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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu The development of the oxy-fuel porous media combustion technique not only takes advantage of
Keywords: the characteristics of porous media combustion, such as a relatively low lean-burn limit and small
Porous media combustion volume, but also dramatically facilitates carbon capture and storage. In this paper, a two-layer
Oxy-fuel porous burner model is established, in which a two-temperature equation model is adopted for
Flame stabilization calculation purposes. Differences in combustion behaviour between oxy-fuel and air-fuel condi-

tions are compared. The results show that the difference in physical properties between CO5 and
air is the main reason for the significant variation of combustion behaviours under the conditions
of oxy-fuel compared to air-fuel. The specific performance is lower combustion temperature and
flame propagation speed. The temperature under oxy-fuel combustion conditions is 300 K lower
than that under air-fuel combustion conditions at an equivalence ratio of 0.6, and the stable range
of oxy-fuel combustion is only approximately 50% of air-fuel combustion. The impact of porous
media material parameters on combustion behavior has been investigated. These variables
include the equivalence ratio, material thermal conductivity, volume heat transfer coefficient,
and extinction coefficient, while the ratio of O5/CO5 remains fixed at 0.21/0.79. The influence of
these variables on the stable velocity range and temperature field is consistent, but a large dif-
ference in values occurs. Reducing the thermal resistance of the burner by adjusting the properties
of the porous matrix can increase the velocity limit of stable combustion. However, even if the
thermal conductivity and extinction coefficient are increased by 5 times, there will be no sig-
nificant impact on the stable range. Reducing the pore size of the combustion zone by 50% will
increase the stable range by over 100%.

1. Introduction

Greenhouse gas (GHG) anthropogenic emissions into the atmosphere are the ultimate cause of current climate change [1]. The CO,
produced by the burning of fossil fuels is the main part of anthropogenic GHG emissions [2]. Among the CO, emission reduction
techniques, carbon capture and storage (CCS) is considered to be the most economical and feasible way to reduce GHG emissions on a
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large scale in the future [3]. The oxy-fuel combustion technique is one of the crucial categorizations of CCS In the oxy-fuel combustion
process, pure oxygen is employed for fuel combustion, resulting in only H,0 and CO; as products. After separation by CCS, the CO3 is
prevented from being directly discharged into the environment, and the actual zero CO, emission is realized [4,5]. Moreover, the
combustion-supporting gas does not contain Ny, so it does not produce any form of NOy.

At present, the oxy-fuel combustion technique has been widely applied in various solid-fuel industrial kilns in the fields of met-
allurgy and thermal energy. It has produced apparent effects in the improvement of furnace efficiency and environmental protection,
such as pulverized coal boilers and circulating fluidized beds [6-8]. However, the flame propagation rate of oxy-fuel combustion is
low, and local high temperature and uneven temperature fields often exist in the combustion chamber, resulting in its low combustion
efficiency [9]. The porous media combustion (PMC) technology will significantly broaden the burn limit of gaseous fuels, which is
conducive to improving combustion efficiency and reducing pollutant emissions [10,11]. In the process of porous media combustion,
the solid porous matrix significantly affects flame behaviour. The heat generated during the combustion process is recovered by
convective heat transfer to the solid matrix. Meanwhile, the recovered heat is continuously transferred upstream via conduction and
radiation of the solid matrix, thus resulting in preheating of the unburned gas. As a result, the flame temperature of PMC is usually
higher than that of adiabatic combustion. Therefore, the combustion efficiency of fuel is improved, and the lean-burn limit is notably
broadened. Meanwhile, as the chemical heat release is transferred fractionally through the solid matrix, the burner’s temperature is
relatively uniform. The problems of a high temperature and poor temperature uniformity in oxy-fuel combustion are thus suitably
addressed [9]. Owing to these specific advantages, oxy-fuel combined with PMC may be a potential clean combustion technique.

