
hy = Tg 4)
Nuy = 2 + 1.1Pr/3Re%0 (5)

Solid energy equation:

(O da) G ) (T = T0) = BT~ To) =0 ©
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where § is the heat loss coefficient, and A,,4 is the radiative thermal conductivity of

AlyOs3 spheres.

_ 32e0d 4
Arad = st @)

Species conservation equation:

d d dyY .
P (epg Yiiig) = I (spngmdxk> + e Wy (8)

where Y is the mass fraction of the k-th component in the gas mixture.
The equation of state for an ideal gas is as follows:

P = pgRT, 9)

where R is the general constant of gas. The gas density is obtained from the ideal gas
equation. The gas property parameters are computed using the Chemkin and Transport
packages provided by Kee et al. [23].

2.3. Boundary Conditions

The boundary conditions used in the model are given as follows.
Reactor inlet:

dT.
Ug = Ug in, Y = Yk,inr Tg = Tg,in/ (/\s + )\rad)dixs = 750-(’1—;1 - Tg) (10)
Reactor outlet:
du dY; dT. dT. dT.
g k g S S 4 4
—2 =" =—"2=_""=0,(As+A — = — T — T, 11
dx dx dx dx 0, (As + Arad) dx (ja( s 0) (11)

Here, ¢ is the surface emissivity of porous media.

2.4. Parameter Definition

The conversion efficiency of syngas is specified as

_ Ynyout X LHVH, + Yco,0ut X LHVco
YcH,,in X LHVch,

U (12)

where LHYV is the low calorific value of components.

2.5. Chemical Mechanism

The chemical reaction mechanism has a significant effect on the temperature distri-
bution and composition in porous media. The simplified mechanism is not sufficient to
fully account for the partial combustion of methane in the reactor. Therefore, the detailed
chemical reaction mechanism of GRI-Mech 1.2 is adopted in this paper, which consists of
32 species and 175 elementary reactions. ANSYS 15.0 is used in the numerical calculation.

2.6. Meshing and Solution Strategy

Based on the volume-averaged method, the burner is simplified as a regular geometric
shape. A uniform square grid of 0.25 mm is applied throughout the computational do-
main, and a grid independence test is performed. The commercial software Fluent 15.0
is employed to solve the conservation equations with prescribed boundary conditions.
The pressure—velocity coupling utilizes the SIMPLE algorithm. Second-order difference
schemes are adopted for the gas and solid energy equations and the momentum equation.
To simulate methane ignition, a 20 mm long high-temperature zone (1800 K) is initialized
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at the interface between sections. The convergence criteria are set to 1 x 10~° for energy
equations and 1 x 1072 for other equations.

3. Results and Analysis
3.1. Effect of CO; Injection

In this paper, the volume flow rate and equivalence ratio of air are fixed at 5 L/min
and 1.5, respectively. Figure 2 depicts the gas and solid temperatures for four different
molar ratios of CO,/CHy. It is evident that the gas temperature increases sharply within
the reaction zone. The heat released during combustion is rapidly transferred to the
solid porous media through convection heat transfer, resulting in a swift increase in solid
temperature as well. However, a temperature difference exists between the gas and solid
phases, which is referred to as the thermal nonequilibrium phenomenon. Consequently, it
is necessary to model the energy equations for gas and solid separately in the numerical
study. In the upstream of the combustion zone, the solid temperature is higher than the
gas temperature, and the fresh mixture is preheated by the solid porous media. In the
combustion area, the gas temperature rises above that of the solid temperature. In the
downstream of the combustion area, the temperature difference between the gas and
the solid gradually decreases, indicating that heat is being transferred from the gas to
the solid [24].

2100

mterface f
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<
% 1200
<
o}
g 900 CO,/CH,~0
= CO,/CH,~0.25
| CO,/CH,=0.5
600 f¥
CO,/CH,~1
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0 0.02 0.04 0.06 0.08

x(m)

Figure 2. Temperature distributions for different molar ratios of CO,/CHyj (solid line presents gas
temperature T¢; dashed line presents solid temperature Ts).

As the molar ratio of CO,/CHy, increases from 0 to 1, the flame front gradually moves
downstream. Specifically, when the molar ratio of CO,/CHy, reaches 1, the flame is located
approximately 17 mm downstream of the interface between the two sections, and the
peak gas temperature reaches 1950 K. The preheating zone is lengthened, and more heat
is stored in the solid matrix, which enhances the preheating effect on the fresh mixture,
resulting in an increase in the peak gas temperature. As the molar ratio of CO,/CHy
increases, the temperature difference between the gas and solid phases also increases. This
phenomenon can be attributed to two main reasons. Firstly, increasing the proportion of
CO; injection leads to an increase in the inlet air velocity, which shortens the residence
time of the gas in the porous media and weakens the heat transfer effect between the gas
and solid. Secondly, as the flame propagates downstream, the diameter of the small ball
increases to 7.5 mm. With the increase in the diameter of the ball, the convective heat
transfer coefficient decreases under the same conditions.

