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Abstract
Porous media burners (PMBs) offer enhanced combustion efficiency and extended stability
limits through heat recirculation, yet their limited optical accessibility has restricted experimental
insight into pore-scale flame behavior. In this study, methane—ammonia premixed flames were
investigated in a two-zone PMB with a downstream bed reduced to a single-sphere thickness to
provide enhanced optical access. OH" and NH" chemiluminescence imaging was used to visualize
interphase-stabilized flame fronts across equivalence ratios of 0.7—1.0, mass fluxes of 0.2—0.4 kg m"
2 ¢!, and ammonia fractions up to 50% by volume in the fuel mixture. Stability maps showed that
pure methane flames stabilized only at the highest mass flux, whereas increasing NH3 content
displaced the flashback region toward lower mass fluxes and introduced blow-out or extinction zones
under lean or low-reactivity conditions. A first-order stability indicator, defined using the ratio of
filtration velocity to laminar flame speed, qualitatively delineated the stability regimes with 86%
overall accuracy. Chemiluminescence images revealed different stabilized flame-front morphologies

which are proposed as a mean to explain mechanisms that are expected to be present simultaneously



in conventional two-zone PMBs. These patterns reflect the complex thermochemistry inside the
intricate geometries of PMBs. While conventional packed-bed burners may exhibit further distorted
flame morphologies, this study provides valuable insights for advancing the understanding of pore-
level combustion in PMBs.

Keywords: Flame stabilization analysis, filtration combustion, ammonia, fuel blending, porous

media burners.

1 Introduction

Porous media burners (PMBs) have gained attention as a promising clean combustion
technology. In these reactors, combustion occurs within a chemically inert but thermally active solid
phase [1], allowing heat from the hot products to be transferred upstream through conduction and
radiation to preheat the fresh premix [2]. This results in increased characteristic chemical speeds,
extended flammability limits and improved efficiency in burning low-heating-value fuels [3]. Due to
these advantages, PMBs have been widely explored for various applications, including power
generation, high-temperature heat production, residential appliances and fuel reforming [4-7]. To
maintain stable operation and prevent undesired flame displacement [8,9], most PMB designs
incorporate flame front stabilization techniques, such as variations in pore size in two-zone burners
[7,10,11] or the use of a variable cross-section [12—-14].

However, a fundamental challenge in conventional PMBs is the lack of optical accessibility to
the reaction zone. The porous matrix, as well as the burner structure, blocks almost all direct
visualization, making it difficult to obtain spatially resolved data on pore-level flame structure. As a
result, most experimental studies have relied on intrusive measurements, such as thermocouples for
temperature profiling or gas analyzers for exhaust composition analysis, which provide limited insight
into the complex pore-scale combustion dynamics. Advanced optical diagnostic techniques have been
employed to overcome these limitations, yet these methods introduce trade-offs between optical

accessibility and experimental fidelity.



Several researchers have attempted to visualize combustion within PMBs by modifying burner
designs or employing novel measurement techniques. Stelzner et al. [15] investigated the flame
structure in lean methane-air combustion within porous inert media using laser-induced fluorescence
(LIF) to visualize the distribution of hydroxyl (OH) radicals, as a marker for the flame front. The
porous burner consisted of a SiSiC foam structure with a cross section of 135 x 185 mm?,a height of
15 mm, and 10 pores per inch (PPI), which was sliced and placed together over an alumina flame
trap, leaving small channels with widths of the order of pore diameters to generate paths for the lasers
between the foam slices. Since the measures could be made only for the gas phase, no clear images
of flame-solid interaction or flame front morphology could be obtained, and the local conductive and
radiative heat transfer processes were altered. The study revealed that the position of the maximum
OH concentration is almost independent of the equivalence ratio at constant thermal load and that the
flame zone length decreases as the equivalence ratio is reduced. They found that for lower equivalence
ratios and firing rates (200 kW m™), the flame stabilized near the flame trap, while for the highest
firing rates (800 kW m™) the flame front moves downstream until it reaches the blow-off region.
Between those regimes, the flame front remains nearly in the same location, which is one of the
advantages of PMBs.

Boigné et al. [16] developed a new experimental diagnostic method that simultaneously
combines synchrotron X-ray micro-computed tomography (uCT) and short-wavelength infrared
thermometry to measure the solid’s surface and 3-D gas phase temperature with micrometric
resolution. The burner employed consisted of a quartz cylinder without thermal insulation which held
a 3-D printed SiSiC porous matrix based on the periodic repetition of the elemental structure of a
Kelvin cell, with pores comparable to 10 PPI. By employing high concentrations of Krypton to
enhance X-ray attenuation through the gas to enable gas-phase uCT temperature measurements, this
method allowed for unique analysis of the pore-level combustion process. Finger-like flames were

observed and associated with the distribution of fresh gases into the burner. The authors determined



that nearly 80% of the combustion process takes place in an adiabatic preheated flamelet regime, with
the effects of heat transfer between phases affecting only to 20% of the reacting zone.

