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Abstract

Porous media combustion (PMC) is an active field of research with a number of potential advantages over
free-flame combustors. A key contributor to these phenomena is the interphase heat exchange and heat recir-
culation from the products upstream to the reactants. In this paper, we present a network model that captures
the conjugate heat transfer in pore-resolved 2D simulations of PMC. A series of simulations are presented
with varying solid conduction and inlet velocity to isolate the role of conjugate heat transfer on the salient
features of the burner, including flame stability, axial temperature profiles, and flame structure. We show that
both the flame stabilization and the propagation behavior are strongly related to the conjugate heat trans-
fer, and the flame stability regime is shifted to higher velocities as the conductivity of the solid material is

increased.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Porous media combustion (PMC) is a promising
combustion technology with a number of poten-
tial benefits over free-flame combustion [1], includ-
ing improved flame stability, lean flammability limit
extension, and reduced CO and NO,emissions [2].
PMC enables excess-enthalpy combustion due
to the heat recirculation via solid—gas heat ex-
change [3,4]. In excess-enthalpy (super-adiabatic)
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combustion, the burned gas temperatures are ini-
tially above the adiabatic flame temperature, then
decrease as the heat is transferred from the fluid to
the inert solid material. This results in a higher local
flame speed and an extension of the lean flamma-
bility limit [5]. In the filtration combustion litera-
ture [6], this combustion regime is referred to as the
Low Velocity Regime, where the flame propagation
is governed by the thermal interactions between the
solid and gas phases.

A challenge in PMC is establishing stable op-
erating conditions. The Peclet number is often
used to capture the propagation behavior: P, =
Srd/awhere Syis the laminar flame speed, dis the
mean pore diameter of the porous medium, and
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ais the gas thermal diffusivity. Trimis and Durst
[7] proposed a critical Peclet number separating the
quenching from the propagation regimes. In their
work, a step material was considered, with one ma-
terial section in each of the two regimes, thus en-
suring a stable flame for a range of inflow veloci-
ties. A recent alternative design involves continuous
gradation of the relevant material morphological
properties (i.e. porosity and mean pore diameter),
creating a stable flame position that varies with in-
flow conditions [§].

Volume-averaged models are most-commonly
used in simulating PMC [9-11]. Such models of-
fer insights into the overall performance of PMC
systems and trade-offs associated with macroscale
properties such as overall pressure drop, flame sta-
bility regime, and averaged flame profile. Exper-
imental characterization methods include point-
wise measurements using thermocouples, exhaust
gas analyzers, and pressure transducers [7,12,13].

Although significant advancements have been
made to characterize global burner performance,
there remain numerous open questions regarding
the detailed physical processes and internal flame
structure inside the porous media. To address this
experimentally, Dunnmon et al. [14] used 3D X-ray
computed tomography measurements to examine
the pore-scale temperature field, reporting spatial
inhomogeneities within the reaction zone and pre-
heating in the upstream section. In addition, pore-
resolved simulations can offer key insights into the
fundamental behaviors of PMC and can also help
to inform volume-averaged models. Sahraoui and
Kaviany [15] performed a direct comparison be-
tween volume averaged and pore-resolved simula-
tions, showing that the pore-resolved simulations
are able to capture the local super-adiabatic behav-
ior in PMC. Bedoya et al. [16] performed numerical
simulations with one-step finite-rate chemistry on
real geometries of sponge-like structures and found
a non-monotonic dependence of the burning veloc-
ity on pressure and considerable axial temperature
variations. Yakovlev and Zambalov [17] also per-
formed 3D pore-resolved simulations on a packed-
sphere bed with radiative conduction.

Sirotkin et al. [18] simulated the PMC pro-
cess in two-dimensional porous materials using
a Smoothed Particle Hydroynamics method at
variable equivalence ratios and porosities. Based
on their numerical and experimental results, in
contrast with continuum model predictions, they
showed that there exists a flame-anchored — or
stable-flame — regime for a single phase burner. This
stability was found to depend on both the equiv-
alence ratio and the porosity. To study the hydro-
dynamics of flame-structure interactions, numeri-
cal simulations of pore-resolved, two-dimensional
porous media combustion were conducted where
the heat transfer to the solid is neglected to de-
couple the effects of flame-preheating and flame-
topology [19].

