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Abstract: In this study, a steady state model for burning of coal mine methane in a Reverse Flow
Burner (RFB) with full kinetics was developed by analogy of a steady counter-flow reactor, and the
developed model was used for quick prediction of the lean combustibility limit (LCL). The model was
successfully validated with experimental and numerical results, and it was shown that the developed
model has excellent accuracy and computational efficiency. Good agreement between the predicted
temperature, LCL, and the experiments was observed. The LCL of the equivalence ratio of 0.022 for
methane/air mixture was obtained by the developed model. The model was then used to evaluate
LCL for the RFB, focusing on the effect of heat loss and burner length on LCL. This indicated that the
computational time using the developed model can be reduced by a factor of 1560 compared to the
complete transient model.

Keywords: Reverse Flow Burner; steady state model; lean combustibility limit; thermal oxidation;
numerical simulation

1. Introduction

Filtration combustion has attracted much attention due to the enhanced mass and heat
transfer process in porous media. As a result, superadiabatic combustion may take place in
the reactor; low heating-value gas can be burned and heat recovery from these gases can
be realized. The forced ventilation process in coal mining emits considerable methane. In
2009, the global Ventilation Air Methane (VAM) was about 14 billion m3. There are three
gas streams containing methane from coal—gas drained from the coal seam before mining
(60–95%, vol% CH4), from work zones of the mine (30–95%, vol% CH4) and by ventilation
air (0.1–1.0%, vol% CH4) [1,2].

Because of the pressure derived from the need to burn coal mine methane and lower
emissions in combustion of low heat content gas, new combustion technologies and devices
are sought. Of these technologies, superadiabatic combustion has been proven to be an
effective way to extend lean combustibility limits (LCLs) and control pollutant emissions
compared to conventional combustion [3].

The concept of superadiabatic or excess enthalpy combustion was introduced by
Egerton [4] and Weinberg [5]. Since then, superadiabatic combustion in a packing bed
has been investigated intensively by experimental [6–8], theoretical [9–11], and numerical
studies [12–14]. One of the most severe problems for superadiabatic combustion is the
extension of the LCL. It is also important for the burner to be able to minimize CO and
NOx emissions.

The early experimental studies focused on the extending the LCL of a porous burner
with unidirectional flow. Zhdanok et al. [6] studied the superadiabatic combustion in
a packed bed with alumina pellets for methane/air mixture, and proposed the idea of
overlapping the thermal wave and combustion wave to obtain superadiabatic combustion.
It was confirmed experimentally that the combustion temperature in the packed bed
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was about 2.8 times the normal adiabatic temperature, and the LCL was extended to
the equivalence ratio of 0.15. Furthermore, an analytical solution of the relationship
between flame temperature, and thermal and combustion wave speed, was presented. The
superadiabatic combustion mechanism through the overlapping thermal and combustion
wave was validated theoretically by Shi et al. [10]; an analytical solution of the temperatures
in the packed bed was presented, which was divided into the initial temperature field and
the influence of the reaction heat.

To further extend the LCL, an RFB was proposed by the researchers, in which the flow
direction of fuel/air mixture was periodically switched within a certain time interval. As a
result, solid heat stored in the downstream in the previous half cycle was used to preheat
the fresh mixture. Thus, the LCL could be extended and the combustion was stabilized in
the porous burner. Experimental studies on superadiabatic combustion in the RFB have
been extensively conducted by researchers. Hoffmann et al. [15] reported that the LCL was
extended to the equivalence ratio of 0.026. Heat recovered from coal mine methane via an
RFB with embedded heat exchangers has also been extensively studied [15–17]. Gosiewski
et al. [1] reported that an RFB system can be stable when the concentration of coal mine
methane is greater than 0.2% vol.% and heat recovery from the products may be obtained
when methane concentration is higher than 0.4 vol.%.

Porous media combustion technology provides many benefits, but also leads to diffi-
culties for simulations due to multiple time and length scales [18]. The volume-averaged
method and local simulation are the two main approaches used in the numerical studies.
To simplify the modeling, the volume-averaged method with one-step kinetics has been
widely used [18–23]. Hanamura et al. [19] numerically investigated superadiabatic com-
bustion in an RFB using a one-dimensional two-temperature model with global chemical
kinetics. It was shown that the flame temperature in the burner was 13 times greater than
the conventional one. Dobrego et al. [20] conducted theoretical and numerical studies on
the LCL in an RFB using one-step kinetics. Bubnovich et al. [21] carried out simulations on
the influence of particle diameter on the stabilization operation region using a 1D transient
model with global chemical kinetics. They found that the increase in the particle diameter
leads to an increase in the stabilization zone under the condition with and without heat
extraction.