However, the flame generated during PMC is difficult to stabilize at a certain position in the burner, which indicates that the
position of the flame continuously moves over time. Therefore, many burner structures have been designed to stabilize the flame
position. One of the simple and effective designs is the superposition of two porous medium matrixes of different porosities and pore
diameters, which could stabilize the flame near the interface under certain working conditions [12-14]. At present, there are many
studies on two-layer porous burners. Gao et al. [12] conducted experimental studies on the combustion of methane/air mixtures in a
two-layer porous burner. The combustion behaviors under solid matrix with different pore structures were compared. The flame
temperature, stability, and pollutant emissions were completely different under the same working conditions. In addition, material
properties such as the pore diameter, porosity, and thermal conductivity imposed a significant effect on the temperature field and
spread velocity of the flame [15]. In other experiments, operational parameters such as equivalence ratio, fuel composition, and inlet
velocity have also been shown to play important roles in flame temperature, radiation intensity, and stability [16,17]. However, some
shortcomings in experimental research have also been found. Because thermocouples are generally discretely inserted into the porous
medium matrix, the flame position and peak temperature may be difficult to capture [18]. Therefore, numerical methods have also
been adopted by many researchers to study the combustion process, hoping to obtain a complete temperature field. Nevertheless, due
to the complex pore structure of porous medium materials, primarily ceramic foams, the physical structure is challenging to model
geometrically directly [19,20]. Consequently, simplified porous models have been widely applied to solve the temperature field. In
early one-temperature equation models, the temperature of the solid porous matrix was regarded as equal to that of the gas field, and
the physical properties of the solid matrix were directly added to the temperature equation to solve the problem [21]. Many re-
searchers have recently proposed that the temperature difference between the gas and the solid phase cannot be ignored. Hence, an
additional temperature equation has been added to consider the solid matrix separately. This is called the two-temperature equation
model. Based on this model, José et al. [22] studied the influence of the inlet velocity, excess air coefficient, porosity, and thermal
conductivity of the porous material on the temperature field. It was pointed out that a decrease in the porosity could accelerate the
preheating process of the unburned gas and reduce the peak temperature of the flame. Increasing the thermal conductivity of the
porous material in the preheating zone could reduce the temperature gradient and flame peak temperature in the burner, but flashback
could easily occur. However, increasing the thermal conductivity of the combustion zone exerted little effect on the temperature. Barra
et al. [23] investigated the effects of the equivalence ratio, material thermal conductivity, volume heat transfer coefficient, and
extinction coefficient on the flame stability. Its conclusions reveal the sensitivity of these variables to flame stability. Shi et al. [24]
evaluated the fuel-rich combustion process in a porous matrix and pointed out that the thermal conductivity of the porous medium
material yields a great impact on the temperature field. Increasing the thermal conductivity of the material could reduce the peak
temperature and greatly affect the production of CO. Our previous study [25] focused on flame stability during premixed oxy-methane
combustion in porous media. Based on the CFD solver OpenFOAM (version 8) coupled with OpenSMOKE-++, numerical models of a
two-layer porous burner are established. Combined with the methane skeletal kinetic mechanism, the laminar combustion process in
the porous media burner is simulated. It pointed out the potential drawbacks of oxy-fuel PMC, namely its narrow stable range and high
CO emissions. It was revealed that flame temperature is a significant factor influencing the stable range. Increasing the flame tem-
perature (such as increasing equivalence ratio, oxidizer ratio, or preheating the fresh fuel gas) can broaden the stable limit. However,
the fundamental causes for the narrow flammability range remain unclear.

Stable combustion is a prerequisite for the promotion and application of PMC technology. Most of the researchers mentioned above
have proposed many methods to improve its stability, such as adjusting the physical property parameters of porous matrix or oper-
ational parameters. However, most of these studies were conducted under air-fuel conditions. The research on the combination of PMC
and oxy-fuel technology is relatively lacking. The physical properties of CO5 and N3 are completely different, for example, the density
of the former at room temperature is 145% of that of the latter, and its thermal conductivity is just 66% of that of the latter. Therefore,
we cannot predict whether the measures that can improve combustion stability under air atmosphere are still effective and economical
when combustion is carried out under oxy-fuel conditions. Hence, the current work will focus on the reasons for the differences in
combustion characteristics of porous media under air-fuel and oxy-fuel conditions. In addition to the equivalent ratio, the parameters
of porous media materials, including thermal conductivity, pore size, and extinction coefficient, are considered as variables. The



M. Liao et al. Case Studies in Thermal Engineering 51 (2023) 103657

influence of the abovementioned factors on the flame stability and temperature profiles is studied and compared to air-fuel combustion
under the same conditions.

2. Materials and methods

2.1. Experimental setup

The primary purpose of the experimental work in this paper is to validate the accuracy of the numerical model. We replicated the
burner structure used in the experiment by Gao et al. [15] and applied it to the study of oxy-fuel combustion. The schematic diagram of
the experimental device is shown in Fig. 1 (a). A mass flow controller (MFC) with a range of 0-10 SLM and an accuracy of 2% of full
scale (2% F.S.) is used for the flow control of CH4 and O, while the MFC with a range of 0-50 SLM is used for CO;. The fuel and
combustion-supporting gas flow through a four-way valve and a 30 cm length of porous medium pipe to ensure adequate mixing of the
components. The physical model of the burner is shown in Fig. 1 (b) and Fig. 1 (c). The total length of the burner is 12 cm, the
preheating zone and the combustion zone each occupy 6 c¢m, and the radius is 5 cm. The preheating zone consists of alumina spheres
with a diameter of 3 mm, and the combustion zone consists of 10 ppi (pore per inch) SiC foam. To reduce heat loss, the burner wall is
wrapped with a layer of 2.5 cm thick refractory fiber. Most of the components in the burner refer to Gao et al. [15]. The thermophysical
parameters of the material which were calculated from empirical equations combined with porosity as well as pore size are sum-
marized in Table 1. Since the flashback phenomenon of the burner is also one of the objects of concern in this paper, some potentially
dangerous situations need to be prevented. After entering the burner, the premixed gas will pass through a SiC foam layer with a
thickness of 2 cm and a pore diameter of 60 ppi. For the convenience of description, this section of SiC porous material is named pre-SiC
in the following. On the one hand, the pre-SiC component prevents the tempering flame from entering the gas transportation pipe, and
on the other hand, it can improve the velocity uniformity on the inlet of the burner. When flame appears on the surface of pre-SiC, it is
proved that the blow-off phenomenon has occurred. At the same time, the heat exchange between pre-SiC and the downstream burner
needs to be avoided. Therefore, there is a cavity between the 3 mm packed bed and the direct contact between the two layers of porous
media is avoided. As shown in Fig. 1, there are 9 S-type thermocouples (TC1 ~TC9) distributed in a packed bed of 3 mm alumina
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Fig. 1. The schematic diagram of the experimental device: (a) Experimental system; (b) The distribution of thermocouples; (¢) PMC burner picture.
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Table 1
Physical properties of the porous medium material.
Property Unit Preheating zone Combustion zone
Density kg/m? 3900 3200
Heat capacity J/(kg'K) 910 825
Porosity - 0.4 0.8
Extinction coefficient 1/m 800 234.1
Thermal conductivity W/(m-K) 0.28 0.71
Pore diameter mm 3 2.56

