Available online at www.sciencedirect.com .
Proceedings

ScienceDirect of the
Combustion
Institute

CrossMark

Proceedings of the Combustion Institute 37 (2019) 5697-5704
www.elsevier.com/locate/proci

Modulation of heat transfer for extended flame
stabilization in porous media burners via topology
gradation
Sadaf Sobhani*, Danyal Mohaddes, Emeric Boigne,
Priyanka Muhunthan, Matthias Thme

Department of Mechanical Engineering, Stanford University, Stanford, CA 94305, United States

Received 30 November 2017; accepted 28 May 2018
Available online 25 June 2018

Abstract

Porous media burners (PMBs) enable enhanced combustion performance by internally recirculating heat
released from the combustion products upstream to the reactants via an inert solid matrix. Compared to
conventional free-flame systems, PMBs are characterized by higher burning velocities, extended flammabil-
ity, and lower emissions of NO,. Current PMB implementations utilize a two-zone concept in which the
flame stabilizes at the interface between two porous matrices of different topologies. In this work, a PMB de-
sign having a spatially graded porous matrix is proposed, supported by theoretical analysis of the governing
equations and constitutive relations. Through computations and experiments, it is shown that the proposed
physical design of the porous matrix results in a significant enhancement of the power-dynamic range and
in excess of 50% higher blow-off limits compared to current designs. This is achieved through gradation in
topology (i.e. porosity, pore diameter, cell diameter, etc.), which enables a continuous variation of radiative
extinction properties as well as interphase heat exchange, allowing the flame to stabilize dynamically within
the porous matrix and for a wider range of operating conditions.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Porous media combustion; Ceramic foams; Heterogeneous combustion; Flame stabilization; Premixed
combustion

1. Introduction flame stabilization is a critical safety and reliability
concern, which highlights the need for innova-

Lean premixed combustion mitigates emissions tive combustor concepts. Porous media burners
and efficiency concerns related to incomplete mix- (PMBs) facilitate excess enthalpy combustion, the
ing of fuel and air, but can also lead to undesirable process of exchanging enthalpy from the combus-
phenomena such as flashback and blow-off. Proper tion products to the incoming reactants, which

enables higher burning velocities and extended
lean flammability limits [1]. Additionally, the high
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stabilize fluctuations in thermal load and fuel/air
ratio, thereby mitigating the propensity for blow-
off and other combustion instabilities. Several
models and burner designs have been previously
proposed that aim to culminate the effects of the
solid phase thermal properties, internal heat recir-
culation and interphase heat exchange to further
the operational range extension [2].

In a PMB, the burning velocity can exceed that
of an unstrained laminar flame due to the greater
thermal conductivity and radiation within the solid
phase as compared to that of the gas phase. Al-
though the porous matrix extends the flame stabil-
ity, the resulting coupling of the chemical energy
release in the gas phase and conjugate heat trans-
fer with the solid phase makes characterizing the
flame behavior in PMBs a particularly challenging
problem. Buckmaster and Takeno [3] proposed a
thermal model to predict the flame stabilization in
PMBs, stating that during steady-state operation,
the flame is positioned in a region where the flame
speed is positively correlated with the axial location
of the flame. PMB designs based on these thermal
models reported approximately a 3:1 range of firing
capacities, referred to as turndown ratio or power-
dynamic range, for embedded flames [4].

As an alternative to balancing effective flame
speeds to achieve flame stabilization, Trimis and
Durst [5] proposed a quenching technique that an-
chors the flame at a fixed position. This design is
based on the concept of a critical Péclet number.
The flame is stabilized at the interface of the sub-
and super-critical regions, and is therefore referred
to as a two-zone interface-stabilized — or step —
PMB. A power-dynamic range up to 20:1 was re-
ported for this design [5].

