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a b s t r a c t

Low-concentration methane (LCM) has been one of the biggest difficulties in using coal mine methane.
And previous studies found that premixed combustion in porous media is an effective method of low cal-
orific gas utilization. This paper studied the combustion of LCM in a divergent porous medium burner
(DPMB) by using computational fluid dynamics (CFD), and investigated the effect of gas initial tempera-
ture on combustion characteristic, the distribution of temperature and pollutant at different equivalence
ratios in detail. Besides, the comparison of divergent and cylindrical burners was also performed in this
paper. The results show that: the peak temperature in DPMB increases as the increasing of equivalence
ratio, which is also suitable for the outlet NO discharge; the linear correlation is also discovered between
peak temperature and equivalence ratios; NO emission at the initial temperature of 525 K is 5.64 times,
larger than NO emission at the initial temperature of 300 K. Thus, it is preferable to balance the effect of
thermal efficiency and environment simultaneously when determining the optimal initial temperature
range. The working parameter limits of divergent burner are wider than that of cylindrical one which
contributes to reducing the influence of LCM concentration and volume fluctuation on combustion.

� 2014 Published by Elsevier B.V. on behalf of China University of Mining & Technology.

1. Introduction

Coal, an important resource in China, occupies approximately
70% of total Chinese primary energy [1–3]. In the process of coal
mining, coal mine methane is the main factor affecting the safety
of the exploitation. Gas extraction has been the dominant measure
for controlling gas disaster [4]. With the development of mining
technology, gas extraction volume increases year by year. For
instance, the gas extraction volume reached 14.1 billion m3 and
the utilization volume increased to 5.8 billion m3 in 2012, which
increased by 23.2% and 20.2%, respectively. However, low concen-
tration methane (LCM) accounts for more than 70% of the total gas
extraction volume [5,6]. The utilization of LCM has been the big-
gest difficulty for coal mine methane, because the concentration
is too low and fluctuating. Consequently, it is necessary to propose
a new combustion method for using LCM efficiently and stably.

LCM (0–8%) is a typical low calorific gas because its calorific
value is below 6.28 MJ/m3. Premixed combustion technology in
porous media has been considered as an effective method to use
the low calorific gas. Compared with traditional combustion

method, this technology combines several outstanding features,
such as good flame stability, high combustion efficiency, exten-
sional flammable limits and lower pollutant emissions [7–10].
Many studies focused on the porous media combustion from dif-
ferent aspects, including fuel gas additives, porous media physical
parameters, different porous media combinations, etc. [11–16].
However, little attention has been given to the structure of burner.
Some scholars also have studied cylindrical porous media burner
[17–19]. Zhdanok et al. investigated the annular porous matrix of
cylinder and sphere which can broaden the lean flammability lim-
its and increase the combustion load [20,21]. Yamamoto et al.
studied the combustion characteristic of cuboids porous media
burner and depicted three-dimensional figures of rate, tempera-
ture and other physical quantity by numerical analysis method
[22,23]. The structure of porous media has been focus of studies,
while the optimal structure has not been found yet.

Solved by Fluent software, the mathematical and physical mod-
els were established on the basis of Bakry’s experimental appara-
tus [24,25]. The model also considered the heat transfer between
the gas and solid phases. The sensitivity study of combustion char-
acteristics was conducted using the working parameters and initial
temperature of inlet LCM. In addition, a cylindrical burner, the
same inlet diameter as the divergent burner, was used to discover
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the velocity upper limit law. It is of importance to design burner
and control pollutant emissions.

2. Physical and mathematical models

The divergent burner studied in this paper is an axial symmetric
structure. Physical quantity along its axial section only has a rela-
tionship with radius of cross section. Here the effect of circumfer-
ential angle can be ignored. Therefore, the three-dimension model
is simplified as two-dimension one [18].

2.1. Physical model

Fig. 1 (left) shows the two-dimension (2D) structure of diver-
gent burner. The inlet diameter is 20 mm, while the outlet one is
180 mm. In order to validate the predicted temperature, Al2O3

lamella was used as the porous media material [24]. Table 1
depicts the special physical parameters of the Al2O3 lamella [26].
Fig. 1 (right) presents the cylindrical structure with a 20 mm
diameter.

2.2. Governing equations

Continuity equation

r � ðqg u
*
Þ ¼ 0 ð1Þ

where qg is the density of the gas, kg/m3; and u
*

the velocity vector
of gas.