pellets and a 10 ppi SiC foam ceramic layer. Given that the combustion reaction occurs primarily in the combustion zone, where the
temperature gradient is the greatest at the interface of the two porous materials, only three thermocouples (TC7~TC9) are positioned
in the preheating zone (3 mm ball). Five thermocouples (TC1~TC5) are situated in the combustion zone (10 ppi SiC), and one (TC6) is
located at the interface. A data collector model (NI cDAQ-9174 and NI 9214) is used to collect temperature data measured by
thermocouples.

2.2. Numerical methods

2.2.1. Governing equations

The processes in the burner include gas flow in the porous media, convection heat transfer between the solid and gas phases, solid
radiation, solid heat conduction, and all chemical reactions. In this paper, a solver for the simulation of the combustion process in a
two-layer porous burner was created based on the open-source CFD software OpenFOAM.

The following principal assumptions were made:

(1) Potential catalytic effects of the high-temperature solid are negligible.
(2) The Dufour effect is negligible.
(3) The mixture gas is non-radiating.

First, the Ergun resistance model was added to the momentum equation in the form of a momentum source term to simulate the
pressure drop of the premixed gas in the porous media. The governing equations are expressed as follows:
Continuity equation:
9(ep,)

5 +V(ep,U)=0 M

Momentum equation:

d(e‘pg U )
T—Q—V(sng-U):—VP+V(;4~VU)+S,» 2)
where ¢ is the porosity of the porous media, p, is the density of the premixed gas, and y is the dynamic viscosity. The resistance source

term S; is defined as [26]:

(1—¢?) Ui 1_8(1 —¢) puilU|

=1
$i=18075 > e d

3)
Where d is the pore diameter. In equation (3), the pressure drop caused by the fluid flowing through the solid matrix is divided into two
categories. The first category represents the viscous resistance, and the second one is the inertial resistance.

Second, a separate energy equation was added to solve the temperature field of the solid matrix, which was coupled with the gas
energy equation in the form of an energy source term.

Gas-phase energy equation:

0 N
5, (€9, CiTe) +V (Uep, G, T,) =V (e3,VT,) — & > oW - €)

i=1

Solid-phase energy equation:
]
(1 78)&(1)56‘37}) =V(AeyVTy) +S (5)

where C and 1 are the heat capacity and thermal conductivity, respectively, and w;, h;, and W; are the molar production rate, molar
enthalpy, and molecular weight, respectively, of the i-th species. The subscripts g and s denote the gas and solid matrix, respectively.
The temperature source term S of the two equations is defined as:

S=H,(T,~T,) ©

The above formula indicates the convective heat transfer rate between the gas and solid matrix, and H, is defined as the volumetric
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heat transfer coefficient:

U, - A
H="g" @)
In the above equation, Nu, is defined as the volume-based Nusselt number:
In packed beds [27]:
4 1/4
Nu = {(1.18Re0'58)4 + [0.23(Re/s)0'75] }
(1 <Re/e <7.7x 10°)

(8)

In foams [28]:

Nu, = 0.819[1 — 7.33(d/L)]Re"3[1+133(/L)] ©

(5.1 < Re < 564,0.005 < d/L < 0.136)

Where L is the thickness of the solid matrix and Re is the Reynolds number with the pore diameter as the characteristic length.
Due to the complex internal structure of porous media, it is difficult to calculate the radiation heat transfer occurring in pores. As an

alternative, the radiation diffusion model has been employed to simulate the radiation heat transfer process in the solid matrix [29].

More concretely, the model simplifies the radiative heat transfer process into a form similar to heat conduction. In equation (5), A is

the equivalent thermal conductivity, which consists of two parts:

Do = + Dnad (10)

where 4,44 is the radiant thermal conductivity and is defined as:

g =290 an
where k is the radiative extinction coefficient, obtained from Howell [30], and it is given by:
k= 3 (1—¢) (12)
The model is valid for pore diameters larger than 0.6 mm. Therefore, the final form of the solid phase energy equation is:
(1—¢) % (0,C.T,) =V ((As + Araa)VT,) + H, (T, — T) (13)
There is no need to modify the species transport equation:
W8 s 9pvr) =W, 14)

Where Y; and V are the mass fraction and diffuse velocity, respectively, of the i-th species. In order to obtain the composition distri-
bution of the temperature field as accurately as possible, the CHy skeletal kinetic mechanism (24 species, 155 reactions) is adopted
[31].

The ideal gas equation of state is adopted to calculate the density:

wp
Pe= R_Tg (15)
In the above equation, W is the average molar mass of the mixture gas, and R is the universal gas constant.