The quenching technique of the step PMB
is based on the notion that the upstream region
serves as a flashback arrester. Barra et al. [6] found
that larger upstream pores and lower thermal
conductivity help prevent flashback by limiting
heat exchange from the solid. Sufficient flashback
prevention in this design implies a performance
trade-off, since limiting the reactant mixture pre-
heating hinders the extension of both the lean
flammability and blow-off limits in the burner. To
address this limitation, an alternative stabilization
technique was proposed by Voss et al. [7] based
on a spatially varying cross-sectional area of the
burner. Contrary to the fixed-flame location of the
step burner, in this technique the flame stabilizes
at a location where the Darcy velocity balances
the flame speed inside the porous matrix. Experi-
mental studies have successfully implemented this
design at high burning velocities for syngas [7] and
methane [8] with a reported power-dynamic range
of approximately 6:1. However, a large angle of
divergence is required to achieve adequate deceler-
ation of the flow for some applications, which may
result in restrictively large cones, radial heat losses,

and an inhomogeneous mean velocity profile due
to the expanding flow.

The design proposed in this paper is based on
a topology gradation of the porous matrix, which
addresses the aforementioned challenges in PMB
design: reliable operation of premixed flames, en-
hanced heat recirculation without flashback, and
extended blow-off limit. Pore topology is com-
monly defined by pore diameter, cell diameter,
porosity, and other parameters outlined in [9]. The
structure of porous foams consists of rounded
polyhedra (cell diameter) connected by openings
or windows (pore diameter). The topology of the
porous material directly impacts the local heat
transfer, and thereby the flame behavior. The im-
pact of porosity and pore diameter on the prop-
erties of the flame is examined theoretically in
Section 2 by non-dimensionalizing the volume-
averaged governing equations and isolating the
constitutive relations that are strongly dependent
on the pore topology. The newly proposed design,
referred to as graded PMB, is studied numerically
using a 1D volume-averaged model and experimen-
tally using a series of Silicon Carbide (SiC) porous
foams instrumented to measure the temperature
profiles and pressure drop. The experimental inves-
tigation is presented in Section 3, comparing re-
sults to those of a step PMB to illustrate the per-
formance advantages of the graded design, with
power-dynamic ratios near 50:1 and less than 5.4%
pressure drop. The paper closes by offering conclu-
sions and discussing aspects of possible manufac-
turing techniques for continuously graded porous
foams.

2. Theoretical and computational investigation
2.1. Theoretical analysis

The equations governing the combustion in
porous media are derived by volume-averaging of
the transport equations for a chemically reacting
gaseous system [2]. Effects of conduction and radi-
ation in the solid phase, and heat exchange between
solid and gas are incorporated in the equations.
The following assumptions are used in the current
model formulation: (i) Dufour, Soret, and viscous
dissipation effects are negligible, (ii) the burner is
radiating to a black body at 300 K from the in-
let and outlet, and itself acts as a gray body, (iii)
gas phase radiation is negligible, (iv) the solid ma-
trix is chemically inert and potential catalytic ef-
fects are neglected, (v) pressure drop is evaluated
using the Darcy—Forchheimer equation with Er-
gun’s relations [10], and (vi) the effect of turbulence
is neglected since only subcritical Reynolds num-
bers are considered. With these assumptions, the
governing equations for mass, species, and energy
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conservation take the following form:
9 (pg€) + dx(€pgu) = 0, (1a)
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where subscripts g and s correspond to the gas and
solid phase, respectively, ‘eff” refers to the effective
transport property, € is the porosity, and u is the av-
erage interstitial gas velocity. Conventional nomen-
clature is employed and further details can be found
in[11].

The radiative source term, appearing in Eq.
(1d) takes the form:

degr = 2c(1 — Q)20 T} = [dk + 4z)). @

where « is the radiative heat extinction coefficient,
Q is the scattering albedo and o is the Stefan—
Boltzmann constant. The radiant heat fluxes in the
forward (+) and backward (—) directions are ex-
pressed using the Schuster—Schwarzschild approxi-
mation [12]:

dgh = —k (2 — Q)qp + kR +2c(1 — Qo T,
(3)

—dGr = —K(2 — Q)qp + kLg% + 2c(1 — Q) T .
4)

The pressure drop is evaluated using the Darcy—
Forchheimer equation:
14 P 5

dP=——up— —uj, 5
KIuD KzuD )

where up is the Darcy velocity, K; is the intrinsic

permeability and K, is the non-Darcian drag coef-
ficient:

d*e’ de’
= ————: 5 K2 = .
150(1 — ey 1750 —¢)

