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ABSTRACT: Porous media combustion has the advantages of high
combustion efficiency and low pollutant emissions. However, there are few
studies on the combustion characteristics and pollutant emissions of high-
power porous media combustion chambers and fire tubes. Based on the
computational fluid dynamics method, the stable combustion characteristics
and pollutant emission rules of methane-air were explored in a high-power
porous media combustion chamber of 800−1200 kW. The results show that
the combustion of the porous media combustor is stabilized at an inlet velocity
of 0.8−1.6 m/s with an equivalence ratio of Φ = 0.5−0.9. The high-power
porous medium combustor has the highest limiting temperature at Φ = 0.7.
Temperature increases gradually with increasing porosity within the −2.5 to 1
m axial center interval. The outlet radial temperature distribution tends to be
uniform with the increase of porosity, and the outlet temperature is highest for
porous media with a thickness of 400 mm. NO emission was lowest at an inlet velocity of 1.2 m/s. A significant reduction in NO
emissions was observed with increasing equivalence ratio. NO generation increases with increasing porosity at porosities between
0.75 and 0.85. NO generation increases with the thickness of the porous media and increases sharply at 600 mm. The results above
can provide guidelines for the design of a high-efficiency high-power porous combustor.

1. INTRODUCTION
With the rapid development of social economy, the energy
consumption of various industries is increasing, and the
accompanying environmental problems have become the focus
of people’s attention.1 Porous media combustion (PMC)
technology refers to the combustion process that occurs in the
pores of inert porous media materials, which is one of the hot
spots that scholars at home and abroad focus on.2 In the
combustion process within porous media, the heat released
from the combustion of premixed gases is transferred to fresh
premixed gases through the heat storage capacity of the porous
media material, along with strong heat conduction and
radiation effects.3 This results in the highest flame temperature
surpassing the adiabatic combustion temperature of the fuel in
the traditional free space combustion. Consequently, porous
media combustion exhibits the characteristic of “excess
enthalpy”.4 Compared to traditional free space combustion,
it offers advantages such as high combustion efficiency, a wide
range of stable combustion, and reduced pollutant emissions,
demonstrating significant potential for various applications.5

Porous media have good heat storage properties. Scholars
have extensively studied the effect of small- and medium-sized
porous media combustors on temperature distribution and
flame characteristics. Zhdanok et al.6 studied the effect of
equivalence ratio on the change of packed bed temperature
with time and found that the maximum temperature was 2.8

times the normal adiabatic temperature. Bakry et al.7

investigated the combustion characteristics of premixed gases
in a new porous media combustor (PMC). It was found that as
the equivalence ratio increases, the propagation speed of the
combustion wave decreases but the high-temperature zone
increases. However, the operating parameters also influence
the flame combustion characteristics. Hashemi et al.8 studied
the flame stability of methane-air premixed gas in a double-
layer porous media combustor based on a two-dimensional
model. It was found that not only did the maximum flame
temperature increase with the increase of the equivalence ratio
but also the flame steady combustion limit gradually increased.
Zheng et al.9 simulated the flame characteristics of methane
and air in a combustor filled with alumina particles and
analyzed the effect of different inlet velocities on the flame
shape. It was found that the flame profile was relatively flat at
lower inlet velocities, and the flame profile was parabolic as the
inlet velocity increased. Shinoda10 simulated the stable
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combustion range of methane premixed gas submerged
combustion under different equivalence ratio conditions and
found that the combustion stability deteriorates as the
equivalence ratio is low. Yang et al.11 carried out an
experimental study on the premixed combustion process in a
porous media consisting of ceramic particles and derived the
law that the flame propagation velocity decreases with
increasing equivalence ratio. Similarly, the structure of the
porous media also has an effect on the temperature
distribution. Yan et al.12 investigated the effect of porous
media porosity on the combustion temperature law. It was
found that the temperature gradient between gas and solid
becomes smaller with an increase in the pore density. Sasmal et
al.13 investigated the effect of pore size on the temperature
distribution within the combustor in a flame-resident
combustor. The results showed that when the pore size of
the porous medium becomes smaller, the system reaches
thermal equilibrium between the gas and the solid more
quickly. When the pore size becomes larger, it leads to a lower
maximum temperature of the gas. However, the structure of
the porous medium also affects the flame combustion
characteristics. Tang14 investigated the effect of pore structure
on combustion characteristics and found that when the pore
density of the pore structure of the porous media is arranged in
a stepwise manner, it can promote the combustion of the fuel
in the combustion chamber. Chu et al.15 investigated the laws
affecting the pore size structure of porous media on
combustion characteristics. It was shown that due to the
change in pore size, the airflow disturbance in porous media
increases, heat transfer between gas and solid is enhanced,
flame stability is enhanced, and the range of stable combustion
increases. Xie16 explored the effect of porosity on combustion
stability by numerical simulation. The results showed that the
larger the porosity of the porous media, the more prone to
blowout in the combustor. Wang et al.17 studied the methane-
air premixed combustion process and found that increasing the
outlet diameter of the burner and the length of the preheating
zone of the burner can significantly improve the stability limit
of the burner. When the ratio of the length of the preheating
zone to the length of the reaction zone is 0.33, the combustion
conditions are most favorable.
Scholars have extensively studied the characteristics of