The OpenFOAM solver is based on an unsteady PISO algorithm with two pressure correctors and two momentum correctors per
time step and convergence criteria for residuals 107°. The time step was selected to be approximately 10~* s with a corresponding
Courant (CFL) number of 0.3. The discretization scheme for the unsteady term is an implicit Euler scheme which is first-order bounded.
Gauss limited linear schemes were used for the convective terms. Gauss linear orthogonal schemes were used for diffusion terms.
Laminar flow is considered to be the flow state of premixed gas inside the porous matrix [22]. However, in OpenFOAM, the basic
chemical solver reactingFoam, some assumptions used in the prediction of the species diffusion coefficient may not be appropriate
[32]. Therefore, we ported the code to laminarPimpleSMOKE based on OpenSMOKE++ for simulating laminar reaction with detailed
mechanisms. The native OpenSMOKE++ ODE (Ordinary Differential Equations) solver which is based on variable-coefficient back-
ward differentiation formula (BDF) methods, is used for complex chemistry integration. The maximum temperature and the position of
the flame surface are monitored as a reference for reaching steady-state. Due to the large thermal inertia of the solid matrix, the stable
condition requires approximately 15 min.

2.2.2. Boundary conditions
The following boundary conditions of the 2D model were adopted for the gas, solid, and species:
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Where Ty = 300 K is the ambient temperature, ¢ is the emissivity of the solid matrix, and ¢ is the Stefan Boltzmann constant (5.67 x
1078 W/(m2-K*). The ratio of 0»/CO5 was fixed at 0.21,/0.79 under oxy-fuel conditions, which is consistent with the O, fraction in air.
Velocity inlet and pressure outlet are adopted as boundary conditions at the burner inlet and outlet, respectively. The axisymmetric
boundary conditions (y = 0 cm) and wedge boundary conditions (z-direction) are adopted by the 2D model. The heat loss on the side
wall (y = 2.5 cm) of the burner is a future consideration but not the research object of this work. Therefore, the adiabatic boundary

condition is adopted.

2.3. Model validation

Firstly, the number of grids in the model was tested. The results show that all of the maximum numerical errors of the temperature
field under the grid numbers 2480, 6780, and 13,600 relatives to grid number 24800 is not exceed 2%. However, in terms of flame
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propagation speed, there is a difference of 1 cm/s between the grid numbers 6780 and 24,800. Therefore, in order to ensure sufficient
accuracy and reduce the calculation cost, grid number 13600 will be used in subsequent calculations. Secondly, Fig. 2 (a) depicts the
comparison of the temperature field between the skeletal mechanism and the GRI 3.0. The maximum error is less than 2%, but the CPU
time is 1/3 of the latter.

The applied numerical model was validated via comparison to the experimental data. In the first step, since the pressure drop of the
burner was not measured in this work, it was compared with the experimental results provided by Gao et al. [15] on premixed
air/methane combustion. In the experimental operating parameters, the inlet velocity is 10 cm/s, and the equivalence ratio is 0.6. The
results include cold and reaction flow under air-fuel conditions. As shown in Fig. 2 (b), the burner structure and material properties in
the experiment are consistent with those used in this work. It was found from the results that the Ergun resistance model used in this
paper is in good agreement with the experimental data, especially under reaction flow, and the maximum error was 7.6%. Secondly,
the oxy-fuel temperature fields are compared with the experimental data provided by this work. As shown in Fig. 2 (c), it is evidence
that the data obtained by the thermocouple in the combustion zone is lower than the calculated value, and the maximum deviation is
15% at the position of TC1. The main reasons for the error are as follows: 1) The diameter of the thermocouple ceramic tube used in this
work is 2 mm, which is close to the hole diameter of the porous material. The placement of the thermocouple will inevitably affect the
flow field, which may accelerate or decrease the flow velocity at this position; 2) Although a layer of 2.5 cm thick refractory fiber is
used to insulate the burner, the heat loss on the tube shell is still considerable. Record through K-type thermocouple, the maximum
shell temperature the downstream of the burner is reached ~400 K. The heat loss through convection, and thermal radiation accounts
for more than 13% of the burner’s thermal load under this working condition; 3) Some scholars have pointed out that the temperature
collected by the thermocouples with bare junction will indeed be lower than the actual gas temperature. In the study of Zheng et al.
[33], due to the radiant heat loss of the thermocouple, the gas temperature in the combustion zone was 30-90 K higher than the
temperature collected by thermocouples. Based on the above considerations, it is considered that it is feasible to employ the current
numerical model to predict the actual situation.

