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Abstract: Combustion in a porous medium can be beneficial for enhancing reaction rate and tempera-
ture uniformity. Therefore, considering the combination with oxy-fuel combustion can address some
shortcomings in oxy-fuel burners, a cylindrical two-layer porous burner model is established based
on OpenFOAM in this paper. A two-temperature equation model is adopted for the simulation of the
heat transfer process. The CH4 skeletal kinetic mechanism is adopted for complex chemistry integra-
tion based on OpenSMOKE++. Corresponding experimental methods were used for complementary
studies. The walls of the burner are wrapped with three types of thermal insulation materials to
present different levels of heat loss. The results show that considering the convection and radiative
heat loss of the burner wall, the temperature near the wall is reduced by more than 300 K compared
to the adiabatic condition. As a result, the flame propagation speed and CO oxidation rate slowed
down. The stable range will be destructively narrowed by more than 50%, and CO emissions will
increase by more than 10 times. These defects will be aggravated by increasing the diameter of the
burner. It is observed that when the diameter of the burner increases from the initial 5 cm to 10 cm,
the effect of heat loss on the stable range is insignificant.

Keywords: porous media combustion; oxy-fuel; heat loss; flame stabilization

1. Introduction

The goal of carbon neutrality will facilitate China’s industrial restructuring from a
high-pollution, high-carbon industry mode to a low-carbon one [1]. Fossil fuel burning
accounts for 85% of global energy production and remains a major source of anthropogenic
carbon dioxide (CO2) and pollution in the atmosphere [2]. As renewable energy sources like
wind, hydro, and solar energy are cyclical and susceptible to environmental impacts, it is
foreseeable that fossil fuels will continue to dominate energy structure for some time in the
future. Therefore, improving fossil energy utilization efficiency and reducing CO2 emissions
play an important role in reaching the goal of carbon neutrality strategy. Additionally,
carbon capture, utilization and storage technology (CCUS) is currently recognized as
a technical means to achieve large-scale CO2 emission, and oxy-fuel combustion is an
essential part of CCUS [3,4]. In the oxy-fuel combustion process, pure oxygen is employed
for fuel combustion, resulting in only H2O and CO2 as products. The chemical reaction
rate and flame temperature are controlled by the CO2 circulating flow [5,6]. Moreover,
the combustion-supporting gas does not contain N2, so it does not produce any form
of NOx. Compared with N2 in the air atmosphere, CO2 has higher density and heat
capacity. Therefore, the CO2 atmosphere usually has the disadvantages of a slow chemical
reaction rate and low combustion temperature, resulting in unstable combustion and
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accompanied by more CO generation [7]. Porous medium combustion (PMC) has emerged
as a viable solution to address the aforementioned problems to a significant extent. PMC
is an internally self-organized process of heat recuperation that differs markedly from
homogeneous flames. The solid matrix of a porous medium has a higher heat capacity,
conductivity, and emissivity than gas. This results in significant changes in the combustion
process when it takes place within a porous medium. The numerous pores or paths in the
solid matrix heat up the fresh reactants as they flow through the medium. Additionally,
heat recirculation mechanisms from the burning region to the fresh reactant gas increase the
flame velocity, resulting in a high heat release rate at the combustion chamber [8]. PMC has
a lot of design freedom since they are able to burn a wide variety of fuels, from ultra-lean to
ultrarich mixtures, due to the intense heat exchange from the combustion zone throughout
the solid. This form of combustion produces an excess enthalpy flame [9]. Under certain test
operating conditions, the apparent burning velocities can exceed the open flame laminar
burning velocities by over 40 times [10]. In addition to the benefits mentioned earlier, the
use of porous media in combustion processes can also lead to prolonged gas residence times.
This is due to the complex and variable flow passageways within the porous medium,
which promote efficient mixing and heat transfer. As a result, the heat transfer intensity is
significantly increased when compared to combustion without porous media [11]. As the
combustion becomes more efficient, the possibility of formation of NOX and CO becomes
minimal. It is considered that the unique advantages of PMC technology may make up
for the shortcomings of oxy-fuel combustion technology. Therefore, the combination of
PMC and oxy-fuel combustion technology may be an efficient and clean fuel utilization
technology in the future.

However, the development of porous media combustion technology also faces many
challenges, one of which is how to achieve stable combustion [12,13]. In the homogeneous
porous medium material, flame stabilization is most commonly attained when the flame
speed matches the upstream flow velocity of the air and fuel mixture, but this condition
is usually difficult to achieve. More often, the flame will move within the burner, which
will lead to a potential risk of blow-out or flashback [14]. The two-layer porous media
burner is an ingenious design. Two porous medium materials with different structures are
placed in the burner in turn. At the upstream, the flame propagation speed is slower than
the gas flow rate, and the flame moves downstream. Conversely, downstream, the flame
propagation velocity is greater than the airflow velocity, and the flame gradually moves
upward. The final result is that the flame resides at the interface of the two porous medium
materials, and stable combustion is achieved. The burner of this structure can achieve
stable combustion within a specific flow velocity range rather than a specific velocity value,
which is called the stable range. One of the research focuses on PMC is to obtain the stable
range of the burner. The factors that affect the stable range are the properties of porous
medium materials, such as pore size, porosity, and thermal conductivity [15–17].