pollutant emissions from small- and medium-sized porous
media combustors. Gao et al.18 investigated the relationship
between pore density and pollutant emissions for porous
media with a diameter of 50 mm and a length of 100 mm
burner. The results showed that 30 PPI porous media
produced higher pollutant CO due to lower combustion
flame temperature compared to porous media with pore

density less than 30 PPI. However, Shakiba et al.19 found
experimentally that as the porosity of porous media decreases,
not only does the pollutant emission content increase but also
the combustion efficiency decreases. After that, Kang et al.20

studied the relationship between the pore arrangement
structure of porous media and pollutant emissions and found
that as the radial density decreases outward, the emission of
CO in pollutants gradually increases. Similarly, changing the
operating parameters will also have an impact on pollutant
emissions. Khanna et al.21 studied methane-air combustion in a
porous media combustor with a diameter of 51 mm and a
length of 90 mm. They conducted an experimental study and
found that the NOx emissions remained constant over the
range of inlet velocities studied. Dehaj et al.22 investigated the
testing of natural gas in a porous media combustor and found
that NOx emissions from the combustion chamber were higher
at small equivalence ratios. Mustafa et al.23 conducted
experiments on pollutant emissions from a porous media
combustor at different equivalence ratios. As the equivalence
ratio increased, the NOx emissions were less than 36 ppm, but
the CO emissions were not satisfactory. It is difficult to
minimize CO and NO emissions at the same time. Keramiotis
et al.24 studied the relationship between excess air coefficient
and combustion characteristics and pollutant emissions and
found that when the excess air coefficient was relatively small
but the combustion temperature was high, the NOx content of
pollutant emissions increased as the combustion intensity
increased but as the excess air coefficient continued to increase,
the pollutant emission content remained essentially un-
changed. However, Fierro et al.25 experimentally investigated
the effect of equivalence ratios on pollutant emissions from a
porous media combustor during methane-air combustion and
found that pollutant emissions were low when equivalence
ratios were low but gradually increased as equivalence ratios
increased. Janvekar et al.26 studied the combustion and
preheating zones of a small burner with a diameter of 23
mm and a length of 100 mm. It was found that the optimum
equivalence ratio of the surface flame was 0.7 and submerged
combustion occurred at equivalence ratios lower than 0.6, the
maximum temperature recorded at the optimum equivalence
ratio was 620 °C, the maximum thermal efficiency was 81%,
and the emission parameters such as nitrogen oxides and
carbon monoxide were less than 1 ppm.
Although porous media combustion has good application

prospects due to its advantages of full combustion, uniform
temperature, stable flame, and low pollutant emission, the
current porous media combustors are mostly focused on the
laboratory level, with a power of less than 1000 kW. There is
no in-depth study of the structural and operating parameters of

Figure 1. Schematic diagram of the porous combustor.
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high-power porous media combustors. Therefore, this paper
investigates the effects of equivalence ratio, inlet velocity,
porosity, and thickness of porous media on the temperature
distribution characteristics of methane combustion in porous
media combustor, NO pollutant generation, and emission
patterns under high-power conditions. The aim is to study the
key parameters affecting the pollutant emission and temper-
ature uniformity of high-power porous media combustors and
to provide theoretical guidance for the design of high-power
porous media combustors.