In this study, previous model assumptions are
extended to include the effects of conjugate heat
transfer in order to investigate the fundamental
pore-scale behavior of PMC with heat recircula-
tion. Section 2 describes our numerical methods
to simulate the gas phase, as well as the heat re-
circulation using a network-model for conjugate
heat transfer. Section 3 presents a series of two-
dimensional pore-resolved simulations, with vary-
ing solid conduction and inlet velocities, and no-
table features are discussed. Finally, conclusions
and discussions of future work are presented in
Section 4.

2. Numerical methods
2.1. Pore-resolved fluid simulations

The compressible Navier—Stokes equations are
solved using an unstructured finite-volume solver
with third order Runge-Kutta time integration.
Cantera [20] is used for the finite-rate chemistry in
the fluid solver. A 30-species skeletal mechanism by
Lu and Law [21], derived from the GRI 3.0 mecha-
nism [22] is used to describe the methane-air chem-
istry.

One geometry configuration was selected from
our past study of pore-scale PMC simulations
with adiabatic fluid-structure interfaces, in order
to isolate the effects of the conjugate heat trans-
fer from the morphological properties. The geome-
try, generated in the Porous Microstructure Analy-
sis (PuMA) software [23], is composed of randomly
placed non-overlapping cylinders with a diameter
of 1.6 mm, a global porosity ¢ = 0.7,and a physical
size of L x Hwhere H = 2cmand L = 4H . The ge-
ometry was discretized using an unstructured trian-
gle mesh with ~412,000 elements, and an edge reso-
lution of < 100 wm, in order to resolve the thermal
boundary layer and reaction zones. A grid resolu-
tion error estimation is included as supplementary
material, where the upper bound of the error was
estimated to be <4% for 100 wm vs. 25 pm edge res-
olutions under the conditions in the presented sim-
ulations.

In the presented simulations, symmetric bound-
ary conditions are used for the top and bottom of
the simulation domain. A constant mass flow rate
boundary condition is used for the inflow, where
the pressure and temperature are set to 1 atm and
300 K, and the mass flow rate is modified to con-
trol the inflow velocity. At the inflow, the species
mass fractions are set to 0.04, 0.2235, and 0.7365
for methane, oxygen, and nitrogen, respectively, re-
sulting in an equivalence ratio of ¢ = 0.714.

2.2. Conjugate heat transfer

To account for conjugate heat exchange be-
tween gas-phase and solid matrix, we consider a
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Fig. 1. Visualization of the solid network, constructed
with a Delaunay triangulation.

coupling technique similar to that of Sondak and
Dorney [24], using the fluid conditions to initialize
the solid temperature profile, and time-marching
the two solutions via sequential coupling. The cou-
pling between gas-phase and solid matrix requires
consideration of boundary conditions. For this, we
employ a relaxation algorithm [25] in which the
temperature from the solid is imposed on the gas-
phase domain, and a Robin-condition is used to
couple the heat-flux between gas-phase and solid.
Solid heat transfer is simulated via a network
model, similar to that employed by Sahraoui and
Kaviany [15], where conductive but fully perme-
able connections are made between solid elements.
Each cylinder is assumed to be at uniform tem-
perature, and heat transfer is modeled between
the fluid-solid interface, and between cylinders
that are connected in the network. The cylinder
connections are assigned via a Delaunay triangu-
lation [26] with between 4 and 6 connections per
cylinder. Connections longer than 7.5 mm (which
occur at the domain boundaries) are discarded.
The local thermal conductivity and cross-sectional
areas of the connections determine the effective
thermal conductivity for the solid network, while
the mass and specific heat capacity of the cylinders
govern the thermal capacity. A visualization of
the Delaunay triangulation is shown in Fig. 1.
The network model is not a precise representation
of any given porous media, but rather presents
a system to study fundamental effects of heat
recirculation on flame structure and propagation.
The local heat conduction equations become:

B,Q:—f kaTdS—/ WVTdS (1)
S/ Ss

where 9,Qis the total heat transfer rate and Ais
the local thermal conductivity. For this work, A sis
taken to be a function of the local temperature, and
MAsis constant. In discrete form, the flux contribu-
tions are summed over each element face and net-

work connection:
YA

emd T| =3 =T =T
r=1
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where fand sdenote the fluid and solid surfaces,
crepresents the quantities of the solid cylinders, Ais
the connection cross-sectional area, Lis the length
of the solid connection, and /is the distance from
the wall to the fluid cell center. The cross-sectional
area and the connectivity of the solid network are
both degrees of freedom that can be modified to
change the effective thermal conductivity of the
solid structure. For the purposes of this study, ra-
diation was neglected and there was no heat loss to
the surroundings. One challenge to modeling con-
jugate heat transfer is the difference in time scale
that can exist between the solid and fluid phases.
The choice of an initial solid temperature profile
becomes important as the time for the solid to equi-
librate may be prohibitively long if the initial profile
is far from the operating conditions.