Flores-Montoya et al. [17] used a 3-D printed computer-generated geometry with incorporated
see-through directions to track a CHs-air flame front using CH" chemiluminescence. Burners with
pore sizes going from 1.5 mm to 3.5 mm were considered. The authors found nearly one-dimensional
flame front featuring a thickened reaction region, based on CH" and temperature measures. Contrast
with state-of-the-art volume-averaged models were performed, recognizing discrepancies in the
location and thickness of the heat release zone and a high-sensitivity to the heat exchange coefficient
between phases. On a following investigation, using a similar reactor with optically-accessible
pathways, Flores-Montoya et al. [18] employed Mie-scattering imaging and micro particle imaging
velocimetry (UPIV) to study heat recirculation and determine 2-D flow fields inside the burner using
CH4-H, mixtures as fuel. Symmetric and asymmetric stabilization modes were observed through both
Mie-scattering and CH* chemiluminescence, with asymmetric stabilization being promoted when the
H, content increased. Combining Mie-scattering with pPIV, it was possible to determine local
consumption speeds of several flames, recognizing that the flame surface increases to accommodate
larger mass flows.

Given the capability of PMBs to burn low-heating-value fuels with high efficiency and reduced
emissions [ 19], researchers have investigated their use for ammonia (NH3) combustion. Ammonia is
considered a promising energy carrier for the current energy transition due to its high hydrogen
density, well-established production infrastructure, and ease of storage and transport compared to
hydrogen [20—22]. However, NH3 presents significant combustion challenges, including low heating
value (37% of CHy), slow laminar burning velocity (7 cm s vs. 38 cm s! for CHa), and high minimum
ignition energy (nearly 30 times that of CHs) [23]. Moreover, ammonia combustion is prone to NOx
and unburnt NH; emissions, and it presents narrow flammability limits compared to fossil fuels

requiring innovative combustion strategies to improve its feasibility [24].



Given these challenges, PMBs have shown to be a promising pathway to enable stable ammonia
combustion. Vignat et al. [25] showed that PMBs can operate on pure ammonia with emission levels
comparable to gas turbine burners, and while maintaining larger firing ratios and power densities than
swirl flames. These findings highlight the potential of PMBs to unlock ammonia’s energy potential,
yet a fundamental understanding of the combustion process at the pore-scale remains lacking.

The need for detailed experimental investigations at the pore-scale has become increasingly
critical with the rapid development and adoption of direct pore-level simulations (DPLS). While
computational power has enabled more sophisticated modeling approaches, significant discrepancies
between DPLS and conventional volume-averaged models (VAMs) have been reported, as
discontinuities in the flame front, flame wrinkling and localized heat recirculation are not well
captured in VAMs which lead to inaccuracies in predicted burning rates, temperature fields and
reaction rates [26,27]. A lack of experimental data to compare DPLS results is still present, as local
flame front morphology and its distribution inside a porous media reactor is still largely unknown.
Additionally, the existing literature on stabilized flame front morphology has focused on hydrocarbon
[17] or hydrocarbon-H, [18] flames, without considering flames with slower chemistry, such as
ammonia containing mixtures.

This study presents an experimental investigation of interphase-stabilized CHs-NH3 flames
in a one-layer porous media burner with enhanced optical access. The goals of this work are the
following: (a) Identify stability regimes in the employed burner and evaluate how they evolve as NH3
concentration in the fuel mixture increases, (b) Propose a predictor for the a-priori identification of
stable operational regimes, and (c) Provide novel images of pore-level flame structures using
chemiluminescence imaging, offering insights into flame front morphology inside PMBs. To the best
of the authors’ knowledge, this study presents the first experimental observations of interphase-
stabilized flame fronts including NH3 as fuel in a packed-bed PMB using chemiluminescence, which

allows for a better understanding of the pore-level combustion process inside PMBs.



The remainder of this paper is structured as follows: Section 2 describes the experimental set-up
and methods employed, Section 3 presents the results of this investigation, namely, stability maps, a
proposed predictor stability regime identification, classification of stable flame fronts found, an
analysis of finger-like flames recognized under stable conditions and finally, comments on the use of

NH" as a flame marker. Section 4 presents the conclusions of this work.