3. Results and discussion

3.1. Overadll performance

Generally, three types of flame states exist in two-layer porous media burners: 1) flash-back, 2) stable flame and 3) blow-off. The
state of flash-back and blow-off is unstable and potentially dangerous, and it is difficult to be utilized in a two-layer burner. The
characteristic of the stable flame state is that the flame can be stabilized at the interface of the two layers of the porous matrix.
However, there is almost no observation that the position of the flame peak temperature is just at the interface (x = 6 cm) in our
simulation work but close to its upstream or downstream position. Especially in the combustion zone, the flame may be located at a
position far from the interface and close to the outlet but will not blow out. This phenomenon may be caused by heat loss at the outlet
boundary. This situation creates complexity for the analysis of stable combustion conditions. Therefore, we define a new stable flame
condition, that is, when the flame front surface is located at a distance of +0.5 cm from the interface. At the same time, the flame
surface is also defined. In OpenFOAM, Qdot represents the total heat release rate of a chemical reaction. It is stipulated here that the
position of 1% of maximum Qdot is the front and back edge of the flame. As shown in Fig. 3, as the inlet velocity increases, the flame
front moves downstream and just touches the interface. It is considered that the down limit of the inlet flow velocity is reached. The
corresponding condition is the minimum velocity (Vp,) of the stable range. Similarly, the upper limit velocity (Viax) refers to when
the flame front just leaves the interface and continues to move downstream. As observed from our calculation results, the thickness of
the flame front under this definition is about 5 mm. According to this definition, a flame front is only considered to be in a stable state if
it is within +5 mm of the interface. This is different from the results of Gao et al. [15], where the peak temperature was located far
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Fig. 3. Schematic of the flame stable range.
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away from the interface between the two solid matrixes in some operating conditions. We considered the flame stable as long as it was
not blown out in this experiment. Due to the description of the stale flame state in this paper being more demanding, the calculation
results of V. are inconsistent with the experimental data of Gao et al. [15].

Table 2 and Table 3 show the free flame propagation velocity, adiabatic combustion temperature, and CO emissions under oxy-fuel
and air-fuel conditions (the results are obtained by ANSYS Chemkin Pro). It can be seen that there are significant differences in all
indicators, which are consistent with the results of PMC (Table 4). In almost any case, the oxy-fuel stable range of PMC is only
approximately 50% of that under air-fuel conditions. Due to the stable conditions required for combustion with various combustion-
supporting gases being different, comparisons cannot be made at the same equivalence ratio and inlet velocity. However, considering
the boundary conditions of the burner sidewall surface, there is no heat loss, which is similar to adiabatic combustion conditions. Thus,
the case of a 0.6 equivalence ratio and flames just remaining at the interface is chosen to illustrate the difference in combustion
characteristics. The corresponding inlet velocity is 8 cm/s under oxy-fuel conditions and 25 cm/s under air-fuel conditions. As shown
in Fig. 4 (a), obviously, the peak flame temperature under the oxy-fuel conditions is ~300 K lower than that under the air-fuel
conditions. As a result, the combustion conditions are worse than those under air-fuel conditions. However, considering that the
combustion temperature under air-fuel conditions is close to 1800 K, porous medium materials often have a low heat resistance (for
example, the maximum useable temperature of SiC ceramics usually does not exceed 1800 K), and they cannot be employed for long
periods at high temperatures [34]. Therefore, the low flame temperature under oxy-fuel conditions may be more suitable for the
application of porous media combustion. In addition, the increase in the O, fraction in the combustion-supporting gas increases the
flame temperature, and it is inferred that the stable range could also be broadened or shifted by adjusting the O5/CO5 ratio. Since Hj
and CO are the most important intermediate products in methane combustion, their fractions at the flame front are shown in Fig. 4 (b).
The CO; in the combustion-supporting gas participates in a chemical reaction, resulting in a higher CO concentration than in air-fuel
conditions.

There are two reasons for the significant difference between oxy-fuel and air-fuel conditions. 1) The physical properties of CO, and
air, such as density, heat capacity, and thermal conductivity, are significantly different, which may affect flame temperature and
propagation speed. 2) As a product of the chemical reaction, the CO5 fraction will play an important role in the rate of the chemical
reaction. The CO participates in the chemical reaction by converting back to CO. However, CH4 blending with the resulting CO would
diminish the burning velocity. In order to verify the priority of the factors mentioned above, an inert artificial species FCO; is
introduced to replace CO; in the premixed gas. The FCO, has the same physical properties as CO», but it is an inert gas and will not
participate in any chemical reactions. Fig. 6 shows the temperature fields under CO5 and FCO2 atmospheres when the inlet velocity is 9
cm/s and 10 cm/s (equivalence ratio = 0.6), respectively.

Asshown in Fig. 5 (a), the temperature fields are basically the same, and there is only a 13 K difference in the peak temperature. The
emission of CO under FCO conditions is 0.1 ppm, and under CO; conditions is 2.4 ppm. However, the CO5 atmosphere will have a
slight effect on the flame propagation velocity, consequently a little difference in the stale range. As shown in Fig. 5 (b), the flame
under the CO; condition has entered the downstream of the burner while the flame of FCO; remains at the original position. The results
show that the stable range under FCO; conditions is 5-10 cm/s, while CO is 5-9 cm/s. Therefore, it can be shown that the chemical
properties of CO2 have no significant effect on the flame temperature. Instead, high concentrations of CO, may have led to competition
for the H in the radical chain branching, which slightly affected the flame speed.