In the presented simulations, the flame is ini-
tialized by imposing a hyperbolic tangent function
for both the temperature and species mass frac-
tions, with the flame at the center of the domain.
Based on this fluid temperature profile, the solid
temperature is set by solving the steady-state form
of Eq. (2), converged via an iterative solver [27].
Once the simulation begins, the solid temperature
is modified via explicit Euler time integration of
Eq. (2) at a given time-step interval. Given the sim-
plified nature of the network model, the compu-
tational expense of the heat transfer is negligible
compared to that of the fluid solver.

3. Results and discussion
3.1. Simulatio setup

A series of simulations were performed, in
which the solid conductivity and inlet velocity are
varied in order to study the effects of the con-
jugate heat transfer on the transient and steady-
state PMC process. The conductivity was divided
into an adiabatic case, where there is no heat trans-
fer between the fluid and solid phases, and three
cases with varying degrees of solid conductivity.
The solid conductivity is parameterized by A* =
A/XaL0,,Where Ais the local thermal conductiv-
ity assigned to the solid network, and Aaj,0,is the
thermal conductivity of alumina, taken here to be
20 W/mK, though this quantity is highly variable
based on the specific grade of alumina [28]. The
value of A*governs the profile of the solid network
temperature, thus controlling the amount of heat
recirculation in the system. Given the difference in
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Fig. 2. PMC simulation results at Uj;,/S; = 5and C} =
1for a) adiabatic fluid-solid boundary conditions, b) A*=
1,¢) A*= 3, and d) A*= 10.

the fluid and solid time scales, two sets of simula-
tions were performed: For studying the stability be-
havior, the thermal capacity, governed by the solid
density and specific heat capacity, for the network
was chosen to be 5% that of alumina. This allowed
for the stability to be studied within the allowable
simulation time scales, given the small time step re-
quirement of the gas phase simulations. A second
set of simulations was performed in the flash-back
regime with the solid density and specific heat ca-
pacity equal to that of alumina, to quantitatively
study the flash-back behavior. Defining the thermal
capacity as C; = C,/ Cf 1203 \we denote these cases
as Cf = 0.05and C} =1

The second parameter varied in the presented
simulations was the inlet velocity, parameterized
by the velocity ratio U,,/S;,where S;is the flame
speed of a freely propagating unstretched flame of
the same condition. For methane-air combustion
at an equivalence ratio of 0.714, the laminar flame
speed is 0.2058 m/s, based on the 30 species mech-
anism [21] used in the presented simulations.

3.2. Simulation results

A simulation snapshot for U;,/S; = 5Sis shown
in Fig. 2 at t = 0.13 s. Many of the features asso-
ciated with porous media combustion can be seen
here, including the preheating of the reactants as
a function of the solid conductivity. The magni-
tude of the super-adiabatic combustion is directly
related to the amount of preheating, and the level
of flame contortion, or the flame length as defined

in Section 3.3, is inversely proportional to the mag-
nitude of the preheating.

We seek to define criteria for distinguishing an
anchored flame solution from one which propa-
gates through the porous material. We define three
steady-state conditions that exist in a quasi-infinite
domain: 1) steady flash-back, 2) stable flame and
3) steady blow-off. From the point of view of the
solid, we define Qas the total thermal energy in
the solid. The three configurations are then char-
acterized by d,Q = ¢where ¢ > 0 for steady flash-
back, ¢ = Ofor a stable flame position, and ¢ < Ofor
steady blow-off. From the point of view of the
flame front, a relevant parameter is the average con-
sumption speed, defined as:

[ ordS

= 3
HIOMYF,M ( )

c

where @ris the rate of fuel mass consumption, and
puYr.,1s the unburned inlet fuel mass density.