Premixed gas combustion in porous media with a homogeneous structure is transient
combustion, and simulations with the transient model and full chemical kinetics are
extremely time consuming. It is known that more than 40–60 half cycles are required for an
RFB to reach a quasi-steady condition. The predictions by Bubnovich et al. [21] showed that
stationary temperature profiles were reached within 2000 s with a time step of 0.01 s under
the conditions of the equivalence ratio of 0.25 and mixture velocity of 0.25 m/s. Yakovlev
et al. [13] adopted a multi-scale method to speed up calculations of filtration combustion
using a local simulation with full chemical kinetics; 8 × 10−5 s was used for the gas phase
equation and 0.05 s for the solid phase equation. Vourliotakis et al. [23] reported that more
than a week of Central Processing Unit (CPU) time was needed for 3D CFD simulation of
syngas prediction in porous media using GRI-Mech 3.0 for only one case of computation.
It is obvious that tremendous computational time and resources are required to simulate
transient combustion with full kinetics.

To speed up the computation of chemistry and save computational time, four dif-
ferent approaches were found in the previous studies on filtration combustion, namely,
reduction in the computational domain; using simplified chemical kinetics; speeding up
the chemistry; and the multi-scale method. Reduction in the computational domain by
symmetry conditions or selecting the representational part of the burner has been widely
used by researchers [24]. Some researchers [25] adopted reduced chemical kinetics rather
than full kinetics to save computational burden. Speeding up the chemistry calculation
approach, such as in situ adaptive tabulation (ISAT) [26,27], was applied in open space
and then introduced into the simulation of porous media combustion. This approach
was adopted by Yakovlev and Zambalov [13] to save computational time in modeling of
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filtration combustion. A simplified theoretical solution of the LCL was presented by Shi
et al. [28] using the analogy approach. They reported that an enormous computing time
was saved with the procedure compared to the complete model. An RFB can also be used
for syngas production. For predictions of full syngas components in an RFB, full chemical
kinetics is necessary and this leads to enormous computational time [29,30].

A new approach to simulate combustion and heat recovery in an RFB was proposed
by Yao and co-worker [31]; a steady state model was developed with one-step kinetics and
the effect of extraction locations and the equivalence ratio on the heat extraction efficiency
were studied. Their results indicated that computational time can be saved using their
developed model, and multi-step chemical kinetics was recommended for the purpose of
more accurate results.

Previous research on RFBs showed that the combustion characteristics of an RFB have
been numerically studied based on the volume-averaged model with one-step kinetics.
The predictions of the LCL with full chemical kinetics have rarely been used due to costly
computation, this approach is very important to deeply understand the characteristics of
the system and optimization design of the burner.

The objective of this work is to present a steady state model for the RFB system with
full kinetics. This work makes the following contributions: (1) a steady state model with
full chemical kinetics was developed using the analogy approach; (2) the developed model
was validated against experimental data and predictions; (3) the combustion characteristics
of an RFB at the LCL were analyzed, and the effects of heat loss and burner length on the
LCL were predicted; and (4) the computational time using the developed and complete
model for the same operating conditions was compared to evaluate the computational
efficiency of the developed model.

2. Numerical Model
2.1. Geometry of the RFB

The RFB under study was used by Hoffmann and coworker [15], and the burner has a
length of 0.2 m and was packed with ceramic foams for different pore sizes. All the used
ceramic foams have the same porosity (ε) of 0.875. The burner was thermally insulated
by Kaowool-board having a thickness of 92 mm. Tokyo city gas 13 A (88% methane, 5.8%
ethane, 4.5% propane, and 1.7% butane; low heating value, 46,000 kJ/m3) was used as
fuel in the experiment [15]. For convenience, the mentioned gas was replaced with 100%
methane. In this study, the LCL of an RFB with 13 ppi ceramics foam was numerically
studied.

For the purpose of simplification, the following assumptions are used in the model:

(1) The gas flow in porous media is laminar and the working gas is non-radiating.
(2) The packing bed is inert and has an optical thickness, and the solid radiation is

computed by the Rosseland assumption.
(3) Pressure drop in the packed bed is neglected.