In the experiments of Arrieta et al. [18], it was found that different equivalence ratios
and gas mixture compositions have obvious effects on the temperature, stability, and
radiation intensity of the flame. Coutinho et al. [19]. studied the effects of inlet velocity,
excess air coefficient, porosity, and thermal conductivity of porous medium materials
on the temperature field and pointed out that increasing the inlet mass flow (velocity
or energy) can increase the temperature in the burner. Hashemi et al. [20] studied the
effects of preheating section and combustion section geometry, equivalence ratio, and inlet
velocity on flame stability based on Fluent’s non-thermal equilibrium model. Pan et al. [21].
studied the flammability limits of burners with rectangular, circular, and square cross-
sections. The variables include inlet velocity, equivalence ratio, and -OH mass fraction.
The researchers discovered that equivalence ratio and intake air velocity play a crucial
role in the combustion process, affecting the temperature and flow fields, as well as the
concentration of key radicals. Ahmed et al. [22]. studied the combustion behavior of air and
oxy-fuel in microchannels. However, their results showed that the temperature difference
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between oxy-fuel and air-fuel was nearly the same even though the reaction rate in oxy-fuel
was lower than the latter.

Moreover, the inserted porous medium obstructs the flow at the center zone and
guides it towards the inner wall, which enhances the heat transfer to the wall [23]. This
allows PMC technology to be applied in some places that need to rely on radiation for heat
exchange, such as radiant burners [24] and thermophotovoltaic (TPV) applications [25].
Nevertheless, it is precisely due to the higher wall temperature of the porous media
burner that considerable heat loss is caused. Obviously, this phenomenon will reduce the
temperature and flow rate near the wall, which is detrimental to the stable combustion in
the burner and may also lead to more CO generation. Many scholars have revealed the
influence of the wall effect on flame behavior in the research of mesoscale and microscale
porous media combustion. In their research work on porous media burners in thermo-
photoelectric systems, Gentillon et al. [26] pointed out that the materials of the thermal
insulation layer and the anti-radiation layer of the burner have a significant effect on the
flame propagation speed in the burner so that the stable combustion range is significantly
different. In a similar study by Peng et al. [27], it was mentioned that there was an
optimum burner diameter where the outer wall surface had the greatest radiation capability.
Xie et al. [28] simulated a reciprocating porous media burner based on the commercial
software Fluent (version 2020 R1); a 2D model was adopted and results were compared
with the 1D model. It was also pointed out that wall heat loss is the assumption that has
the most significant impact on the model accuracy. It may be difficult to accurately describe
combustion characteristics without considering heat loss. Therefore, a two-dimensional
model is required, and the convective and radiative heat loss boundary conditions must
be considered.

Most of the studies on PMC mentioned above are under air-fuel conditions, while
the work on oxy-fuel is still relatively lacking. Under oxy-fuel combustion conditions, the
physical parameters (specific heat capacity, thermal conductivity) of combustion-supporting
gas are quite different from those under air-fuel conditions. As a result, these differences
lead to significant changes in properties such as ignition, with consequent lower reaction
rates and more CO emissions. In our previous work [29], the combination of porous media
and oxy-fuel combustion technology has been proven to be feasible. Its advantages lie in
compensating for the shortcomings of slow reaction rate, low flame propagation speed,
and low flame temperature of oxy-fuel combustion technology. However, it also reveals the
defects that need to be overcome, one of which is the narrow stable velocity limit. Since the
stable limit represents the power adjustment range of the combustion device, this indicator
plays an important role in the applicability of the burner. In addition, one of the limitations
of the previous research work is that the heat loss on the burner wall was not considered.
According to the research of scholars mentioned above, wall heat loss will significantly
narrow the stable limit. Therefore, in the current research, the wall boundary conditions are
improved, and corresponding experiments are carried out to verify the mathematical model.
The main focus of this paper is determining ways to broaden the stable limit and reduce
the impact of wall effects on the stable limit. The diameter of the burner is considered a
variable to investigate the significance of its impact on the stable limit and to explore the
minimum diameter that can resist negative effects. It is hoped that the study in this paper
will be helpful to the application of oxy-fuel porous media combustion technology.

2. Research Method
2.1. Experimental Setup

The experimental equipment consists of three components: 1. Two-layer porous media
burner; 2. Fuel mixture supply system; 3. Data measurement and collection system. The
schematic diagram is shown in Figure 1.
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Figure 1. Schematic diagram of the experimental device (a); photo of experimental equipment (b).