Figure 3 illustrates the mole fraction of the main components near the reaction zone
for molar ratios of CO,/CHy = 0 and 1. The chemical reaction occurs in a very narrow
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Mole Fraction

02

area, approximately 3 mm thick. Within the reaction zone, the mole fractions of CHy and
O, decrease rapidly, indicating that the combustion reaction is taking place. The main
components of syngas quickly reach their peak values and remain stable. For molar ratios
of CO,/CHy =0 and 1, the distribution of each component is similar, except for CO; in
the reaction zone. For a molar ratio of CO,/CHy = 1, the mole fraction of CO; initially
decreases through the main elementary reaction reactions 2H + CO, <+ Hy + CO; and
CH + CO; +» HCO + CO, and then increases via elementary reaction Oy + CO <+ O + CO,,
suggesting that CO; first participates in the reaction as a reactant and is subsequently

generated as a product.

02
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Figure 3. The distribution of major species near the reaction zone. (a) CO,/CH, =0. (b) CO,/CHy =1.

Figure 4 presents the molar fraction of the main syngas components in the products
and the conversion efficiency for different molar ratios of CO,/CHy, with experimental
results included for comparison.

0.25 0.5
| - — — = CHs4 —— n (Numerial results)
- CO2 ———— 1 (Expcrimental results)
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[ 045
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Figure 4. The molar fraction of major species and reforming efficiency for different CO, dilution

concentrations [14].

It can be observed from the figure that the numerical results in this study show good
agreement with the experimental data. The experimental results indicate that conversion
efficiency increases with higher molar ratios of CO,/CH,4. However, predictions show a
significant drop in reforming efficiency at a CO,/CHy ratio of 0.5. This discrepancy may
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2100

be attributed to the model used in this study. We employed the volume-averaged method
for modeling, which could lead to deviations between the predictions and experimental
results. Additionally, the predictions utilize GRI 1.2 rather than the most recent chemical
kinetics, which may also contribute to the observed deviations.

As the molar ratio of CO,/CHjy increases, the molar fractions of CO, and CO rise,
while the molar fraction of Hj slightly decreases. Although the molar fraction of CO,
at the outlet increases, the net production of CO, decreases because CO, participates in
the reverse reaction of water to gas, namely CO; + H; <> HyO + CO. In this reaction, Hy
also acts as a reactant, leading to the formation of CO and a consequent reduction in Hj
concentration. As the CO,/CHy, ratio increases from 0 to 1, the conversion efficiency of
methane/air improves from 37.1% to 44.7%.

3.2. Effect of Heat Loss

Figure 5 shows the temperature curves of gas and solid phases under different heat
loss coefficients. The heat loss coefficient, denoted as 8, was experimentally evaluated to
be 330 W/ (m? - K) for a well-insulated porous burner [25]. The experimental values of
Zeng et al. [14] are also shown for comparison. For the molar ratio of CO,/CHy = 0, the nu-
merical results for = 1000 W/ (m? - K) and 8 = 2000 W/ (m? - K) are in good agreement
with the experimental values. With the increase in 3, the heat loss through the wall to the
surroundings increases, and the temperatures of gas and solid phases decrease, which are
obviously lower than Zeng’s experimental values. When the molar ratio of CO,/CHy is
0 and B exceeds 1000 W/ (m? - K), the flame propagates downstream and finally moves
out to the reactor outlet. This phenomenon is not shown in Figure 5 for the sake of clarity.
This B value is defined as a critical value for stable combustion in the reactor. For the molar
ratio of CO,/CHy = 1, the critical value of 8 is 2500 W/ (m3 - K). This is consistent with the
results of Shi et al. [17] that the wall heat loss should not exceed 70% of the total heat of the
reactor. The flame propagates downstream by predictions for CO,/CHy = 1 with different
heat loss coefficients compared to the experiments. This discrepancy may stem from the
inappropriate heat loss coefficient applied in the computations.
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Figure 5. Temperature distributions for different 3 (solid line is gas temperature T,; dashed line is
solid temperature Ts). (a) CO,/CHy =0. (b) CO,/CHy = 1.

Figure 6 shows the molar fractions of the main syngas components in the products

and conversion efficiency as a function of § for molar ratios of CO,/CH4 =0 and 1.
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Figure 6. Major syngas and reforming efficiency as a function of . (a) CO,/CHy =0. (b) CO,/CHy =1.