In Fig. 3, we present the time-averaged con-
sumption speed as a function of normalized inlet
velocity and solid conduction for the parametric
study. The error bars indicate one standard devi-
ation, capturing the oscillations and transient be-
havior in the system. For stable conditions, where
the flame is anchored to one point, the consump-
tion speed is equal to the inlet velocity, indicated
by the dashed line of unity slope. For a flame flash-
ing back, S, > U, and for a flame blowing off,
S. < Uy,

For the case with A* = 1,the simulations show
that the critical velocity for flash-back occurs for
3 < U,/SL <4. For the velocities tested in this
study, blow-off only occurs for the case with A* =
1,for which the critical velocity for blow-off oc-
curs between U,,/S; = 7and U,,/S = 10. The re-
sults show that the location of the stable flame
regime is a function of the solid conductivity, with
the adiabatic case showing a stable flame solution
at much lower inlet velocities, and the case with
A* = 3having a stable flame regime that is shifted
to higher velocities. This shift is explained by the in-
crease in local flame velocity associated with the in-
creased preheating that occurs at higher conductiv-
ity values. The case with A* = 10is neglected from
the stability analysis because the physical domain
was not large enough to capture a representative
solid temperature profile.

Our results indicate, in agreement with the
experimental and numerical results presented by
Sirotkin et al. [18], that a flame-anchored regime
exists for a single phase material, in contrast with
predictions from continuum models. However, as
expected, this stable zone is quite narrow compared
to two-phase or graded configurations.

We proceed by separating our analysis into the
transient processes of flash-back and blow-off, and
stable flame regime analysis.
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Fig. 3. Consumption speed vs. inlet velocity for the adiabatic, A* = 1,and A* = 3cases at C; = 0.05.
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Fig. 4. Transient consumption speed and flame length during flash-back at U;,/S; = land C; = 1for a) adiabatic fluid-
solid interfaces, b) A*=1, ¢) A*= 3, and d) A*= 10.

3.3. Transient processes

tortuosity. In Fig. 4, the transient consumption
speed and flame length are shown for each of the

Given the differences in preheating between the cases.
cases, we define the flame position based on a re- In the absence of conjugate heat transfer, re-
action progress variable, rather than a temperature ferred to as the adiabatic case, flash-back and blow-
isoline. Here we defined the flame length as the off is governed by the flame contortion as the flame
length of the isoline at which the mass fraction of front passes over the solid obstacles. In this case,
methane is 10% of its inlet value, Ycn,/Ycn, 0 = the consumption speed is directly proportional to
0.1. The flame length is normalized to the domain the increased flame length, as seen in Fig. 4. This is
height, resulting in a characterization of the flame analogous to turbulent combustion, for which the
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Fig. 5. Evolution of solid phase temperature during
flash-back for A*= 1 and C7 = 0.05.

turbulent global consumption speed for methane
combustion is directly proportional to the flame
area [29].

When conjugate heat transfer is introduced,
however, flash-back and blow-off are controlled by
the evolution of the solid temperature profile. Dur-
ing flash-back, as the flame propagates into a re-
gion with colder solid temperature, the flame is
quenched as the local flame speed is reduced by
the solid heat sink. This can result in an oscillatory
flame behavior, also noted by Sirotkin et al. [18], in
which the oscillations continue until the local solid
temperature rises sufficiently for the flame to con-
tinue its propagation. Due to the reactant preheat-
ing, the local flame speed is increased, resulting in a
reduction in the flame length during the flash-back
process, such that L,/H < S./S;.

This transient solid evolution is shown in Fig. 5,
where the solid evolution is presented for A*= 1 and
Cr = 0.05. For a quasi-infinite domain, this tem-
perature profile would continue to be advected at a
velocity equal to the flame velocity, characterized
by Uy = S. — U,where U, < Ofor flash-back and
U; > 0 for blow-off.

At high solid conductivity values, a different
regime of flash-back can occur, where high levels
of preheating result in short bursts of rapid flame
propagation with local velocities of up to 4 m/s
prior to being quenched by the lower temperature
solid. The flame will then remain relatively station-
ary until the solid temperature has increased suf-
ficiently upstream to trigger another propagation
event, as seen in Fig. 4d. One such event is shown
in Fig. 6.