1. Two-layer porous media burner. The primary part of the burner refers to the
previous research system by Gao et al. [16]. Alumina pellets with a diameter of 3 mm
are used as the porous medium material in the preheating zone of the burner, and the
combustion zone is filled with 10 PPI SiC ceramic foam. The thermophysical parameters
of the material, which were calculated from empirical equations combined with porosity
as well as pore size, are summarized in Table 1. The diameter of the burner is D = 5 cm.
To mitigate the potential danger caused by flashback states, a 60 PPI SiC ceramic foam
(referred to as Pre-SiC) is installed at the inlet of the burner. This gadget not only reduces
the risk of flashback, but also improves the speed uniformity at the entrance of the burner.
At the same time, the heat exchange between Pre-SiC and the downstream burner needs to
be avoided. Therefore, a cavity between the preheating zone and direct contact between
the two layers of porous media is avoided.

Table 1. Physical properties of the porous medium material.

Property Unit Preheating Zone Combustion Zone

Density kg/m3 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

In this work, the wall heat loss of the burner is one of the fundamental objects to
be investigated. Three types of wall insulation are used to wrap around the side of the
burner. As shown in Figure 2, (1) 25 mm thick refractory fiber is an approximately insulated
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condition, and the burner of this structure is named PMB(A) in the work; (2) 3 mm thick
stainless steel shell, due to the low emissivity of stainless steel, represents the heat loss
under medium intensity radiation and convection conditions, which is named PMB(B);
(3) 3 mm thick quartz glass tube has the ability to withstand high temperature of about
1500 K, and it is transparent to the radiated light of the porous material of the burner,
representing the maximum intensity of radiation and convective heat loss conditions,
which is named PMB(C). It is pointed out here that due to the temperature limitation of
the experimental equipment, only a part of the conditions (temperature within 1500 K) is
experimentally studied.

Figure 2. Burners and porous medium materials used in the experimental system.

2. Fuel mixture supply system. The mixture entering the burner is CH4 and O2 diluted
with CO2. The gas enters the gas supply pipeline from the gas cylinder (99.99%) through
the mass flow controller (2% accuracy of full scale). A four-way valve is used for the first
premix of the species. Subsequently, the mixed gas is briefly held in the porous media
mixer to achieve adequate premixing. The mixer is a tubular cavity with a diameter of
30 mm and a length of 70 mm, and the interior of the mixer is filled with inert glass spheres
of 10 mm in diameter. After that, the mixed gas enters the burner through pipes.

3. Data measurement and collection system. The key parameters to be measured in
this work include the temperature field inside the burner and the emission concentration at
the outlet. A total of 9 locations on the burner are perforated for thermocouple placement.
This corresponds to 9 S-type thermocouples with a diameter of 2 mm and an uncertainty
error of ±2.5 K that are distributed on the central axis of the burner. It should be noted
that to capture the temperature changes in the burner, the thermocouples are not equally
spaced in the burner. As shown in Figure 3, there are three in the preheating zone, five
in the combustion zone, and the remaining one is located at the interface, and they are
more inclined to be placed in the area with a relatively large temperature gradient. A data
collector model (NI cDAQ-9174 and NI 9214) is used to collect temperature data measured
by thermocouples, and the supporting NI LabVIEW (version 2020 SP1) commercial software
is used to display the data. In addition, a hand-held K-type thermocouple and FLUKE
TiX660 thermal imaging system are used to measure the burner wall temperature. The
gas analyzer Testo350 pro is used for CO measurement at the outlet. The experimental
equipment is included in Table 2.

At the beginning of the experiment, each pure species is transported in the pipeline to
the mixing valve and mixer to be fully mixed. Since the solid matrix is not preheated, the
O2 fraction provided at this time is higher than the preset value. The premixed gases are
ignited at the burner outlet using a long-nose lighter. Due to the excess O2, the flame is able
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to reach a fairly high temperature, and thus the flame propagates towards the preheated
zone. After a few minutes, the combustion zone is sufficiently preheated, and then the O2
fraction is adjusted back to the preset value. The system reaches a steady state after about
20 min, at which time the flue gas analyzer and thermal camera are used to collect the flue
gas composition and burner wall temperature.

Figure 3. Distribution of thermocouples.

Table 2. List of experimental equipment.

Equipment Model Measurement Range Error or Uncertainty

Mass flow controller
D07-9E
D07-7B
D07-7B

0~50 SLM for CO2
0~10 SLM for O2
0~5 SLM for CH4

2% F.S.

Gas analyzer Testo350 pro 0~10,000 ppm for CO
±2 ppm (0~39.9); 5%

measured value
(40~500 ppm)

Thermocouple S-type 273~1400 K ±2.5 K
Thermocouple K-type 233~650 K ±2.5 K

Thermal imaging camera FLUKE TiX660 233~1473 K ±1.5 K or 1.5%
Thermocouple input model NI 9214 233~1700 K ±4.5 K

It should be pointed out that a large number of thermocouples are used to collect the
burner temperature in this work. Since the diameter of the thermocouple is close to the
pore size of the porous medium material, it will hinder and interfere with the flow field,
thus having a non-negligible effect on the temperature field. There is no clear conclusion
on whether the temperature will increase or decrease. At the same time, some researchers
pointed out that the temperature obtained by the measurements exhibits values between
the calculated gas and solid phase temperatures, which indicates the influence of the solid
phase radiation [30].