The radiative heat extinction coefficient
was based on a geometric optics model, previ-
ously validated by Hsu and Howell [13], where
k =3(1 —e€)/d. Patel and Talukdar [14] deter-
mined the radiative properties of a ceramic foam
by solving the radiative transfer equations in a
3D cubic unit cell, reporting a positive correlation
between pore density and extinction coefficient.
Assuming that the pore diameter decreases with

K, (6)
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Fig. 1. Contour map of the local Stanton number as a
function of pore diameter, d, and mass flux rate, m”.
Ranges of Stanton numbers accessed in the step burners
versus the graded burners are illustrated.

increasing pore density, this is consistent with the
geometric optics model that predicts an increase
in the extinction coefficient with decreasing pore
diameter. Scattering albedo, however, was found
to be unaffected by pore density [14]. Therefore
the extinction coefficient and optical depth are in-
creased with decreasing pore diameter. As such, if
the porous media is sufficiently opaque, radiation
becomes ineffective at recirculating heat.

After non-dimensionalization of Eq. (1c) with
respect to reference quantities, the ratio of the con-
vective transport to the interphase heat exchange
terms in the gas-phase temperature equation results
in the Stanton number, defined as

St = & with Pe = U and Nu = h“d, 7

Pe ax ar
where Pe is the Péclet number, Nu is the Nusselt
number, « is the gas thermal diffusivity, « is the spe-
cific surface area, %, is the volumetric heat trans-
fer coefficient, and d is the pore diameter. Depend-
ing on its sign, the term (7, — T;) can quantify a
source or a sink in the temperature equation of the
gas phase, Eq. (1c). Specifically, upstream of the
flame, the solid, which is heated by solid-solid radi-
ation and conduction, transfers heat to the incom-
ing cold reactants (i.e. source term), whereas the
hot combustion products transfer heat to the solid
downstream of the flame (i.e. sink term). To model
this heat exchange, an empirical correlation for the
Nusselt number in ceramic foams is used: Nu =
CRe"Pr", where the coefficients C, m, n equal 3.7,
0.38, and 0.25, respectively [15]. The Reynolds and
Prandtl numbers are defined as: Re = pgupd/iiq,
Pr = coug/A,, respectively.

Effects of pore diameter, ¢, and mass flux rate,
m”, on the Stanton number are illustrated in Fig. 1,
where the values for the thermal properties cor-
respond to burnt gases. Figure | illustrates the
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Table 1

Geometry of the burners, where x is the axial position, L is the burner length, x; is the length of the upstream section, €
is porosity, and d is pore diameter; subscripts 1 and 2 denote values at the inlet and outlet, respectively, Ad = d, — d,

A€ = € — €1, H(§) denotes the Heaviside function.

Burner Interface (Step)

Continuous (Graded)

1 €= (€1 +€)/2

d(x) =dy + AdH(x — xy)

€= (e1+e)/2
d(x) = dy + Ad(x/L)

€(x) =€ + AeH(x — x1)
d(x)=dy + AdH(x — x1)

€(x) =€ + Ae(x/L)
d(x)=d; + Ad(x/L)

decrease of interphase heat exchange with increas-
ing mass flux (St oc (72”d)"~"), which reduces pre-
heating and eventually results in flame blow-off. As
highlighted by the empirical correlations discussed,
closure models for the 1D volume-averaged equa-
tions are parametrized by two main topological fea-
tures, namely pore diameter and porosity, with the
assumption that other features such as pore density
and cell diameter can be deduced through a deter-
ministic mapping.

Recognizing that the heat transfer between the
solid and gas, quantified using the Stanton number,
as well as the radiative heat transfer in the solid are
primarily dependent on the local pore topology, a
comparative study of flame stability and pressure
drop between conventional step PMBs and those
with graded matrix topologies was conducted. The
porous matrix in graded PMBs can be designed to
accommodate different heat outputs over a wider
range of operating conditions without resorting to
a flame quenching approach. In this study, grada-
tion of the porous matrix was achieved by chang-
ing the local pore diameter, porosity, or both si-
multaneously. Two of the configurations examined
for step and graded PMBs are shown in Table 1.
Prompted by the analysis of the governing equa-
tions and constitutive relations for heat exchange
and thermal radiation, the following numerical and
experimental studies demonstrate and experimen-
tally validate the impact of a graded porous matrix
on the salient features of a PMB.