2 Methodology
2.1 Experimental set-up

Figure 1 shows a schematic of the experimental set-up considered for the present study. A one-
layer-thickness porous media burner, based on the design proposed in [28], was employed to
investigate the stability regimes and flame-front structure of CH4-NHjs-air mixtures under various
operational conditions. The burner consisted of two parallel stainless-steel plates (300 x 115 mm?),
separated by stainless steel spacers that maintained a constant 7 mm gap between them. The plates
were bolted together and sealed to prevent gas leakage. Each plate featured a rectangular quartz
window (160 x 50 mm?), providing optical access for high-resolution imaging of the stabilized flames
inside the reactor, while the premixed reactants were introduced at the bottom of the burner. This
configuration provides easy opticall access to flame fronts, while keeping key characteristics of
interphase-stabilized flames in packed bed burners, such as random arrangement of pebbles, steep
change in pore size at the interphase and unit cells in the order of the larger pebble size for the
development and study of pore-level flames. Heat losses were reduced by covering the whole burner,
with exception of the window shown in red dashed line on Figure 1 with a 5 cm layer of thermal

insulation wool.
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Figure 1: Schematic representation of the experimental set-up employed in the present study. The
blue arrow indicates the direction of the flow inside the burner and the dashed red square represents
the stabilization zone where the images were taken. The burner is shown uninsulated; however, it

was fully covered by a 5 cm layer of thermal insulation wool, excepting the stabilization zone.

Alicat (Tucson, AZ, USA) mass flow controllers (MFCs) were used to precisely regulate the
flow rates of both fuel and air, with an accuracy of = 0.02 SLPM. The parametric space considered
was characterized in terms of the equivalence ratio (¢), the mass flux (r1""), and the ammonia fraction

in the fuel mixture («), calculated as

¢ _ (Ij"uel/f.lir.) -, (1)
(Fuel/Air)stoichiometric
v )
m = Acs pg ’
_ _ Vnmg (3)

Vs tVen,



where V corresponds to the premix volumetric flow rate, A to the cross-sectional area of the burner,

and pg to the gas phase density. The study considered ¢ € {0.7, 0.8, 0.9, 1.0} £ 0.025, " € {0.2,

0.3,0.4} kgm2s'+£0.002kg m2s!, and @ € {0.0, 0.3, 0.5} + 0.01.

Inside the reactor, alumina (Al,O3) spheres were used to create two distinct packed beds, which
promote flame stabilization near the interphase between both zones due to the change in pore size
[29,30]. The upstream zone was packed with spheres with a diameter d; = 2.5 mm over a length of
175 mm, while the downstream zone contained spheres with a diameter d, = 5.6 mm over a length
of 85 mm. This arrangement provided a clear distinction between both porous zones, although,
upstream pebbles manage to accommodate to downstream spheres, capturing to a certain degree the
complex interphase of regular 2-zones packed bed burners. Pebble diameters employed were selected
as they are similar or equal to others used in several experimental studies for porous media
combustion [12,13,31-36]. Due to elevated heat losses through the structure of the burner after
ignition, the burner was fully insulated, leaving only an optical window for image acquisition to
promote the transition from surface to submerged-flames [37].

The chemiluminescence images of the flames were captured using a Phantom VEO 710L/S high-
speed CMOS camera (Wayne, New Jersey, USA), coupled with a LaVision high-speed intensifier
(Gottingen, Germany), was used for the chemiluminescence imaging, as it has been done in [38,39].
The camera gate width was set to 35 ms, and 400 images were acquired at a frequency of 100 Hz.
The chemiluminescence signals from OH" (309 nm; A?%* — X2[1I system), and NH" (336 nm; A3I1 —

X3%~ system) were collected using bandpass filters (10 nm FWHM) [40].

2.2 Experimental procedure
The burner was ignited using pure CHs (@ = 0.0), with a mass flux of 0.4 kg m2s™' and ¢ =

1.0. This condition allowed the flame front to move upstream until it stabilized at the interphase



between both packed beds. Once the flame reached this region, the premix composition was adjusted
according to each specific test case. A 20-minute stabilization period was maintained for each
condition to ensure steady-state operation. Considering that flame front velocities are ~1 mm min!,
even for one-layer-thickness reactors [28], this time should be enough to detect flame front
propagation in any direction. During this period, the reaction front was continuously monitored using
OH" chemiluminescence imaging.

Unstable conditions such as flame blow-out and flashback correspond to the steady displacement
of the flame front downstream and upstream, respectively, from the interphase between both packed
beds. If the chemical heat release was not enough to sustain the combustion process, flame extinction
was observed. If neither of the previous conditions was met, the operating condition was considered

stable and OH*-NH" chemiluminescence images were taken, before moving to the next condition.