2.2. Mathematical Model
2.2.1. Governing Equations

Modeling the porous medium combustion system is intensive in terms of both time and
money [31]. Due to the complex structure of porous medium materials, primarily ceramic



Processes 2023, 11, 2182 7 of 20

foams, the physical structure is challenging to model directly and geometrically [32,33].
Consequently, simplified porous models have been widely applied to solve the temperature
field. 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 (24 species, 155 reactions) [34], the laminar combustion
process in the porous media burner is simulated. In the mathematical model, the potential
catalytic effects of the high-temperature solid are negligible. Moreover, the Dufour effect is
negligible. The governing equations included are as follows:

Continuity equation:
∂
(
ερg
)

∂t
+∇

(
ερgU

)
= 0 (1)

Momentum equation:

∂
(
ερgU

)
∂t

+∇
(
ερgU ·U

)
= −∇P +∇(µ · ∇U) + Si (2)

where ε is the porosity of the porous media, ρg is the density of the premixed gas, and µ is
the dynamic viscosity. The Ergun resistance model source term Si is defined as [35]:

Si = 180

(
1− ε2)

ε3
U · ui

d2 + 1.8
(1− ε)

ε3
ρgui|U|

d
(3)

where d is the pore diameter.
Gas-phase energy equation:

∂

∂t
(
ερgCgTg

)
+∇

(
UερgCgTg

)
= ∇

(
ελg∇Tg

)
− ε

N

∑
i=1

ωihiWi − S (4)

Solid-phase energy equation:

(1− ε)
∂

∂t
(ρsCsTs) = ∇

(
λe f f∇Ts

)
+ S (5)

where C and λ are the heat capacity and thermal conductivity, respectively, and ωi, hi, and
Wi are the molar production rate, molar enthalpy, and molecular weight of the i-th species,
respectively. 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 = Hv
(
Tg − Ts

)
(6)

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

Hv =
Nuv · λg

d2 (7)

In the above equation, Nuv is defined as the volume-based Nusselt number:
In packed beds [36]:

Nu =

{(
1.18Re0.58

)4
+
[
0.23(Re/ε)0.75

]4
}1/4

(
1 ≤ Re/ε ≤ 7.7× 105) (8)

In foams [37]:

Nuv = 0.819[1− 7.33(d/L)]Re0.36[1+15.5(d/L)]

(5.1 ≤ Re ≤ 564, 0.005 < d/L < 0.136)
(9)
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where L is the thickness of the solid matrix, and Re is the Reynolds number with the pore
diameter as the characteristic length.

The radiation diffusion model has been employed to simulate the radiation heat
transfer process in the solid matrix [38]. In Equation (5), λe f f is the equivalent thermal
conductivity, which consists of two parts:

λe f f = λs + λrad (10)

where λrad is the radiant thermal conductivity and is defined as:

λrad =
16σTs

3

3k
(11)

where k is the radiative extinction coefficient, obtained from Howell [39], and it is given by:

k =
3
d
(1− ε) (12)

The model is valid for pore diameters larger than 0.6 mm.
Species transport equation:

∂(ρYi)

∂t
+∇(ρVYi) = ωiWi (13)

where Yi and V are the mass fraction and diffuse velocity, respectively, of the i-th species.
The ideal gas equation of state is adopted to calculate the density:

ρg =
WP
RTg

(14)

In the above equation, W is the average molar mass of the mixture gas, and R is the
universal gas constant.

For the basic chemical solver reactingFoam in OpenFOAM, some assumptions used in
the prediction of the species diffusion coefficient may not be appropriate [40]. Therefore,
the code was ported to laminarPimpleSMOKE based on OpenSMOKE++ for simulating
laminar reactions with detailed mechanisms. The species diffusion coefficients in the
solver are calculated by using the mixture-averaged approach. The time step was selected
to be approximately 10−5 s with a corresponding Courant (CFL) number of 0.3. High-
temperature ignition method is adopted, and the preheating zone temperature is initialized
to 1300 K. The maximum temperature and the flame front position are monitored as a
reference for reaching a steady state. Due to the large thermal inertia of the solid matrix, the
burner system takes at least 15 min to reach a steady state position. This means that one case
requires unacceptably more than 10 days of computation time, which is also too expensive
for the work. Consequently, the time of the conjugate heat transfer is scaled, accompanied
by scaling the product of density and heat capacity of the solid. The scaling will affect
neither the Fourier nor the Biot number of the problem for transient simulations [41,42].
This method reduces the computational cost by more than 10 times.