2. NUMERICAL MODEL
2.1. Physical Model. A methane-air premixed combustion

porous media combustor was designed and modeled to burn
methane fuel, as shown in Figure 1. The entire combustion
chamber has a length of 6400 mm and a diameter of 500 mm,
and the interior is filled with the inert material silicon carbide
(SiC). To prevent the flame from overflowing from the porous
media area, 10-mm-thick stainless steel is used as the shell.
2.2. Mathematical Model. To simplify the calculation,

some assumptions are made as follows: (1) steady-state
combustion, no gas radiation; (2) incompressible flows; (3)
inert isotropic and homogeneous porous media; and (4) the
heat transfer efficiency between the porous media and the gas
is high, and the temperatures of the porous media and the
internal flow gas are equal.27 Based on the above assumptions,
the conservation equations are written as follows:
Continuity equation:

=u( ) 0g (1)

The momentum equation:
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Energy equation:

=uh T h W( ) ( )g eff
i

i i i
(4)

where λef f is the effective thermal conductivity of porous media,
λef f= ελg + (1−ελs), and λg and λs are the thermal conductivities
of porous media and gas, respectively.
Component transport equation:

= [ ] +uY D Y W( ) ( )g i im i i i (5)

2.3. Boundary Condition and Solving Method. The
inlet of the model is set to the uniform velocity inlet. The
external environment is set as 300 K. The initial temperature of
the premixed gas is set as 850 K. The outlet pressure is set as 0.
As shown in Figure 1, the inlet pipe wall is adiabatic, and the
fire tube wall is nonadiabatic. The heat loss on the outer
combustor wall is as follows:

= +q h T T T T( ) ( )w n W W W
4 4

(6)

where hn is the heat transfer coefficient of stainless steel wall,
20 W/(m2·K); T∞ is the ambient temperature set to 300 K;
the emissivity εw of Tw stainless steel wall is generally 0.9;28

and the Stefan−Boltzmann constant is 5.67 × 10−8 W/(m2·
K4).

Based on Mohamed’s29,30 simplified treatment of porous
media foam ceramic structure and the mathematical model
established on this basis, the expressions of viscous resistance
coefficient C1 and inertial resistance coefficient C2 are
obtained, respectively:

=C
d

32

p
1 2

(7)

=C
F

C
2
1/2

1 (8)

where dp is the diameter of the skeleton of the cubic frame
and C is the resistance coefficient of the porous media
skeleton.
The thermal conductivity was selected as a function of

temperature as provided in the literature15 for the effective
thermal conductivity of silicon carbide:

= × + ×k T T0.34691 736.72 10 1.2052 10s
6 6 2 (9)

The simulation results of methane combustion for the five-step
mechanism and the detailed mechanism have good prediction
accuracy for the flame temperature distribution.33 In this study,
we consider mainly the thermal type of NO generation. In
order to calculate the efficiency and cost, the five-step
mechanism is employed.34,35 The turbulence model is solved
by the standard k-turbulence finite rate model. The pressure−
velocity coupling was solved by employing the SIMPLE
algorithm. The second-order upwind scheme was used to
discretize all of the equations. The convergence standard of the
residual error of the energy equation is set as 10−6. The
convergence standard of the remaining equations is set as 10−3.
The thermal properties and diffusion parameters of the
material are set based on Table 1.