3.2. Influence of the porous medium matrix on the flame stability

It is found, based on the calculation model, that physical parameters such as the pore diameter, porosity, and thermal conductivity
of the porous matrix impact the temperature field. Moreover, especially in ceramic foams, the pore diameter and thermal conductivity
are tough to measure accurately. However, the pore diameter plays a crucial role in the calculation of the Reynolds number and
volumetric heat transfer coefficient. Therefore, the measurement error of this parameter may be the main error source in the calcu-
lation results. Many researchers have studied the effect of porous media material parameters on the stable range under air-fuel
conditions, and the conclusion has been clear. However, as mentioned above, PMC improves the stability and efficiency of oxy-fuel
combustion. Need to verify that the adjustments of the material under oxy-fuel conditions are effective and economical. For those
reasons, it is necessary to make a quantitative comparison with the calculated results under air-fuel conditions. Thus, based on the
model, the influence of the thermal conductivity, convective heat transfer coefficient and extinction coefficient on the stable range and
temperature field are studied in the following section.

3.2.1. Conductivity
To clearly illustrate the influence of the porous medium matrix on the combustion process, a thermal resistance model is estab-
lished, as shown in Fig. 6. The model indicates that the solid matrix absorbs high-temperature gas waste heat from the combustion

Table 2
The free flame combustion characteristics under the oxy-fuel condition.
Equivalence ratio Free flame propagation speed (cm/s) Adiabatic temperature (K) CO (ppm)
0.6 0.4 1262 0.4
0.65 1.3 1341 1.3
0.7 2 1393 3.3
0.75 3 1455 10
0.8 35 1516 31
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Table 3
The free flame combustion characteristics under the air-fuel condition.
Equivalence ratio Free flame propagation speed (cm/s) Adiabatic temperature (K) CO (ppm)
0.6 15.7 1653 8.5
0.65 19.8 1743 26.9
0.7 24.7 1830 77
0.75 28.7 1913 197
0.8 32.6 1989 458
Table 4
Effect of the equivalence ratio on the stable range.
Equivalence ratio Air-fuel (cm/s) Oxy-fuel (cm/s)
Vimin Vmax Range Vmin Vmax Range
0.55 18 27 9 4 8 4
0.6 20 30 10 5 9 4
0.65 24 35 11 7 11 4
0.7 27 38 11 8 12 4
0.75 31 42 11 9 14 5
0.8 33 46 13 10 15 5
2 1.0
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Fig. 4. Comparison of oxy-fuel and air-fuel conditions: temperature field (a), species (b).
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Fig. 5. Comparison of temperature fields: Vi, = 9 cm/s (a); Vin = 10 cm/s (b).

zone, transfers it upstream through conduction and radiation, and finally preheats the unburned gas. R1 is the convective heat transfer
resistance between the premixed gas and solid matrix in the preheating zone, R2 is the thermal conductivity resistance in the pre-
heating zone, R3 is the thermal radiation resistance in the preheating zone, R4 and R5 are the thermal conductivity and thermal
radiation resistances, respectively, in the combustion zone, and R6 is the convective heat transfer resistance in the combustion zone. R1
and R6 are determined by the volumetric heat transfer coefficient of each section, R2 and R4 are determined by the thermal con-
ductivity of the material, and R3 and R5 are determined by the extinction coefficient and temperature. When R2 increases with
decreasing thermal conductivity of the preheating zone materials (Ayp), the total thermal resistance of the system increases, which
results in more difficult heat transfer from downstream to upstream. Thus, the preheating rate of the premixed gas by the porous matrix
decreases, and the flame propagation speed decreases, resulting in a relatively low Vy,i,. Moreover, it is easy to infer that the change in
upstream heat transfer conditions also affects Vpax. When the inlet flow velocity is gradually increased, the flame enters the
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Fig. 6. Schematic of the thermal resistance.

downstream region. The unburned gas obtains less heat in the preheating zone, resulting in a relatively low temperature after entering
the downstream region, which leads to a slight decrease in the flame propagation speed. The final result is a small decrease in both Vi
and Vpax.

In contrast, increasing Ayp reduces R2 will increase Vi and Vipax. In addition, Table 5 indicates that whether Ay, is increased or
decreased by 1 time, the effect on the stability range seems to be nonsignificant. If the thermal conductivity is increased 5 times or 10
times, R2 is greatly reduced, causing the value of Vi, to gradually approach Vi, so the stable range is reduced. The results of a
similar study by Barra et al. [23] are also presented in Table 5. It can be seen that the trend of the stable limit in this paper is the same as
their data, but differs greatly in value. There are two possible reasons for the differences between the results. First, the porous matrix
material used for their burner is different from that of this paper, especially in the preheating zone, where ceramic foams were also
employed in the work of Barra et al. [23]. Second, the definition of steady combustion in the current work seems to be more stringent
than that of Barra’s. In this paper, the flame thickness is approximately 5 mm, and the condition is recognized as stable combustion
only when the flame front is located at the interface.

As indicated in Table 6, although the thermal conductivity of the downstream material (Agown) changes, there is little effect on Vp;p.
This occurs because the temperature in the combustion zone is relatively high, and radiation heat transfer in this area is dominant.
Since the A,44/4s is more than 5 in the combustion zone, the change of R4 imposes little effect on the thermal resistance of the system. As
a result, the preheating rate of the upstream premixed gas does not change significantly, and the impact on Vi, is limited. When the
flame enters the downstream area due to the increase in inlet velocity, the downstream material continues to preheat the unburned gas.