2.2.2. Boundary Conditions

The following boundary conditions of the 2D model were adopted for the gas, solid,
and species:

Inlet (x = 0 cm):
Tg = Tg,inlet = 300K (15)

(1− ε)λe f f
∂Ts

∂x
= 0 (16)
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Yi = Yi,inlet, i = 1, 2, · · ·N (17)

{
u = uinlet
v = 0

(18)

Outlet (x = 12 cm):
∂Tg

∂x
= 0 (19)

(1− ε)λe f f
∂Ts

∂x
= −εσ

(
T4

s − T4
0

)
(20)

∂Yi
∂x

= 0, i = 1, 2, · · ·N (21)

∂u
∂x

=
∂v
∂x

= 0 (22)

where T0 = 300 K is the ambient temperature, ε is the emissivity of the solid material, and σ
is the Stefan–Boltzmann constant (5.67 × 10−8 W/(m2·K4)).

Side wall (y = 2.5 cm):
∂Tg

∂y
= 0 (23)

(1− ε)λe f f
∂Ts

∂y
= 0 (24)

∂Yi
∂y

= 0, i = 1, 2, · · ·N (25)

{
u = 0
v = 0

(26)

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 condition (z-direction) are adopted by the 2D model.

3. Results and Discussion
3.1. Combustion Behavior of PMB(A)

Our previous work [29] presents simulations and experiments of oxy-fuel combustion
in a porous solid matrix, a relatively new area of research that aims to address some of
the shortcomings found in oxy-fuel burners (high temperatures and poor uniformity). In
the simulations and experiments, the combustion behavior of PMB(A) is studied in detail.
Variables include porous medium material parameters and premixed gas composition.
Table 3 shows the combustion behavior of PMB(A), which includes the minimum (Vmin)
and maximum (Vmax) velocity values and the corresponding peak temperature (Tg,vmin
and Tg,vmax) and CO emissions (COvmin and COvmax) at the outlet under stable combustion
conditions. The mentioned Vmin and Vmax refer to the velocity limit value for maintaining
the flame front stationary on the interface of two layers of a solid matrix. It can be foreseen
that the fuel entering the burner increases with the equivalence ratio (ϕ) or O2 fraction, re-
sulting in a greater heat load, higher combustion temperature, and faster flame propagation.
As a consequence, a faster inlet velocity is required to locate the flame at the interface of the
two layers of material while avoiding the occurrence of flashback. The results show that
the Vmin and Vmax for the stable range will be significantly faster as the heat load increases.
In addition, it can be seen that the effect of the inlet velocity of the premixed gas on the
combustion peak temperature is within 150 K. However, the peak temperature will increase
rapidly by about 100 K when the flame enters the combustion zone from the preheating
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zone. As a complementary analysis, Figure 4 reveals the gas temperature field of PMB(A)
under velocity conditions of 7 and 8 cm/s. The most remarkable result is that when the
inlet velocity increases to 8 cm/s, the primary chemical reaction occurs in the combustion
zone instead of the preheating zone. The pore diameters of the former suddenly increase,
which reduces the convective heat transfer between the high-temperature gas and the solid
matrix. As a result, the heat released by the chemical reaction is retained in the gas phase,
resulting in a higher flame temperature.

Table 3. The combustion behavior of PMB(A).

ϕ
O2 Fraction

(%)
Vmin
(cm/s)

Vmax
(cm/s)

Numerical Experimental Numerical Experimental

Tg,vmin
(K)

Tg,vmax
(K)

Tg,vmin
(K)

Tg,vmax
(K)

COvmin
(ppm)

COvmax
(ppm)

COvmin
(ppm)

COvmax
(ppm)

0.45 21 2 4 1242 1366 — — 2.6 0.9 — —
0.5 21 2 6 1292 1433 — — 1.4 0.7 — —

0.55 21 4 8 1405 1533 — — 0.5 1.2 — —
0.6 21 5 9 1460 1574 1323 1381 0.5 1.9 34 4

0.65 21 7 11 1558 1619 1380 1473 1.0 4.3 16 2
0.7 21 8 12 1584 1684 1427 1488 1.7 9.8 8 3

0.75 21 9 14 1645 1727 1410 1522 3.8 22.9 2 5
0.8 21 10 15 1670 1781 1540 1610 7.5 53.0 5 34
0.6 17 2 4 1259 1501 — — 2.1 8.7 — —
0.6 25 9 14 1618 1698 — — 1.3 7.1 — —
0.6 29 13 18 1759 1806 — — 5.7 19.0 — —
0.6 33 17 24 1903 1930 — — 21.1 68.9 — —
0.6 37 21 29 2008 2062 — — 55.0 197.0 — —

Figure 4. Gas-phase temperature at inlet velocities of 7 cm/s and 8 cm/s (ϕ = 0.6, O2 = 21%).