2.4. Grid Independence Validation and Model
Validation. To verify the reliability and validity of the porous
media, a combustion model was used. Grid independence test
and reliability verification were checked under three mesh
densities as seen in Figure 2b. The simulations were carried out
for three mesh sizes at an equivalence ratio of 1, an inlet
velocity of 0.8 m/s, a porosity of 0.85, and a pore density of 10
PPI, and boundary conditions were set up according to Section
2.3. The central axial temperature distribution curves
calculated by different grid sizes are compared, as shown in
Figure 2b. As can be seen in Figure 2b, the temperature
distribution curve for the mesh with 106620 cells has a larger
error near the peak than the temperature curves for the other
two mesh densities. The temperature distribution curve with
the mesh with 210230 cells can better characterize the axial
temperature distribution of the porous media combustor. The
result of increasing the mesh with 361060 cells is very close to
the calculation result of the mesh with 210230 cells. To save
computational cost and meet the accuracy requirements, the
mesh with 210230 cells was employed in the following
simulations.

Table 1. Physical Parameters of Porous Media31,32

pore density/PPI pore diameter/mm porosity emissivity

20 1.0 0.75 0.9
15 1.5 0.80 0.9
10 1.8 0.85 0.9
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To verify the reliability of the model used in this study, the
same numerical model is developed according to the literature8

and simulations are carried out according to the same initial
and boundary conditions as in the literature. From Figure 2c, it
can be seen that the maximum temperature of the stable
combustion flame is essentially linear with the excess air
coefficient compared to the literature results. The maximum
error does not exceed 3.5% compared to the simulation results
in the literature.8 The reliability of the model was verified by
the above comparison.

3. RESULTS AND DISCUSSION
3.1. Comparison of Thermal Performance. The

temperature distribution characteristics of the combustor are
key factors in measuring the combustion efficiency of the
combustor. Therefore, the effect of different inlet velocities on
the temperature distribution characteristics of the combustor

under methane-air premixing conditions will be investigated in
this section. Figure 3 shows the axial temperature and methane

distribution in the high-power porous media combustor with a
porosity of 0.85, a pore density of 10 PPI, an equivalence ratio
of 0.5, and an inlet velocity of 0.8 m/s. From Figure 3, it can be
seen that the axial temperature in the porous media section (Z
= −0.4 to 0 m) reaches the limit value. A large amount of
methane is burned, and a stable flame is formed in the fire
tube.

3.1.1. Effect of Inlet Velocity and Equivalence Ratio.
Figure 4 shows the temperature distribution in the fire tube at
different inlet velocities. It can be seen from the figure that as
the inlet velocity increases, the high-temperature area in the
fire tube increases. The maximum temperature inside the flame
increases from 1860 to 2026 K when the inlet velocity
increases from 0.8 to 1.6 m/s. This is due to the increase in the
inlet velocity, the increase in the amount of methane burned
per unit of time, and the increase in heat output. Therefore, the
temperature inside the fire tube increases. As the inlet velocity
increases, the flame length is gradually stretched. This is
because the unburned premixed gas does not reach the
combustible temperature in the porous media region and is
pushed to the downstream region for combustion, resulting in
the flame shape stretching from an elliptical shape to a conical
structure.
Figure 5 shows the characteristics of the axial temperature

change of the fire tube during the stable combustion of
methane and air at different equivalence ratios. Where STD
represents the standard deviation of the axial temperature at
different equivalence ratios. With the increase of the
equivalence ratio, the maximum combustion temperature
increases and then decreases, and the maximum combustion
temperature of methane is the highest when the equivalence
ratio is 0.7. This is because as the equivalence ratio increases,
the fuel composition in the premixed gas increases, the heat
released per unit time increases, and the maximum temper-
ature rises to the limit. However, with a further increase in the
equivalence ratio, the oxygen content in the premixed gas
decreases, making the combustion incomplete. So, the
maximum temperature of combustion decreases to some
extent.

3.1.2. Effect of Porous Media Porosity. The porosity of the
porous media is a key factor affecting combustion character-

Figure 2. Grid independence validation and model validation.