2.3 Image postprocessing

For each stable condition, high-speed imaging at 100 Hz was conducted over an integration time
of 4 s, using LaVision Davis v10. Each dataset underwent post-processing, including background
subtraction, time-averaging over the integration period, and application of a median filter (3 x 3 pixel®
window) to reduce noise, following [39], and then normalized to their maximum value. A
representative processed image is shown in Figure 2. The line marked in green in .a and both its

parallel neighboring lines are shown in gray in Figure 2.b, where the filtered signal appears in red.
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Figure 2: Example of median filter application. (a) NH" image obtained for case ¢ = 0.7, "' =

0.4 kg m2s~!, and a = 0.0. (b) Comparison between the values obtained after the averaging over the
integration time and the values obtained after the median filter is applied. The green dashed line in

(a) marks the position where data for (b) is extracted.

3 Results and discussion

3.1 Stability maps

In porous media combustion, when the flame characteristic length is much smaller than the reactor's
length, four distinct regimes can be identified: (1) steady flashback, (2) stable flames, (3) steady blow-
out, and (4) flame extinction. Since the flame stabilization process can be thought of as a local balance
between physical and chemical velocity, as a reference, Figure 3 presents laminar flame speeds (S;)
for all cases studied. These values were obtained using Cantera [41] with the CRECK mechanism for

Ci-C3-NHj3 mixtures [42,43].
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Figure 3: Laminar flame speed for all cases considered in the present study, obtained numerically

using Cantera.

Through the present investigation it is demonstrated that change in pore-size, which is the base
for two-zone PMBs can be employed in one-layer PMBs to stabilize flames. Based on the
experimental tests performed, the stability maps obtained for all tested conditions are shown in Figure
4, as a function of ¢, '’ and @. In general, as ammonia is added to the mixture, the stable operating
zone is displaced into lower mass fluxes, due to the reduction in flame speed depicted in Figure 3.
Wider stable operating zones have been reported in the literature for fully insulated porous media
reactors [10,25], however, the registered trends and qualitative behavior are still physically

meaningful.
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Figure 4: Stability maps as a function of mass flux and equivalence ratio for different a values;
The tested conditions are labeled as follows: (1) F: Flashback; (2) S: Stable Flame; (3) B: Flame

Blow-out; (4) E: Flame Extinction.

For the baseline case (@ = 0), stable operation is observed only at the highest mass flux tested,
i.e., 0.4 kg m?s'across all equivalence ratios, which is consistent with relatively high S; values for

pure methane. At lower mass fluxes, the flame propagated into the upstream porous media, leading



to steady flashback, as the chemical velocity exceeds the physical speed of the flow. For a = 30%,
the flashback limit was displaced to lower mass fluxes. Flashback was observed at m'’ = 0.2 kg m™
s! for all ¢ tested, and at '’ = 0.3 kg m2s™! for ¢ = 1.0. For m" = 0.3 kg m?s7!, two stable
conditions are identified for ¢ € {0.8, 0.9}, while the stable zone at 0.4 kg m2s~! for ¢ € {0.9, 1.0}
remained unchanged with respect to the @ = 0 case. For leaner mixtures at high mass flux, a flame
blow-out zone was registered. At ¢ = 0.7, S; decreases by 25% when « increases from 0% to 30%,
possibly explaining the flame’s inability to remain anchored at higher flow velocities. For a = 50%,
the stable region shifted to lower mass fluxes, achieving stability at 7'’ = 0.2 kg m~2s'. Under these
conditions, flame extinction occurred for the leanest mixture tested, as the chemical heat release was
insufficient to sustain combustion. At the same mass flux, but under stoichiometric conditions,
flashback was registered. The transition from flame extinction to stable flames to flashback at
constant 1h''= 0.2 kg m~2s7!, as the equivalence ratio increases, can be explained by the subsequent
increase in thermal power and S;. Additionally, the flame blow-out zone expanded toward richer
conditions, reaching stoichiometric levels at the highest mass flux tested, which is associated with the

significant reduction in S; observed in Figure 3, as « increases.

3.2 Afirst-order stability indicator based on reduced inlet velocity

Historically, the determination of the limits of stable operation in porous media burners has been
done through brute-force experimental testing [17,25]. The stability trends observed in Figure 4
suggest that the balance between the characteristic physical velocity of the incoming reactants and
the chemical reactivity of the mixture plays an important role in determining whether the flame front
remains anchored at the interphase, propagates upstream, or is pushed downstream. Motivated by this
physical picture, a first-order stability indicator is proposed to explore whether this balance can be

used to qualitatively delineate the different operating regimes observed in the present experiments.