The governing equations are obtained as follows [31]:
Continuity equation:

∂(ερg)

∂t
+

∂(ερgug)

∂x
= 0 (1)

where ε, t, x,ρg and ug represent, respectively, the porosity, time, coordinate, gas density,
and gas velocity.

Gas phase energy equation:

ε
∂

∂t
(
ρgcgTg

)
− ε

∂

∂x

(
λg

∂Tg

∂x

)
+ ε

∂

∂x
(
ρgcgugTg

)
+ hv(Tg − Ts) + ε

n

∑
i=1

ωihiWi = 0 (2)

The combustion of methane was modeled by the full kinetics GRI-Mech 3.0, and
is composed of 53 species and 325 elementary reactions [32]. As recommended by Yao
et al. [31], the full kinetics is used in this model for the purpose of more accurate results,
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in addition to the prediction of pollutants of CO and NO for the future study. hv is the
volumetric heat transfer coefficient [33]:

hv = Nu × λg/d2
pore, Nuv = 0.819

[
1 − 7.33(dpore/L)

]
Rev

0.36[1+15.5(dpore/L)] (3)

where dpore is the pore size of porous media, L is the burner length.
Species conservation equation:

∂

∂t
(ρgYi) +

∂

∂x
(
ρgugYi

)
− ∂

∂x

(
ρgDi

∂Yi

∂x

)
− ωiWi = 0 (4)

Solid phase energy equation:

(1 − ε)ρscs
∂Ts

∂t
=

∂

∂x

([
λs,e f f + λrad

]∂Ts

∂x

)
+ hv(Ts − Tg)− β(Ts − T0) (5)

where ρs, cs are solid density and specific heat, and Ts and λs,eff represent, respectively,
solid phase temperature and the effective thermal conductivity of packing bed. β denotes
the heat loss factor to the surroundings [30]. λrad is radiation conductivity and is computed
as:

λrad =
16
3

σεrdporeTs
3 (6)

where σ is the Stefan–Boltzmann constant, εr is solid surface emissivity.

2.2. Steady State Model

In a previous study, Yao and Saveliev [31] presented a full analogy analysis of the
steady state model for an RFB with heat extraction. However, in our model, the heat
extraction is not considered and the full chemical kinetics is taken into account, and the
porous media used in this study is different from that in Ref. [31]. For the convenience of
the following description, the analogy processes for an RFB are conducted in this work.

Figure 1 shows the steady state model, including two parts separated by a highly
conductive wall. The premixed methane/air mixtures are simultaneously sent into the
porous burner by two flows in the opposite direction. The heat exchange occurs between
the two flows through the highly conductive wall, and the temperatures in the two channels
along the axis direction are same when the wall is highly conductive in the axis direction.
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The governing equations for the RFB:
Continuity equation:

∂(ρgug)

∂x
= 0 (7)

Gas phase energy equation:

− ε
∂

∂x

(
λg

∂Tg

∂x

)
+ ε

∂

∂x
(
ρgcgugTg

)
+ hv(Tg − Ts) + ε

n

∑
i=1

ωihiWi = 0 (8)
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Solid phase energy equation:

∂

∂x

([
λs,e f f + λrad

]∂Ts

∂x

)
+ hv(Ts − Tg)− β(Ts − T0) = 0 (9)

Species conservation equation:

∂

∂x
(ρgugYi)−

∂

∂x

(
ρgDi

∂Yi

∂x

)
− ωiWi = 0 (10)

2.3. Boundary Conditions, Initial Condition and Solution Process

The boundary conditions for the burner inlet and outlet are expressed as follows:

(1) Inlet:

Tg = 300K, ug = ug,0, YCH4 = YCH4 ,in, YO2 = YO2 ,in

A pressure outlet is imposed at the burner outlet, and the non-slip condition at the
wall is applied for the mixture velocity. The governing Equations (7)–(10) were calculated
by CFD software Fluent 15.0. The SIMPLE method was used to treat the pressure field.
To model the ignition process, the solid phase temperatures in the center of the RFB with
length of 60 mm were specified to be 1600 K. The investigated ranges of equivalence
ratio and mixture velocity are 0.022 ≤ φ ≤ 0.091, and 0.083 m/s ≤ ug,0 ≤ 0.66 m/s,
respectively. A uniform mesh of 0.5 mm was used in the calculation. The residual error
of energy equation was 10−6, and that of other equations was 10−3. The symbols in this
study are summarized in Nomenclature. The solid properties and parameters used in the
computation are summarized in Table 1.