Momentum equation

r � ðuqg u
*

u
*
Þ ¼ �urpþr � ðuur u

*
Þ þ R1 ð2Þ

where u is the porosity of Al2O3 lamella; R1 ¼ � l
K1
þ qg

K2
j u
*
j

� �
u
*

the
pressure drop resulting from the porous media; k1 the viscosity
coefficient of fluid; and k2 the inertial coefficient [27].

Gas phase energy equation

ur � ðcpgqg u
*

TgÞ ¼ ur � ðkgrTgÞ �u
X

i

xihiWi � hvðTg � TsÞ ð3Þ

Solid phase energy equation

r � ðkeffrTsÞ þ hvðTg � TsÞ ¼ 0 ð4Þ

where cpg is the specific heat of the gas mixture, J/(kg � K); Ts and Tg

the temperature of solid and gas, K; kg the gas thermal conductivity,
W/(m � K); xi the molar producing rate of species i; hi the molar
enthalpy of species i, J/mol; Wi the molecular mass of species i; hv

the volumetric convective heat transfer coefficient, W/(m3 � K); and
keff the effective thermal conductivity of porous media, W/(m � K).

keff ¼ 0:34691� 0:00073672 � Ts þ 1:2052� 10�6 � T2
s þ 0:32345 � u

Species transport equation

r � ðqg u
*

YiÞ ¼ �r � ðqgYi V
*

i
Þ þ _xiWi ð5Þ

where Y is the mass fraction of the species i; and V
*

i
the diffuse veloc-

ity of the species i.
State equation

qg ¼
Wp
RTg

ð6Þ

where p is the pressure of gas mixture, Pa; W the mean molecular
mass; and R = 8.314 J/(mol � K) the universal gas constant.

2.3. Boundary conditions

Gas phase inlet (x = �0.01 m �0.01 m, y = 0 m) (u = u0, v = 0,
Yk = Yk,0, Tg = T0 = 300 K)

Gas phase outlet (x = �0.09 m �0.09 m, y = 0.21 m) (v = 0,
du
dx ¼

dYk
dx ¼

dTg

dx ¼ 0)⁄⁄
Porous media inlet (x = �0.01 m–0.01 m, y = 0.01 m)

Qin ¼ �erðT4
s � T4

0Þ � hsðTs � TgÞ ð7Þ

Porous media outlet (x = �0.09 m–0.09 m, y = 0.21 m)

Qout ¼ �erðT4
s � T4

bÞ � hsð1�uÞðTs � TgÞ ð8Þ

where hs is the convective heat transfer coefficient, and set as
500 W �m�2 � K�1; T0 the environmental temperature; and e the
apparent emissivity of the ceramic foam [26,28].

e ¼ 1=½1:0071þ 6:14885� � 10�8 � T2:5
s � 9:5358� 10�10 � T3

s

At the burner outlet, the porous skeleton radiates toward a
black body with Tb 673 K; r is the Stefan–Boltzmann constant,
5.67 � 10�8 W/(m2 � K4). The burner wall was considered to be adi-
abatic and non-slip [26].

2.4. Numerical methods

The standard k–e equation was used to depict the turbulence
effect in porous media. Adopting the eddy dissipation concept
(EDC) model, the turbulence-chemistry interaction can be ascer-
tained in detail. In addition, a skeletal methane mechanism with
16 species and 41 reactions was imported to improve the predic-
tion accuracy [29]. The coupling of pressure and velocity was
solved by the SIMPLE algorithm with the second order upwind
method used for the advection term in momentum and energy
equations. In order to inspect the mesh independence, three types
of mesh were built. And the simplest mesh, which has little influ-
ence on result, was employed to reduce the computing cost. Mean-
while, each parameter should be sufficient convergence.

In order to determine the combustible composition in LCM, the
coal mine methane from Luling Coal Mine was measured by gas
chromatography. The results (Table 2) show that the dominant
combustible composition is methane and the ethane can be
ignored for its negligible content. Therefore, the concentration of
methane represents the combustible fuel concentration in coal
mine methane.
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Fig. 1. 2D geometric model of the burner.

Table 1
Thermophysical parameters of porous media.

Parameter Value

k1 (m2) 2.533 � 10�7

k2 (m) 1.223 � 10�2

u 0.42
hv(W/(m3 � K)) 150,000
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