Influenced by combustion temperature and residence time, CO emissions will first de-
crease and then increase with the increases in equivalence ratio and O2 fraction. Preferably,
Table 2 also reflects that when the flame peak temperature is controlled between 1300 K and
1700 K, the CO fraction will be below 5 ppm. When the flame temperature is lower than
1300 K, the oxidation rate of CO is slow, and the residence time is not enough to complete
the oxidation to CO2. According to the characteristics of PMC, the flame temperature and
the inlet velocity of the premixed gas are related. If the flame temperature is higher, faster
inlet velocity is required to achieve stable combustion. The result is a rapid reduction in
residence time with increasing temperature. When the temperature is higher than 1700 K,
the residence time becomes the limiting factor hindering the oxidation of CO, resulting in
the gradual increase of CO.
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3.2. Combustion Behavior of PMB(B) and PMB(C)

The diversion effect of the internal structure of the porous medium material on the
high-temperature exhaust gas will lead to more high-temperature gas to the wall of the
burner, which will significantly increase the wall temperature, resulting in more radiation
and convective heat exchange to the external environment. In addition, due to the existence
of the porous matrix and its high emissivity, the PMC burner has considerable advantages
in heat radiation capability. Thus, radiant heating is one of the potential applications for
PMC burners, such as thermophotovoltaic systems and dryers. It can be easily predicted
that the effect of heat loss on the flame temperature can be significant, which in turn affects
the flame propagation speed and stability. Its impact and how to avoid it are the focus
of this work. Therefore, PMB(B) and PMB(C), which with different thermal insulation
forms, were compared in detail in this section. The stable range, temperature fields, and CO
emission were quantitatively analyzed to study the effect of wall heat loss on combustion
characteristics. For PMB(B), since the emissivity of stainless steel is highly temperature-
dependent, the average value was adopted, which was 0.2 in the preheating zone and 0.4
in the combustion zone. Quartz glass is translucent but has a lower transmittance for rays
with wavelengths above 4.2 um. Some researchers have revealed that the radiant thermal
power of alumina through the quartz wall only accounts for less than 10% of the total
radiance [43]. Therefore, for PMC(C), the emissivity of the quartz glass at 1000 K (0.8) is
used. The following are the boundary conditions of the burner wall of PMB(B) and PMB(C):

Side wall (y = 2.5 cm):
∂Tg

∂y
= 0 (27)

(1− ε)λe f f
∂Ts

∂y
= −ωσ

(
T4

s − T4
0

)
− h f (Ts − To) (28)

∂Yi
∂y

= 0, i = 1, 2, · · ·N (29)

{
u = 0
v = 0

(30)

where hf = 5 W/(m2·K) is the convective heat transfer coefficient between the burner wall
and the environment, and ω is the emissivity of the wall. When the heat loss of the wall
is taken into account, the combustion behavior changes significantly. In Figure 5, the
comparison of the stable range of PMB(A) and PMB(B) is shown. In the calculation and
experiment of PMB(B), the combustion phenomenon with an equivalence ratio of less than
0.8 while the O2 fraction was 21% was not found. The burner cannot be ignited or burned
steadily since the flame front will gradually move downstream and blow out. This situation
is more prominent in PMB(C), which cannot be sustained even when the equivalence ratio
is less than 1. The comparison with PMB(A) under the condition of an equivalence ratio of
0.8 is shown in Figure 6. Unfortunately, the stable range was also observed to be extremely
narrowed for both burners under successful ignition conditions. Under the condition that
the combustion can be maintained, the stable range of PMB(B) is reduced by 40–60% on
average compared with that of PMB(A), while that of PMB(C) is 60–80%.

As mentioned previously, the effect of the inlet velocity on the combustion temperature
is not remarkable in PMB(A). This feature is also consistent for PMB(B) and PMB(C), since
heat loss does not significantly affect the temperature at the center of the burner. For
example, the corresponding peak temperature difference between Vmax and Vmin is 130 K
under the condition of ϕ = 0.8 and O2 = 37% Vol. The most remarkable difference is
the flame front presents an apparent two-dimensional shape after considering the heat
exchange between the wall and the environment. Figure 7 shows the temperature fields
of PMB(B) and PMB(C) when the equivalence ratio is 0.8, and the O2 fraction is 25%. The
wall temperature captured with the thermal imaging system under the same conditions
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is revealed in Figure 8. For PMB(C), the wall temperature is replaced by SiC foam and
packed bed temperature near the wall. The results show that the peak wall temperature
of PMB(B) is 110 K higher than that of PMB(C), and the estimated heat loss according to
Equation (28) of the two burners account for 36.2% and 44.7% of the heat load. As a result,
after considering heat loss, the wall temperature is about 300 K lower than that of PMB(A).

Figure 5. Comparison of the stable range of PMB(A) and PMB(B) varies with: equivalence ratio (a);
O2 mole fraction (b).

Figure 6. Comparison of the stable range of PMB(A) and PMB(C) varies with O2 mole fraction
(ϕ = 0.8).