2.2. Computational method and setup

Numerical simulations were performed using
the Cantera [16] 1D reacting flow solver, which was
adapted to account for the coupling between the
gas and solid phases. Detailed reaction chemistry
for methane/air was modeled using the GRI 2.11-
mechanism [17], which includes nitrogen chemistry.
A steady-state solution is obtained using a Newton-
minimization step to reduce the residuals. In case
of poor convergence, the solver switches to a tran-
sient problem. More details of the computational
method can be found in [11].

To facilitate comparisons, the length, material,
and pore densities modeled correspond to those
of the experimental study, described in Section 3.
The total length of all burners considered is L =
7.62 cm, and the length of the upstream section,

serving as a flashback arrestor for the interface-
stabilized burner is x; = L/2. A graded topology
burner of the same total length was constructed
with the same porosity and pore-diameter limits,
but with either a linearly varying or a constant pro-
file (see Table 1).

The effective thermal conductivity, A ., In
the porous solid is determined by the material
microstructure and the conductivity of its con-
stituents using PuMA [18]. For this, a 25 pm res-
olution tomographic reconstruction of the 10 ppi
(pores per inch) SiC foam used in the experimen-
tal investigation is imported to PuMA. The steady
state heat conduction equation is then solved using
a finite difference method with a prescribed tem-
perature differential in the simulation direction and
periodic boundary conditions in the side directions.
This process is repeated for the all three directions.
An effective thermal conductivity is found to be
isotropic and equal to 8.7 W/mK, which is approx-
imated as a constant, thereby neglecting the weak
dependence on the local topology for the condi-
tions considered in the present work [13]. All sim-
ulations and experiments in the current work are
done using the same material (i.e. SiC).

Using this simulation technique, a parametric
study exploring inlet mass flux rate and equivalence
ratio was carried out to compare the stability range,
pressure drop and emissions of the newly proposed
graded topology burner against the conventional
step burner. Starting with a stable operating point,
simulations were performed by incrementally in-
creasing or reducing the mass flux rate until flame
blow-oft or flashback, respectively. Predicted mass
flux rates above the validity of the closure models
used for interphase heat transfer were discarded.
Results from this analysis are discussed next.

2.3. Parametric analysis

Flame stability, pressure drop, and NO, emis-
sions of step and graded topology PMBs were
investigated computationally. For burner 1, both
designs had a constant porosity € = 0.8 and in-
creasing nominal pore diameters (i.e. d=1/ppi),
dy = 0.39 mm and ¢, = 2.54 mm, corresponding to
65 ppi and 10 ppi foams, respectively. For burner 2,
the pore diameter profile was the same as burner
1, but the porosity was graded from ¢, = 0.75 to
€, = 0.85. The stability envelopes for both burn-
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ers are shown in Fig. 2 for equivalence ratios 0.55
to 0.65 since at higher equivalence ratios, the pre-
dicted mass flux rates were outside of the valid
range of the closure models used for interphase
heat transfer. Trends in flame stability at these lean
conditions confirm the predictions of the theoret-
ical analysis and motivated further experimental
investigations.