Table 1. Solid phase properties used in this work [15,20].

Pores per Inch ε dpore (m) εr λs β

#13 0.875 4.38 × 10−3 0.8 1 W/m·K 80 W/m3·K

3. Model Verification

To evaluate our model, the predicted temperatures and LCL for the RFB were com-
pared with the experimental results [15] and predictions [20]. Figure 2 shows the predicted
temperatures and experimental results [15]; the predictions by complete model with one-
step kinetics [20] are also shown for comparison. The main parameters of the ceramic foam
were taken from the experiment [15] and numerical work [20]: porosity ε = 0.875, pore size
dpore = 4.38 × 10−3 m for 13 ppi ceramics foam, surface emissivity of porous media εr = 0.8,
λs = 1 W/m·K, and β = 80 W/m3·K. It is noted that the gas and solid temperatures along
the flow direction in the two channels are the same; this corresponds to the assumption
made in the model. Thus, the predictions are shown along the flow direction of the one
channel. As shown in Figure 2a, the predicted temperatures at both sides of the burner
show reasonable agreement between the predicted temperatures and the experimental val-
ues. However, the maximum temperatures in the middle of the burner are under-predicted.
The model fails to predict the temperatures at the middle of the reactor. It is noted that the
heat loss through the burner walls to the surroundings in this study is taken into account
by adding a source term to the solid energy equation. The heat loss flux is assumed to be
the difference between the solid and ambient temperature, and the heat loss coefficient β is
used in the empirical formula. This assumption is unrealistic for the practical burner and
β is assumed to be constant in this work. This may lead to a huge error in modeling the
temperature distributions in the burner and needs further study.
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In this work, the LCL was determined by sequentially decreasing the equivalence
ratio until flameout occurred. The steady state model was validated against an exper-
iment [15] and the predictions [20] using a complete model with one-step kinetics, as
shown in Figure 2b. A reasonable quantitative relationship between the simulations and
the experiment can be observed, but our predictions are generally smaller than the results
of the experiments. The predictions by Dobrego et al. [20] show the same trend as the
experiment when the mixture velocity is smaller. However, an opposite trend is predicted
by the one-step kinetics as the mixture inlet velocity is greater than 0.3 m/s. One can see
that improved predictions are obtained by this model compared to the one-step kinetics
model. The predicted LCL in Figure 3 is obtained based on the suggested β = 80 W/m3·K.
In the following we study the effect of β on the LCL.
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4. Results and Discussions
4.1. Temperature and Species Distribution at LCL

To understand the typical characteristics of combustion near the flammability limit of
the RFB at the steady state of the LCL, Figure 3 shows gas phase and solid temperatures,
heat of reaction, and the main species near the flame zone for ug = 0.33 m/s and φ = 0.0048
under the steady state of the LCL. A narrow high temperature zone located in the middle
of the burner is observed in Figure 3a; this is a typical characteristic of an RFB when the
RFB reaches its steady state at a lower equivalence ratio. Figure 3b shows an expanded
view of the main species in the reaction zone. In this study the methane combustion was
modeled with full chemical kinetics. It is shown in Figure 3b that CH4 is pyrolyzed to
intermediate hydrocarbons and then oxidized to CO; finally, CO is oxidized to CO2 in a
slow process. It is observed in Figure 3a that the heat release rapidly reaches its maximum
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and then decreases slowly. This corresponds to the slow oxidation process of CO into CO2.
It is noted that CO oxidation to CO2 is incomplete and CO emission may be high in the
products. This incomplete conversion of CO to CO2 leads to enormous CO emission in
the RFB at the lower equivalence ratio. Although good performance regarding pollutant
emission was reported in previous research, in this work enormous CO emission was
predicted. This is an open problem that requires further study.