Table 5
Effect of the conductivity of the preheating zone on the stable range.
Equivalence ratio Conductivity Air-fuel (cm/s) Oxy-fuel (cm/s)
Vinin Vinax Range Vinin Vimax Range
0.6 1hup/Ihdown 20 30 10 5 9 4
0.5hup/1Adown 19 29 10 5 10 5
2Mip/ Thdown 22 32 10 6 10 4
S5hup/1Adown 28 38 10 8 12 4
10Mup/1Adown 35 41 7 9 12 3
0.7 Thup/Thdown 27 38 11 8 12 4
0.5Mup/ 1A down 25 36 11 7 11 4
2Mup/1hdown 29 40 11 9 13 4
5hup/1hdown 37 44 7 11 15 4
10%up/1hdown 46 49 3 14 15 1
0.65 1hup/1hdown 48 74 26 - - -
Barra et al. [23] 10Mup/ 1M down 65 74 9 - -
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Table 6
Effect of the combustion zone conductivity on the stable range.
Equivalence ratio Conductivity Air-fuel (cm/s) Oxy-fuel (cm/s)
Vimin Vimax Range Vinin Vimax Range
0.6 1hup/Ihdown 20 30 10 5 9 4
1hp/0-5)down 20 29 9 5 10 5
1hup/2Mdown 20 33 13 5 10 5
1up/5Mdown 20 35 15 5 12 7
1hup/10Adown 20 36 16 5 13 8
0.7 Thup/Lhdown 27 38 11 8 12 4
12p/0.5Mdown 27 36 9 8 11 3
1hup/2Adown 27 40 13 8 13 5
1hup/Shdown 27 42 15 8 14 6
1p/10Mdown 27 43 16 8 15 7
0.65 Lhup/1hdown 48 74 26 - - _
Barra et al. [23] 1up/10Mdown 48 92 44 - - -

Because Agown increases, the preheating rate increases, which leads to a relatively high flame propagation speed and a small increase in
Vmax, S0 the stable range expands.

The variation in the gas-phase temperature field with the thermal conductivity under oxy-fuel conditions is shown in Fig. 7. The
inlet velocity is 8 cm/s, and the equivalence ratio is 0.6. It is observed that the change in )\, imposes no major effect on the peak
temperature but imposes a significant influence on the upper limit of the temperature range. With increasing Ayp, the flame propa-
gation speed increases, and the flame tends to move upstream. The change in Agow, Seems to impose a little effect on the temperature
field, but with increasing thermal conductivity, the downstream temperature gradient slightly increases. Comparing the oxy-fuel and
air-fuel conditions, since the gas flow rate is relatively low, the stable range is relatively narrow. Especially when the upstream thermal
conductivity is increased 10 times, the change of stable range is no longer observed under oxy-fuel conditions.

3.2.2. Volume heat transfer coefficient

The thermal resistance model can also be applied to determine the influence of the pore diameter on stability. However, it should be
noted that the change in pore diameter affects the calculation of both the volumetric heat transfer coefficient and extinction coeffi-
cient. Since the volumetric heat transfer coefficient is obtained according to an empirical equation, many researchers have obtained
different empirical equations through experiments. However, the volumetric convective heat transfer coefficients obtained according
to these equations exhibit certain differences. For example, in terms of the combustion zone material parameters in this paper, the H,
value calculated with the model of Younis et al. [28] is 29,400 (W/m>3K) for a Reynolds number of 20, while the value calculated based
on Fuetal. [35] is 16,500 (W/rn3~K), with a difference of 43.9%. In this section, the effect of the volumetric heat transfer coefficient on
the results is separately studied. The effect of the change in the pore diameter on the extinction coefficient is not considered
temporarily.

Equation (7) indicates that a small pore diameter results in an enormous H, value, which implies that the heat transfer resistance
between the premixed gas and the solid matrix is low. The heat exchange between the unburned gas and solid matrix is notable,
resulting in the ignition temperature being reached within a relatively short time. Therefore, it is inferred that reducing the pore size of
either the preheating zone or the combustion zone enhances flame propagation and increases V. Conversely, increasing the pore size
reduces Vpin. Moreover, the upstream preheating rate also affects the downstream chemical reaction rate, resulting in V¢ exhibiting
the same trend. The calculation results are listed in Table 7.

When reducing the pore diameter of the combustion zone (dgown), the total heat transfer resistance of the system is also reduced.
When the flame enters the downstream region, the heat transfer to the unburned gas in the combustion zone increases, resulting in
relatively fast flame propagation, and Vp,x increases accordingly. Moreover, it is found that the change in dgown also exerts a major
impact on Vpip. It is concluded that compared to the thermal conductivity of the material, the change in the thermal resistance of the
system via the pore size is more profound. Hence, the convective heat transfer thermal resistance may be the most important aspect of
the total thermal resistance of the burner system.

The variation in the gas-phase temperature field with the volume heat transfer coefficient under oxy-fuel conditions is shown in
Fig. 8, while the boundary conditions are the same as in Fig. 9. It is evident from Fig. 8 (a) that with increasing pore diameter, the flame
gradually moves downstream. As shown in Fig. 8 (b), the peak temperature increases with increasing pore diameter. Specifically, the
peak temperature of 2dgown is 115 K higher than that of 0.5dgown. The reason is that the increase in the pore diameter reduces the
volume heat transfer coefficient and decreases the speed of heat transfer from the gas phase to the solid phase.