Figure 2a,b illustrate the stability envelopes of
burner 1, corresponding to step and graded PMBs,
shown with isocontours of pressure drop, mass
flux rate associated with laminar flame speed in-
dicated by S;, together with measurements at the
experimentally determined maximum mass flux
rates (further described in Section 3.3). As pre-
dicted by the analysis of the optical depth and
interphase heat exchange in the governing equa-
tions, a graded PMB expands the range of sta-
ble operating conditions compared to that of a
step PMB. Graded burner 1 reached approximately
75% higher blow-off mass flux rates than the step
PMB, while maintaining similar NO, emissions
(not shown). Figure 2¢,d illustrate the stability en-
velopes of burner 2. The pressure drop is gener-
ally lower for this burner, although the increase in
flame stability is less pronounced. In the burners
with a step profile in pore topology, the flame pri-
marily stabilizes slightly downstream of the inter-
face, where the pore diameter is larger. However,
in the graded burner, the flame is not anchored to
any specific location but rather is dynamically sta-
bilized, resulting in the following practical conse-
quences: (1) First, this feature is relevant to the
pressure drop, which is inversely proportional to
the pore diameter and directly proportional to the
viscosity [10]. Viscosity at the flame is significantly
increased, but its effect on pressure drop is miti-
gated if the flame is stabilized within larger pores,
as in the step burner. Therefore, the step PMB is
predicted to have lower pressure drop. (2) Second,
the interface- versus continuous-flame stabilization
affects the axial Stanton number profile and con-
sequently the heat transfer properties, as illustrated
in Fig. 3.

Temperature profiles, which confirm the excess
enthalpy behavior in PMBs, are shown in Fig. 3a.
The continuous-flame stabilization of the graded
PMB is compared to the anchored flames of the
step PMB, corresponding to the stability map of
burner 1 at ¢ = 0.55 (see Fig. 2). In Fig. 3b, the co-
ordinate system has been centered at the flame lo-
cation to examine trends in the local Stanton num-
ber. At higher mass flux rates, the flame in the
graded burner stabilizes further upstream, where
the local Stanton number near the flame is higher,
as compared to the step burner. The St values in
Fig. 3b decrease with increasing mass flux, as il-
lustrated in Fig. 1, although values for local St in
the graded burner match those of the step burner
at two to three times higher mass flux rates. The
graded burner increases the heat exchange into the
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Fig. 2. Computational stability maps of (a,c) step and
(b,d) graded topology burners 1 and 2, respectively, as well
as mass flux rate associated with laminar flame speed indi-
cated by Sy (dashed line) and experimental measurements
(symbols).
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Fig. 3. (a) Gas temperature profiles at ¢ = 0.55 corre-
sponding to stability maps shown in Fig. 2a,b and (b) pro-
files centered at flame peak temperature location X for
local St, for graded (blue) and step (black) profiles. (For
interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this arti-
cle.)

solid downstream of the flame, which, together
with the smaller optical depth upstream, enhance
interphase heat transfer and radiation feedback.
This results in further preheating of the incom-
ing reactants, thus delaying blow-off. The graded
topology burner 1 (Fig. 2b) results in the maximum
blow-oft mass flux rate and reduced propensity for
flashback, therefore this burner design was chosen
for the experimental investigation.

3. Experimental investigation

3.1. Experimental setup and procedure

An experiment was designed to confirm com-
putational results and examine the stability and
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pressure drop characteristics of the graded burner
in comparison to the step design. All experiments
were performed using methane/air mixture at atmo-
spheric pressure. Flow rates of reactants were mea-
sured and controlled using Alicat Scientific mass
flow controllers. Compressed air and methane flows
were mixed at a tee-junction approximately 200
tube diameters upstream of the burner to achieve a
homogenous mixture prior to entry into the burner.
The gauge pressure was measured immediately up-
stream of the burner using an Omega PX309 pres-
sure transducer.

The burner consisted of different configurations
of stacked ceramic foams that were wrapped in a
layer of compressible ceramic insulation (Unifrax
Fiberfrax 550-Grade Ceramic Fiber Paper) and
housed in a quartz tube. The temperature was mea-
sured using K-type mineral-insulated thermocou-
ples with standard limits (Watlow) placed between
the porous media and the ceramic insulation. A
thermocouple inserted inside a porous medium es-
timates the local solid temperature [19]. Zheng et al.
[19] found that the difference between such thermo-
couple measurements and gas phase temperatures
are < 25K, except near the reaction zone. As such,
measured temperatures were used primarily for ob-
serving trends in flame location.