4.2. Effect of Heat Loss on Lean Combustibility Limit

Figure 4 shows the influence of heat loss on the LCL for different mixture velocities.
The heat loss coefficient β = 80 W/m3·K is recommended by Dobergo et al. [20], considering
the insulation layer material and thickness used in the experiment. Our predictions show
that the LCL can be extended by decreasing the heat loss coefficient. This may be explained
by the fact that more heat is stored in the system when the heat loss coefficient is decreased.
The value β = 0 corresponds to the adiabatic condition, which means that no heat loss
occurs through burner walls to the surroundings. However, our results show that better
agreement between the prediction and experiment was obtained for β = 160 W/m3·K and
β = 320 W/m3·K, and the predicted LCL for β = 160 W/m3·K and β = 320 W/m3·K was
slightly smaller and greater than the experimental results, respectively. The predictions [20]
by the complete model with one-step kinetics are also shown for comparison. As shown in
Figure 4, improved predictions of LCL are achieved by the present model compared to the
results of Ref. [20], especially when the mixture velocity exceeds 0.2 m/s. The deviation
between the present predictions and the experiment may be explained by multiple factors.
The main reason may be the uncertainty of the thermal performance of the packed bed.
Furthermore, it should be noted that the fuel in the experiment was replaced with methane,
which may contribute to the deviation. As illustrated in Figure 4, heat loss has a significant
influence on the LCL, and the inaccurate selection of β leads to the deviation between the
prediction and the experiment.
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4.3. Effect of Burner Length on Lean Combustibility Limit

In the experimental study by Hoffmann et al. [15], the LCL was finally extended from
0.028 to 0.026 for a natural gas/air mixture by increasing the burner length and cross
section. In this work, the influence of burner lengths on LCL was evaluated; LCL curves
as a function of mixture velocity for different burner lengths are shown in Figure 5. As
shown in Figure 5, increasing the burner length extends the LCL. This is because more
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heat can be stored in the system as the burner length is increased for the same operating
conditions. It is noted that a long packing bed leads to an increase in the pressure drop
and a large apparatus. However, porous media having a high porosity (0.875) were used in
this study; thus, the pressure loss through the burner can be ignored. The convective heat
transfer coefficient between two phases, and the properties, porosity, and pore size of the
porous media may have significant effects on the LCL. However, these effects are beyond
the scope of this study and need further investigation.
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4.4. Computational Time Comparison

We conducted a computational case study using the steady state model and complete
model to evaluate the performance of the computational efficiency of the steady state
model. The constant time step for the complete model was specified to be 1 × 10−5 s
and the flow direction was changed automatically by a journal file compiled as a user-
defined function. The computational case study was conducted by employing the same
mesh, properties, and solution method. Test calculations were performed for ϕ = 0.29,
ug = 0.083 m/s, L = 0.2 m, and a half cycle of 30 s. For simplicity, the computational time
rather than CPU time was used as an index to compare the calculation performance of the
two models. The computation was conducted on a workstation with two CPUs (2.10 GHz)
and 128 GB RAM. Our results show that computational times of 20 min and 31,200 min
were required for the developed and complete models. This indicates that an enormous
amount of time can be saved using the developed model, and the computational time can
be reduced by 1560 times by applying the developed model compared to the complete
model.

5. Conclusions

A steady state model for an RFB with full kinetics was developed based on analogy
with a counter-flow reactor. It was confirmed that an improved prediction of the LCL was
achieved by the developed model compared to the conventional transient model. Heat loss
has a significant influence on the LCL; an increase in the heat loss leads to an increase in
the LCL. By contrast, the LCL is decreased when the mixture velocity is increased, and the
oppose trend is predicted by the present model. This indicates that computational time can
be saved by a factor of 1560 when using the steady state model, which obtains accurate
results compared to the complete model with one-step kinetics. The validated model can
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be used for RFB design and optimization with accurate results and shorter computational
time.
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Nomenclature

Abbreviations
c specific heat, J/kg · K
Di diffusion coefficient of species i, cm2/s
hi the molar enthalpy of species i, kJ/kg
T temperature, K
ug gas mixture velocity, m/s
x coordinate, m
dpore pore diameter of porous media, m
hv convective heat transfer coefficient, W/m3 · K
t time, s
T0 ambient temperature, K
Wi molecular weight of species i, kg/kmol
Y mass fraction
Greek symbols
ϕ equivalent ratio
λrad radiation conductivity, W/m · K
ρ density, kg/m3

εr solid surface emissivity
β heat loss coefficient, W/m3 · K
λ thermal conductivity, W/m · K
λs,eff thermal conductivity of packed bed, W/m · K
ε porosity
ωi reaction rate of species i, kmol/m3 · s
σ Stephan-Boltzmann constant, W/m2 · K4

subscripts
G gas
S solid
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