3.2.3. Extinction coefficient

In the numerical model, radiation heat transfer is simplified as a process similar to heat conduction. The radiant thermal con-
ductivity may be regarded as a diffusion coefficient that greatly changes with the temperature. Therefore, the influence of the radiant
thermal conductivity on the flame stability should be consistent with the trend due to the material thermal conductivity. Equation (11)
indicates that the result of reducing the extinction coefficient k is an increase in A.qq. Consequently, it is inferred that reducing k in-
creases both Vpyin and Vipay. Conversely, increasing k produces the opposite result. Table 8 summarizes the calculation results obtained

11
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Table 7
Effect of the volume heat transfer coefficient on the stable range.
Equivalence ratio Volume heat transfer coefficient Air-fuel (cm/s) Oxy-fuel (cm/s)
Vinin Vinax Range Vinin Vinax Range
0.6 1dup/1ddown 20 30 10 5 9 4
0.5dup/1ddown 26 36 11 7 13 6
2dup/1ddown 18 28 10 6 10 4
1dyp/0.5dgown 21 45 24 6 15 9
1dup/2ddown 20 25 5 5 8 3
0.7 1dup/1ddown 27 38 11 8 12 4
0.5dup/1ddown 35 44 9 10 15 5
2dyp/1ddown 27 33 6 7 11 4
1dyp/0.5ddown 32 55 23 16 30 14
1dup/2ddown 26 29 3 7 9 2
0.65 1dyp/1ddown 48 74 26 - - -
Barra et al. [23] 0.5dyp/0.5ddown 55 82 27 - - -
1dyp/0.5ddown 52 82 30 - - -
Zdup/deown 40 64 24 - — _
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Fig. 8. Temperature field changes with the volume heat transfer coefficient, dp (a), dgown (b).

by changing the extinction coefficient of the preheating zone (kyp) and combustion zone (k4own). In addition, it is observed that the
influence of the change in the k value of the combustion zone on Vi, remains nonsignificant. Only Vi, exhibits a slightly decreasing
trend with increasing downstream k value.

In regard to the temperature field, as shown in Fig. 9 (a) and (b), the change in ky;, seemingly yields no effect on the downstream
temperature distribution, and the same applies to kqown. It seems that the change in the extinction coefficient imposes little effect on
the peak temperature and outlet temperature.

4. Conclusions

In this paper, a two-layer porous media combustion model was established. The combustion behaviour under oxy-fuel and air-fuel
conditions were compared. Through the analysis of the thermal resistance model, it can be inferred that the influence of the variables,
including the equivalence ratio, thermal conductivity, volume heat transfer coefficient and extinction coefficient on the stable range
and temperature field, is consistent under oxy-fuel and air-fuel conditions. The results reveal that:
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Table 8
Effect of the extinction coefficient on the stable range.
Equivalence ratio Extinction coefficient Air-fuel (cm/s) Oxy-fuel (cm/s)
Vinin Vmax Range Vmin Vmax Range
0.6 1kyp/1Kgown 20 30 10 5 9 4
0.5kyp/1Kdown 24 33 9 6 10 4
2Kup/TKdown 19 30 11 5 9 4
5kyp/1Kdown 19 30 11 5 9 4
1kyp/0.5Kdown 21 34 13 6 11 5
1kup/2Kgown 21 29 8 5 9 4
1kup/Skdown 19 26 7 5 8 3
0.7 1kyp/1Kgown 27 38 11 8 12 4
0.5Kup/1Kdown 32 40 8 9 12 3
2Kyp/TKdown 25 37 12 7 11 4
5kyp/1Kdown 25 36 11 7 11 4
1kyup/0.5Kdown 28 43 15 8 12 4
1kyp/2Kdown 28 34 6 8 11 3
1Kyp/5Kdown 27 30 3 8 10 2
0.65 1kyp/1Kgown 48 74 26 - - -
Barra et al. [23] 1/6Kyp/1Kdown 57 75 18 - - -
6Kyp/TKdown 40 72 32 - - -
1kyp/1/6Kdown 34 57 23 - - -

(1). The difference in physical properties between CO, and air is the main reason for the significant variation of combustion be-
haviours under the conditions of oxy-fuel compared to air-fuel. The specific performance is characterised by a reduced com-
bustion temperature and a slower flame propagation speed. For example, at an equivalence ratio of 0.6, the combustion
temperature under oxy-fuel conditions is approximately 300 K lower than that under air-fuel conditions. Moreover, in almost
any case, the stable range is only approximately 50% of that of the latter. However, considering that porous medium materials
tend to have relatively low heat resistance and low operating temperature, a low flame temperature may be more conducive to
the application of porous media combustion.

(2). Any structural changes that reduce the internal heat transfer resistance of porous media, for example, increasing the thermal
conductivity of the material or the volume heat transfer coefficient and reducing the extinction coefficient, increase the min-
imum and maximum stable velocities. Increasing the thermal resistance produces the opposite effect.

(3). Even if the thermal conductivity and extinction coefficient values are increased by 5 times, their impact on broaden the stable
range is not significant. However, reducing the pore size of the combustion zone by 50% will increase the stable range by more
than 100%.
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