Hardware interfacing and data acquisition were
performed using a National Instruments Data Ac-
quisition system (NI-cDAQ 9188). All measured
variables were logged automatically at 10Hz by a
laboratory computer, and all controlled variables
were specified using a LabVIEW interface. Maxi-
mum error in mass flux rate was < 1% and error in
equivalence ratio was typically < 3%, not exceed-
ing 12% at the extinction limit. Thermocouple and
pressure transducer errors were reported by the
manufacturer as £0.75% and +0.25% of mea-
sured value, respectively. The system was ignited
directly downstream of the porous media while
supplied with lean premixed methane/air at a con-
dition corresponding to the laminar flame speed.
The first thermocouple was placed 1.3 cm upstream
of the porous media to monitor for flashback, but
this phenomenon was not observed in the current
study and instead the flame eventually extinguished
with decreasing mass flux rate. Six subsequent ther-
mocouples were placed downstream at azimuthal
locations varying by 90°. The locations of the ther-
mocouples are shown by the symbols in Fig. 5b.

Stable operation was defined as continuous op-
eration with no changes in thermocouple measure-
ments greater than 5 K over 5 min. After reaching
steady state, the stability limits were determined by
changing the equivalence ratio (at a constant mass
flux) to the condition under consideration, and sub-
sequently increasing (or decreasing) the mass flux
(at a constant equivalence ratio) in increments of
0.05 kg/m?s. The blow-off limit was determined
first by the occurrence of the maximum temper-

ature measurement at the thermocouple furthest
downstream, and subsequently by the continual de-
crease in temperature measured by this thermocou-
ple. In the step PMB, blow-off was also confirmed
visually by observing the gradual lift-off of the
flame from the interface followed by lift-off from
the downstream end of the porous media.

The SiC porous matrix was manufactured by
LANIK. Ceramic porous materials are commonly
manufactured based on pore density. To create an
axially variable profile, the manufacturer used disks
of polyurethane foams with increasing pore den-
sities, each with a height of 1.27 cm and a di-
ameter of 5.08 cm. Six disks, ranging from 65 to
10 ppi, were first dipped in a ceramic slurry, and
while wet, glued in ascending order of pore density.
Once dry, the disks were sintered together to cre-
ate a continuous porous material with a height of
7.62 cm (see Fig. 4). The step burner was designed
by stacking a 10 ppi and a 65 ppi SiC sample, each
3.81 cm in height, in the quartz tube. For both the
step and graded burners, pore diameter increased
in the direction of the flow but maintained a rela-
tively constant porosity of approximately 75% and
78% in the graded and step PMB, respectively. The
methodology for extracting pore topology profiles
is discussed next.

3.2. Micro-CT and analysis of the porous foam

All samples that were experimentally investi-
gated in the present work were analyzed using
Micro-Computed Tomography (Micro-CT). Each
sample was scanned using a GE eXplore CT 120
scanner with the following acquisition parameters:
25 pm resolution, 80 kVp tube energy, 32 mA cur-
rent and 1200 projections over 360°. The recon-
structed gray-scale images were first smoothed us-
ing a 2D bilateral filter, and then binarized using a
3D constant threshold. The porosity was extracted
along the axial location of the sample as the ratio of
gas voxels over the total number of voxels, averaged
over each cross-sectional slice. The pore and cell
diameters were identified by using a 3D distance
transform watershed algorithm followed by a 3D
particle analyzer [20,21]. Measurements of mean
pore and cell diameters along each cross-flow slice
for the step and graded porous matrices are shown
in Fig. 4.

3.3. Results and discussion

The experimental results for flame stability, tem-
perature, and pressure drop are shown in Fig. 5.
The flame stability maps, in Fig. 5a, for both de-
signs tested, qualitatively confirm a minimum 50%
enhancement in flame stability, as found in the
computational investigation. Thermocouple tem-
perature measurements for both burners are shown
in Fig. 5b, and compared to solid temperatures
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Diameter [mm]

Fig. 4. Average pore and cell diameters for step (left) and
graded (right) PMBs, as well as nominal pore diameters
used in the model.

predicted by the model discussed in Section 2.
Since the thermocouples are placed between the
porous matrix and the surrounding ceramic insu-
lation, measured temperatures are expected to be
lower than those corresponding to the 1D volume-
averaged simulation due to radial heat losses.