Due to the heat loss, the temperature of the solid matrix near the wall is lower than
that near the center of the burner. When the premixed gas near the center of the burner
reaches the ignition temperature, the heat released by reactions will transfer to the wall. The
premixed gas closer to the wall needs more residence time to reach the ignition temperature,
and the ignition position will be closer to the downstream. If the velocity of premix gas
increases, the angle of the inclination of the flame front will be larger. When the unburnt
gas reaches the burner outlet before reaching the ignition temperature or the flame front
is broken off, the phenomenon of fuel leakage or even blow-out will occur. At the same
time, the temperature decrease at the burner wall causes the flame propagation speed to
slow down, which also aggravates the inclination of the flame front. This is also one of
the reasons why the stable combustion range of the burner is narrowed. It can be seen
from the temperature distribution at the interface (Figure 9) that the heat loss results in a
significant decrease in Tg and Ts values near the wall, which may be lower than the ignition
temperature of the fuel, leading to a blow-out. This means that a higher flame temperature
is required to maintain stable combustion after considering heat loss. It was observed
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that under adiabatic conditions, combustion stability was challenging to maintain at peak
temperatures below 1100 K. However, this value was 1450 K in PMB(B) and PMB(C).

Figure 7. Temperature field of PMB(B) and PMB(C).

Figure 8. Wall temperature of: left (PMB(B)); right (PMB(C)).

Figure 9. Temperature field of PMB(B) at x = 6 cm (ϕ = 0.8, O2 = 25%Vol, and Vin = 6 cm/s).
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According to the CO emissions in Table 2, it can be found that the CO emissions
of the burner under adiabatic conditions are extremely low. After accounting for heat
loss, the decrease in temperature at the wall reduces the oxidation rate of CO, resulting
in incomplete combustion. The CO emissions of PMB(B) and PMB(C) are enormous in
some cases in which the peak temperature is lower than 1450 K. Especially for PMB(C), it
exceeds 10,000 ppm. Figure 10 reveals the CO mole fraction at the outlet, and the operating
parameters are the same as those in Figure 9. Clearly, the CO concentration near the wall is
much greater than that at the center of the burner. One of the reasons is that the ignition
of premixed gas near the wall is delayed, and the residence time of exhaust gas is shorter
than that near the center of the burner. On the other hand, the temperature of exhaust
gas near the wall is reduced due to heat loss, which slows down the oxidation rate of CO.
This phenomenon will improve with the increase in combustion temperature. For example,
when the equivalence ratio is 0.8, and the O2 fraction is 33%, the combustion temperature
reaches about 2000 K, and the average CO emission at the outlet decreases to less than
20 ppm for PMB(C).

Figure 10. CO emissions of PMB(B) and PMB(C) at the outlet (ϕ = 0.8, O2 = 25%Vol, and
Vin = 6 cm/s).

3.3. Effect of Burner Diameter on Combustion Behavior

In this work, it was observed that after the flame temperature is lower than 1450 K,
the situation of blow-off, as well as CO emission, will increase significantly. Therefore,
ensuring that the flame temperature is still higher than 1450 K after considering the heat
loss is one of the methods to maintain flame stability. Increasing the insulation layer
to reduce heat loss is the most cost-effective way. Since radiation may be required in
some application environments, this method therefore has limitations. Increasing the heat
load is another appreciable method. It is practical to increase the equivalence ratio or
O2 fraction, but as revealed in Figure 5, the stable range is extremely narrow compared
with the adiabatic condition. As a result, the burner’s dynamic power load adjustment
range is also significantly reduced. Another way to increase the heat load is to increase the
cross-sectional area of the burner, that is, the pipe diameter. We evaluated the cases where
the pipe diameter was enlarged by 1.2, 1.5, and 2 times, respectively. The 1.2D, 1.5D, and
2D mentioned below represent the ratio of the diameter of the burner to that of the original.
The corresponding stable ranges are shown in Figures 11 and 12. It can be seen that with
the increase of the burner diameter, the stable range gradually wides and approaches the
result of PMB(A). When the heat load increases, more heat can be supplied to the burner to
resist heat loss on the wall. Here, we define η (= hloss/hload) as the ratio of heat loss (hloss) to
heat load (hload). As the burner diameter increases, the η gradually decreases, and more
heat can remain in the burner. Under the conditions of Figure 7, when the diameter is 2D,
the η of PMB(B) and PMB(C) are reduced to 21.7% and 21.9%, respectively. Therefore, the
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peak temperature gradually increases and becomes closer to the temperature of PMB(A).
Specificlly, the Tg peak temperature increased by about 80 K, while the peak temperature of
wall increased by about 300 K.

Figure 11. Stable range of PMB(B) varies with the diameter: equivalence ratio (a); O2 mole fraction (b).

Figure 12. The stable range of PMB(C) varies with the diameter.