Figure 3. Center axial temperature and CH4 mass fraction profiles of
the combustor.
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istics. The distribution of combustion heat can be effectively
achieved by rationally arranging the porosity of porous
media.36 Figure 6a reflects the effect of porosity on the axial
temperature in the center of the combustion chamber at an
equivalence ratio of 0.8, an inlet velocity of 1.2 m/s, and a
porous media thickness of 400 mm. The presence of porous
media is more effective in improving the combustion efficiency
of the fuel than in the absence of porous media.37 The axial
temperature distribution at the center of the porous media
increases gradually with the increase in porosity in the interval
−2.5 to 1 m. However, it can be found that the outlet radial
temperature distribution becomes uniform with the increase of
porosity from Figure 6b. And the peak temperature difference
gradually decreases with the increase of porosity. The main
reason is that with the increase of porosity, the pore diameter
becomes smaller, and the flame is easier to be divided into

small fragments. The combustion in the radial direction is
more uniform. So, the flame area is more concentrated, which
results in the axial temperature difference in the interval of
−2.5 to 1 m but a uniform radial temperature distribution at
the exit. On the other hand, the increase in porosity reduces
the gas flow rate, prolongs the residence time of the flue gas in
the fire tube, and enhances the heat exchange. The results
showed that the peak temperature difference at the exit of the
combustion chamber decreased with the increase of porosity.32

3.1.3. Effect of Porous Media Thickness. As can be seen in
Figure 7a, the center axial temperature distribution is similar in
the absence of porous media and 200 mm of porous media.
This is mainly due to the larger inlet velocity, resulting in part
of the gas passing through the porous medium region and
insufficient combustion. Therefore, the difference in temper-
ature distribution between no porous media and porous media
is small by 200 mm, and the axial temperature is relatively low.
When the thickness of the porous media is 300−600 mm, the
temperature peak gradually increases with the increase of the
thickness of the porous media. However, it can be seen from
Figure 7b that the outlet temperature decreases with the
increase of porous media thickness at 500 and 600 mm. The
main reason for this is that in the case of a certain inlet velocity
and equivalence ratio, an equal amount of heat released from
the fuel can be returned to the upstream region by means of
heat reflux. So that part of the heat in the flue gas is returned to
the upstream region to preheat the unburned gas, thus
increasing the combustion temperature. However, as the
thickness of the porous media increases, the inertial and
viscous resistances brought about by the porous media
increase, the gas flow rate decreases, and the residence time
in the fire tube is too long, leading to an increase in the heat
dissipated to the outside world and accelerating the temper-
ature drop in the combustor.38

Figure 4. Comparison of temperature between different inlet velocities at Φ = 0.5: (a) u0 = 0.8 m/s; (b) u0 = 1.2 m/s; and (c) u0 = 1.6 m/s.

Figure 5. Effect of equivalence ratio on central axial temperature and
standard deviation of axial temperature.
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3.2. Comparison of NO Emission Characteristics.
3.2.1. Effect of Inlet Velocity and Equivalence Ratio. Figure
8a shows the mass fraction distribution of NO under the
conditions of equivalence ratio Φ = 0.5 and u0 = 0.8−1.2 m/s.
It can be seen from the figure that the NO is mainly
concentrated in the high-temperature region. And its mass
fraction shows a decreasing trend within the porous media and
is gradually smoothed along the axial position. From the NOx
emission mechanism, it can be seen that NO is affected by the
temperature and the time of flue gas flow through the high-
temperature region and the oxygen concentration.24 At a
certain equivalence ratio, NO emissions first decreased and
then increased with an increase in inlet velocity. It was mainly
due to the fact that with the increase of inlet velocity, the
residence time of methane in the firebox was reduced despite
the increase of combustion temperature.39 It suppresses NO
emissions. However, the increase in combustion intensity leads
to an increase in combustion temperature inside the firebox,
which becomes the dominant factor affecting NO produc-
tion.40 Therefore, this is more favorable to NO production.