The pressure drop for mutually stable operating
conditions is shown in Fig. 5c, where error bars rep-
resent variations in pressure drop depending on the
location of flame stabilization for a given operating
condition. As predicted, pressure drop is higher
in the graded burner, but does not exceed 5.4% at
the highest mass flux rate (2.34 kg/m?s). Although
both burners are made from the same material, and
therefore have similar heat conduction properties,
the solid temperatures are higher upstream of the
flame in the graded PMB, due to the increased ra-
diative heat transfer. Therefore, not only is the heat
exchange between the gas and solid enhanced, as
predicted by the Stanton number profile in Fig. 3b,
but also the lower radiative extinction properties
in the graded burner enables more effective heat
recirculation. The consequence of the enhanced
radiative heat feedback in the graded burner is
increasingly relevant at higher equivalence ratios,
where higher mass flux rates are supported. As
illustrated in Fig. 1, the heat exchange between the
solid and gas decreases as mass flux rates increase,
which lowers preheat temperatures and eventually
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results in blow-off. In the experiment, dynamic sta-
bilization of the flame was observed in the graded
topology PMB, whereas the step topology PMB an-
chored the flame at the interface, as expected from
the burner design and computational predictions.

Although the 1D model qualitatively captures
trends in flame stability and pressure drop, deficien-
cies are apparent. This can be partially explained by
the Micro-CT analysis of the porous foams, which
revealed a deviation from the nominal pore diame-
ter and an inconsistent trend in cell and pore diam-
eter in some sections (see Fig. 4). Specifically, the
presumed gradation in the pore diameter profile,
based on the foam pore density, is less pronounced.
However, there is a clear gradation in the cell diam-
eter. As discussed in Section 2.1, existing closure
models for 1D volume-averaged governing equa-
tions in porous media combustion are mainly pa-
rameterized by porosity and pore diameter, assum-
ing these features are the only free parameters in the
geometry. However, this does not account for in-
dependent variations in other topological features,
such as cell diameter, as prescribed by the fabrica-
tion method. Additionally, to avoid specifying dis-
continuities in the numerical solution, the interface
between differing topologies is either smoothed or
represented as a continuous profile. Approximation
of the related physical parameters and topology
discontinuities may attribute to the discrepancy be-
tween the model predictions and experimental ob-
servations. Further model development is therefore
needed to accurately capture the effects of pore-
scale physics and structure in volume-averaged
simulations.

4. Conclusions

Theoretical, computational and experimental
investigations were conducted to explore the
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the web version of this article.)
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performance benefits of topology grading in
porous media combustion. Gradation was mo-
tivated by theoretically examining the governing
equations and constitutive relations, revealing the
significance of pore topology on interphase heat ex-
change and radiative heat transfer properties, and
consequently on the flame stability. Specifically, the
local Stanton number and optical depth were pro-
posed as the quantities of interest for predicting
trends in dynamic flame stabilization. Results from
1D simulations showed an extensive improvement
in flame stability between step and graded topol-
ogy burners, in particular for a graded pore di-
ameter and constant porosity profile. This design
was chosen for the experimental investigation of
graded versus step topology PMBs, which qualita-
tively confirmed an enhancement of flame stability
by ~ 50%.

Although the 1D volume-averaged model in
conjunction with empirical model coefficients qual-
itatively captures trends in flame stability for dif-
ferent porous matrix designs, the results do not
quantitatively match those of the corresponding
experiment. This motivates further development
of volume-averaged models and macro-scale trans-
port properties for application to burners with spa-
tially variable pore topologies. Nonetheless, the in-
vestigation of matrix gradation in PMBs reveals
the potential for tailoring the internal heat trans-
fer properties to optimize performance. In addi-
tion to topology grading, which is presented as a
means to modulate the radiative and interphase
heat transfer modes, the thermal properties of the
solid matrix itself can be functionalized by a com-
position gradient to further enhance burner per-
formance. In this work, the graded porous ma-
trix topology was experimentally investigated by
considering a step-wise sequence of porous disks.
However, recent progress in additive manufactur-
ing techniques of ceramics such as preceramic
polymers, powder-based laser sintering, and stere-
olithography [22] provide attractive opportunities
for the construction of tailored pore topologies and
materials for PMBs. Exploring this is the subject of
future work.
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