It can be observed from the figure that the increase in § leads to a decrease in the

temperatures of gas and solid phases. At the same time, a decrease in the molar fraction of

Hj and a slight increase in the molar fraction of CO are observed as 8 is increased. However,

the conversion efficiency decreases with B, which indicates that a greater conversion can be
obtained for the lower B.

3.3. Effect of Thermal Conductivity

In the packing bed, the gas—solid convective heat transfer coefficient and thermal

conductivity are very important for heat transfer in a porous media reactor. The effects

of thermal conductivity on the temperature distribution of gas and solid phases and

the conversion efficiency of syngas are discussed. In this study, the heat loss coefficient
B =1000 W/ (m? - K) and the solid surface emissivity & = 0.8 are kept unchanged, while A

is varied.

Figure 7 shows the temperature distributions with CO,/CHy = 0.5 for different solid
thermal conductivities. The thermal conductivity of the benchmark is 0.32 W/(m - K).
As shown in Figure 7, the thermal conductivity of the solid has little effect on the gas
temperature, but it has an obvious effect on the solid’s temperature. The effective thermal

conductivity of the packing bed consists of two parts, which are the thermal conductivity

of solid material As and radiative thermal conductivity A,,q. With the increase in As,

the heat conduction in the packing bed is enhanced, the solid temperature gradient becomes

smaller, the preheating effect of the fresh mixture in the upstream is reduced, and the flame
moves downstream. For Ag = 0.16 W/ (m - K), the flame is located at the interface of two

porous media.

Table 1 presents the main components of syngas in the products and the conversion

efficiency. It can be observed that the lowest molar fractions of H, and CO are obtained
for the benchmark thermal conductivity value of 0.32 W/ (m - K). When A is increased
from 0.32 W/ (m - K) to 0.64 W/ (m - K), the conversion efficiency increases from 39.5% to
42.9%. However, further increase in Ag from 0.64 W/ (m - K) to 1.28 W/ (m - K) leads to a
negligible decrease in conversion efficiency. This indicates that increases in As lead to a

slight increase in conversion efficiency.
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Figure 7. Temperature distributions for different As (CO,/CHy = 0.5, = 1000 W/(m3-K), &= 0.8).

Table 1. Molar fraction of major species and reforming efficiency for different As (CO,/CHy = 0.5,
B =1000 W/(m3-K), & =0.8).

As (W/m - K) Xco, XH, Xco XcH, Ui (%)
0.16 0.0867 0.0584 0.0894 0.0031 41.7
0.32 0.0838 0.0515 0.0885 0.0024 39.5
0.64 0.0894 0.0634 0.0870 0.0019 429
1.28 0.0857 0.0612 0.0897 0.0031 425

4. Conclusions

The partial oxidation of rich fuels in porous media is a promising technology for
supplying the syngas used in solid oxide fuel cells. In this paper, a one-dimensional steady-
state model of a two-layer porous media reactor is established and the detailed chemical
reaction mechanism of GRI-Mech 1.2 is used to study the partial combustion of methane/air
with injection of CO, in the mixture. The effects of molar ratio of CO,/CHy, heat loss
coefficient and solid thermal conductivity on gas and solid temperature distribution, syngas
production, and conversion efficiency are analyzed. The main conclusions are as follows:

1. Injection of CO, into methane/air mixture can improve the conversion efficiency. As
the CO,/CHy ratio increases from 0 to 1, the conversion efficiency of the methane/air
mixture improves from 37.1% to 44.7%;

2. The conversion efficiency decreases from 0.15 to 0.12 when the heat loss coefficient is
increased from 1000 W/ (m? - K) to 2000 W/ (m3 - K);

3. The thermal conductivity of porous media primarily affects the temperature of the
solid and the conversion efficiency. When the thermal conductivity is increased from
0.32W/(m - K) to 0.64 W/ (m - K) for a molar ratio of CO,/CHj, = 0.5, the conversion
efficiency increases from 39.5% to 42.9%.
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Nomenclature

Symbol  Definition

Cg specific heat capacity, J- kg~ 1-K~!

d the diameter of the ball, mm

hy the molar enthalpy of component i, ]-mol_1
hy the volume convective heat transfer coefficient
M mole fraction

Nu Nusselt number

P pressure, Pa

Pr Prandtl number

Re Reynolds number

T temperature, K

u gas velocity, m-s !

Wi molecular weight of the k component

Yy mass fraction of component k

Wi the reaction rate of the k component

B heat loss coefficient, W-m—3.K~!

€ porosity

Ui conversion efficiency

Aot effective thermal conductivity, W-m~1.K~!
Arad radiative thermal conductivity, Wm 1K1
Ag thermal conductivity for solid, W-m~ 1K1
0 density, kg:m—3

o Stefan-Boltzmann constant, W-m 2. K4

¢ surface emissivity of porous media
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