Figure 13 shows the temperature field of the burners with different diameters (ϕ = 0.8,
O2 = 25%, and Vin = 7 cm/s). It can be clearly seen that as the diameter of the burner
increases, the flame temperature increases gradually, but at the same time, the inclination
of the flame front increases. As the burner diameter increases, the wall area increases,
resulting in more heat loss, which promotes flame inclination, but has little influence on
the propagation velocity [44]. In addition, Figure 14 depicts the temperature field when the
flame front positions are in the preheating zone and the combustion zone, respectively. It
can be seen that the flame front located in the combustion zone is more likely to be inclined.
It can be explained as follows: in the preheating zone, the porous medium material with
minor porosity leads to large flow resistance, and the heat transfer rate between solid and
gas is higher at a small pore size. The heat release of the chemical reaction at the center of
the burner can be rapidly transferred to the burner wall in a thermally conductive manner
through the solid matrix. Therefore, the phenomenon of the inclination of the flame front
is difficult to occur when the diameter of the burner is small. On the contrary, the heat
transfer resistance between the solid matrix and gas phase in the combustion zone increases
so that the heat at the center of the burner is more difficult to supplement the heat loss at
the wall, resulting in poor temperature uniformity. At the same time, another consequence
of this phenomenon is that the CO emissions will be higher when the flame front is located
in the combustion zone than in the preheating zone.
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Figure 13. Temperature field varies with the burner diameter.

Figure 14. Temperature field at Vin = 19 and 21 cm/s.

With the increase of the diameter of the burner, the area of the flame front becomes
larger, and the heat load increases so that the stable range is broadened. The heat loss of
the quartz glass tube is the worst case of thermal insulation, but it can be seen that the
stable range is 29–42 cm/s of PMB(C), which is close to PMB(B) (29–43 cm/s) when the
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burner diameter increases to 10 cm. It can be concluded that the influence of the boundary
effect on the stable range gradually weakens with the increase of the diameter of the burner.
When the diameter of the burner is larger than 10 cm, the reduction of the stable range
caused by the heat loss is negligible.

As mentioned earlier, CO emissions are related to combustion temperature and resi-
dence time. Since the burner diameter can affect the combustion temperature, it can infer
that the CO emissions will also be related to the diameter. Figure 15 shows that the average
CO fraction distribution at the outlet varies with burner diameter. The most remarkable
result is that the increase in burner diameter is not conducive to CO emission. As the
diameter of the burner increases, the heat loss at the wall increases, but the heat near the
center of the burner is difficult to supplement quickly. As a result, the inclination of the
flame increases, and the ignition of unburned gas near the wall is more delayed. This
is more pronounced when the combustion temperature is low. When the O2 fraction of
PMB(B) reaches 27%, the CO emission will be lower than 100 ppm, and here, the peak
temperature is reached at about 1600 K. Since the wall temperature of PMB(C) is lower
than that of PMB(B), more oxidant is needed to increase the reaction rate and temperature
to provide sufficient oxidation rate for CO near the wall. In general, when the Tg peak
temperature is higher than 1600 K, the CO emission will be significantly reduced, but it is
still more than 10 times higher than that of PMB(A). When the temperature exceeds 2100 K,
the effect of residence time is more significant, and more CO cannot be oxidized in time,
resulting in more emissions.

Figure 15. Variation in CO emissions with burner diameter: PMB(B) (a); PMB(C) (b).

4. Conclusions

In this paper, a radiant two-layer porous media combustion model was established.
The walls of the burner are wrapped with three types of thermal insulation materials
to present different degrees of heat loss. The effect of heat loss of the burner wall on
flame stability and pollutant emissions are studied in detail under oxy-fuel condition. The
numerical flame instability agrees well with the results of the experiments. The results
reveal that:

(1) In this paper, the heat loss of wall by convection and thermal radiation are consid-
ered for medium and high strengths, which account for 36.2% and 44.7% of the thermal
power at an equivalence ratio of 0.8 and O2 fraction of 21%, with a burner diameter of 5 cm.
When the heat loss is taken into account, the gas and solid phase temperatures near the
burner wall are significantly reduced. As a result, the stable range is reduced by more than
50% under the influence of the wall effect compared to the adiabatic condition. At the same
time, it also increases the incomplete combustion near the wall, and the CO emission will
increase by more than 10 times.

(2) The wall heat loss results in a lower solid matrix temperature near the wall than
at the axial center of the burner. Consequently, the premixed gas at the near-wall will be
delayed in ignition compared to the center, resulting in a lower flame propagation speed.
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As a result, the flame at the near wall will be tilted downstream. This phenomenon is
more pronounced when the flame front is located in the combustion zone rather than
preheating zone.

(3) Increasing the burner diameter has a positive effect on the stable range. Due to
the increase in diameter, the proportion of heat loss to heat power decreases, and the
combustion process is closer to the adiabatic conditions. Since PMB(C) represents the
maximum heat loss condition, the influence of heat loss on the stable range can be ignored
when the diameter of the burner increases to 10 cm. Therefore, it is recommended to set the
diameter above 10 cm in the design of the cylindrical two-layer porous media burner. It
should be noted that the increase in diameter will promote CO emissions. Under conditions
where the peak flame temperature reaches above 1600 K (increasing the equivalent ratio or
oxidizer ratio), the oxidation rate of CO near the wall is sufficient and results in emissions
below 100 ppm. It is important to note that flame temperatures exceeding 2100 K should
be avoided.
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