This regime is likely an ignition-assisted propa-
gation mode [30,31], accounting for the high local
propagation velocity. The separation between this
regime, Fig. 4d, and standard flame propagation,
Fig. 4a—c can be seem from the correlation between
flame length and consumption speed. For the adia-
batic fluid-solid boundary case, the flame length is
perfectly matched with the consumption speed, in-
dicating the propagation of a transient, corrugated
flame. When conjugate heat transfer is considered,
the preheating of the reactants increases the lo-
cal flame speed, leading to values of L/Hthat are
below the normalized consumption speed S./S;;
however, at lower values of solid conductivity, the
flame length is still highly correlated with the con-

g el X o
[2000
3 o le o N'Bi
Ko

sl

Fig. 6. Visualization of rapid flame propagation front for
r*=10and Ci = 1,with2.2 x 10~*s between each frame.

sumption speed. As the magnitude of the reac-
tant preheating increases, the flame length becomes
more disconnected from the consumption speed.
For the case with A*= 10, these peaks seem to de-
couple from the local flame length, indicating that
the flame corrugation is not the relevant parameter
controlling the consumption speed. Rather, flash-
back is characterized by a cycle of rapid propaga-
tion events, followed by relatively stationary condi-
tions until the nearby solid is sufficiently heated.
During flash-back, the burned gas exiting the
domain is at a lower temperature than the adia-
batic flame temperature, as some of the heat release
of the combustion is deposited into the solid net-
work. The reverse is true in blow-off conditions;
since d,Q < 0,assuming complete combustion, the
exiting burned gas is above the adiabatic flame tem-
perature during a steady blow-off in a quasi-infinite
domain. During blow-off, the flame becomes very
contorted and the length of the reaction zone in-
creases significantly. The propagation of the blow-
off front is mitigated by the ignition of the reac-
tants from the high-temperature solid. As the solid
cools, the blow-off front continues downstream.

3.4. Stable flame regime

From Fig. 4, we see that a stable flame exists for
each of the three cases shown, and that this stability
regime is dependent the solid conduction. To exam-
ine the characteristics of the stable-flame regime,
1D projected profiles for the adiabatic, A* = 1,and
A* = 3cases are shown in Fig. 7 at U;,/S; = 7,a sta-
ble flame condition for each of the three cases.

The projected gas temperature is the average gas
phase temperature at the specified axial location,
which, due to regions of strong flame corrugation,
may include regions of burned and unburned mix-
tures. To provide greater clarity and insight into the
superadiabatic flame behavior, the temperatures
of the burned and unburned gases are also shown
separately. The burned and unburned average tem-
peratures are computed with a method analogous
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Fig. 7. Projected gas and solid phase temperatures at C; = 0.05for a) adiabatic fluid-solid boundaries, b) A* = 1,and c)

A*=3.

to the Bray-Moss-Libby model [32] for turbu-
lent combustion, used to separate the flow into
burned and unburned regions. Here, the reaction
progress variable is defined as ¢ = Ycn, / Yen, 0and
the thickness of the flame is assumed to be small
compared to the domain length. The integral of
the unburned and burned gas temperatures are
normalized by their respective probabilities at each
axial location, a(x)and B(x). The unburned and
burned projections are shown for «and Bbetween
0.02 and 0.98. The axial distance for which both
unburned and burned projections are shown cor-
responds to the scale of the flame corrugation.
Fig. 7 shows that a higher solid conductivity, and
thus more preheating, resulting in a reduction in
reaction zone length, due to the higher local flame
speed.

In Fig. 7, the region for which T, < Tiis shaded
in red, showing the preheat zone. The blue shad-
ing indicates regions for which 7 > T;. The over-
all area of the shaded regions corresponds to the
magnitude of the preheating, although any non-
linearities in the thermal properties of both phases
must be considered.

4. Conclusions

Simulations of lean-methane porous media
combustion are presented, with a solid-network

model used to simulate the conjugate heat trans-
fer. From simulations of porous media combustion
with an adiabatic solid phase, we find that the con-
tortions of the flame around the porous media re-
sults in a relatively large range of stable operat-
ing velocities. The introduction of conjugate heat
transfer reduces this range of stability by intro-
ducing feedback mechanisms for the solid and gas
phase temperatures, although a stable regime still
exists. For higher values of solid conductivity, in
which more preheating occurs, the minimum veloc-
ity for a stable flame is found to increase. The flash-
back behavior is shown to be strongly dependent
on the solid conduction, with a flash-back regime
disconnected from the flame corrugation emerging
for very high levels of preheating.

Previous studies in porous media combustion
have focused primarily on the impact of global
burner performance of various burner designs. The
results presented in this study aim to enhance the
fundamental understanding of porous media com-
bustion by demonstrating key physical mechanisms
governing current burner designs, and motivate fu-
ture designs. In future work, the numerical frame-
work presented in this work can be used to study the
internal flame structure effects of two-phase and
graded burner designs. Furthermore, the solid net-
work model can be extended to three dimensions
to further study effects of geometric complexity on
flame behavior.
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