Figure 8b shows the simulation results of NO emission
characteristics during the stable combustion of methane and air
premixed gases in porous media at different equivalence ratios.
As can be seen from Figure 8b, under the condition of
equivalence ratio Φ = 0.5:0.9, NO is generated in the high-
temperature region, significantly reduced in the porous media
region, and then smoothly decreased in the porous media.
With the increase of the equivalence ratio, the NO mass
fraction decreases gradually. And when the equivalence ratio
increases from 0.5 to 0.9, the NO mass fraction at the exit of
the fire hose decreases from 2.88 × 10−4 to 3.96 × 10−5, which
is a decrease of 86.5%. Based on the detailed chemical reaction
mechanism, it is known that this is a reduction reaction of a
small portion of NO under dilute combustion conditions,
resulting in a decrease in NO concentration.41

3.2.2. Effect of Porous Media Porosity. Figure 9 shows the
relationship between NO generation and the porosity of
pollutants at an equivalence ratio of 0.8 and an inlet velocity of
1.2 m/s. It can be found that the NO emission is positively
correlated with the center axial temperature distribution. The
NO generation is mainly related to the combustion temper-
ature, equivalence ratio, and the residence time of the flue gas
in the high-temperature region.42 The effect of the equivalence

Figure 6. Effect of porosity on the outlet radial and central axial
temperature.

Figure 7. Effect of media thickness on outlet radial and central axial
temperature.
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ratio on NO generation can be ruled out for a certain excess air
coefficient. It can be seen that NO generation increases with
increasing porosity because porosity affects the combustion
temperature and the residence time of the flue gas in the high-
temperature region.43

3.2.3. Effect of Porous Media Thickness. Figure 10 shows
the axial distribution of the NO concentration along the center

of the combustor for different porous media thicknesses. It can
be seen that in the porous media thickness of 0 to 500 mm,
NO generation increases and then decreases as the distance
from the combustor position increases. In the porous media
thickness of 600 mm, NO generation increased with the
growth of the position from the combustor and then stabilized.
NO generation peak gradually increased, whereas in the porous
media thickness of 600 mm, there is a sharp increase. The main
reason is that with the increase of the length from the
combustor, the temperature shows a tendency of increasing
and then decreasing, which leads to an increase and then a
decrease in the generation of thermal NO.44 Then, the peak
combustion temperature of the fuel increases due to the
increase in the thickness of the porous media, leading to an
increase in the production of thermal-type NO. Thus, as the
thickness of the porous medium increases, the NO production
also increases.24,45

4. CONCLUSIONS
A simulation study of methane-air combustion characteristics
and NO emission patterns of a high-power porous media
combustor of 800 to 1200 kW was carried out. The effects of
inlet velocity, equivalence ratio, porosity, and porous media
thickness on the combustion characteristics and NO emission
patterns were analyzed. The results show that
(1) Porous media combustor in the equivalence ratio of Φ =

0.5−0.9 and the inlet velocity of 0.8−1.6 m/s range of
stable combustion, and in the role of porous media, the
fire tube in the center of the axial temperature
distribution is more uniform.

(2) Increasing the inlet velocity (0.8−1.6 m/s) can expand
the high-temperature region in the fire tube; the effect of
equivalence ratio (Φ = 0.5−0.9) on the combustion
temperature characteristics of methane-air porous media

Figure 8. Effect of input parameters on NO emissions.

Figure 9. Effect of the porous media porosity on NO emissions.

Figure 10. Effect of the porous media thickness on NO emissions.
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is not linear, that is, when the equivalence ratio is 0.7,
the highest value of combustion temperature occurs.
The temperature in the interval from −2.5 to 1 m
increases gradually with the increase of porosity. The
radial temperature distribution at the outlet becomes
uniform with the increase of porosity, and the peak
temperature difference decreases gradually with the
increase of porosity. The peak value of the exit
temperature of the porous media appears to increase
and decrease first, and the exit temperature is the highest
in the porous media of 400 mm thickness.

(3) In the range of equivalence ratios (Φ = 0.5−0.9), NO
emission decreases with the increase of equivalence
ratios; in the range of inlet velocities from 0.8 to 1.6 m/s,
NO emission is lowest when the inlet velocity is 1.2 m/s.
In the range of porosity 0.75−0.85, NO production
increases with increasing porosity. As the thickness of
the porous media increases, NO generation increases,
and a dramatic increase in NO generation occurs at 600
mm for the porous media.

(4) Controlling the thickness of the porous media can
effectively reduce NO production in a high-power
porous media combustor at a certain inlet flow rate
and equivalence ratio. Controlling the porosity can
improve the uniformity of temperature distribution in
the fire tube of the high-power porous media combustor.
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