Even though in this case the analysis is done a-posteriori, it corresponds to a first step in the
development of low-order stability predictors for PMBs.
Chemical velocity can be characterized by the laminar flame speed of the fuel-air mixture, while

physical velocity is characterized by the filtration velocity of the premix (uy), defined as

=n 4)
uf = Spg’

which corresponds to the mean pore-level velocity considering the cross-sectional area reduction
caused by the presence of the solid phase. This reduction causes a velocity increase by a factor of
1/€, where € represents the porosity of the burner, taken as 0.44 for this configuration [28].

The indicator is based on the ratio between the inlet filtration velocity and the laminar flame

speed of the corresponding mixture, resulting in a non-dimensional velocity (v)

v=AL (5

= 5,

This parameter is of physical significance, as stable operation is achieved when the flow
velocity and the local chemical reaction rate are locally balanced within the reactor. While this
representation simplifies the velocity fields by reducing them to a single representative value and
neglecting effects such as heat losses, thermal expansion, and changes in chemical composition, it
can capture trends observed in the stability maps of Figure 4, only using a-priori available
information.

Figure 5 presents the inverse of the reduced velocity (v™1) as a function of mass flux for the
three « values tested. Across all conditions, the filtration velocity exceeds the flame speed, resulting

. — 1

in v~ < 1, with values spanning from 0.1 to 0.9. A decreasing trend in v~ is observed as mass flux

1

increases for all a values. Also, for constant & and m'’, lower v~! values are recorded for leaner



mixtures. Since 1’ is directly proportional to us, the observed v™" curves decrease as ~1/r"", rather
than following the linear dependence predicted for v(rh'").

Based on the parameter v™1, intervals that approximate the transitions between regimes in
the present dataset are proposed. These intervals correspond to steady flashback, stable flame and
flame blow-out/extinction. The last interval has been proposed as a mix of two flame regimes since
flame extinction occurred only under one operational condition, making it difficult to determine a
limit for a separate interval.

The interval boundaries were selected to minimize misclassified points, considering only
their dependence on v™1. The stable operating zone was found to be 0.3 <v~! < 0.42. Within this
range, variations in S; due to heat losses and heat recirculation in the porous medium, would be

balanced with the changes in u; due to the chemical reaction, allowing for the flame front to remain

steady. For v™! < 0.3, flame blow-out or extinction occurs, while for v~ > 0.42, steady flashback is
predicted. Operating points misclassified by the low-order stability indicator are highlighted in red.
To improve classification accuracy, additional parameters such as thermal power could be
incorporated. Since thermal power depends linearly on mass flux, defining curved boundaries
between different regions could potentially eliminate all misclassified points, given their location on

the map. However, to avoid overfitting, this approach was not pursued.
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Figure 5: Inverse of reduced velocity as a function of mass flux for different a values. Red, green

and blue colored zones correspond to the proposed segments for flashback (F), stable operation (S)



and flame blow-out/extinction (B/E), respectively. Points incorrectly predicted by the proposed
segments are circled in red.
A confusion matrix is shown in Figure 6, following [44], depicting the contrast between
observed and predicted regimes. Using this single parameter, 86% of the data can be correctly
classified, showing that the competition between physical and chemical velocity accounts for a large

proportion of the mechanism behind flame stabilization in the studied configuration.
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Figure 6: Confusion matrix for the proposed prediction model.

1 values identified in this

It is important to note that the stability zones and the limiting v~
study are specific to the experimental conditions and could vary significantly in a well-insulated
burner, for different porous media configurations or for different fuels. For example, Ferguson et al.
[45] reported a transition between stable operation and flashback at v™1= 0.2 in a direct pore-level
simulation with 70% porosity and no heat losses to the environment. This value is approximately 50%
lower than the v~ = 0.42 identified in this study, highlighting the strong dependence of stability
limits on burner configuration and solid-phase thermal conduction. Despite such variations, the

development of low-order predictors remains valuable for a-priori estimation of stability regimes in

porous media combustion.

3.3 Types of stable flame fronts observed



Shared morphological characteristics observed across the twelve stable operating conditions
motivated the identification of three predominant flame-front patterns. These patterns should not be
interpreted as rigid categories, but rather as recurring behaviors that emerged within the specific

configuration and operating space studied. The observed morphologies include:

(1) interphase-stabilized flame fronts with finger-like structures (FL),

(2) canonically interphase-stabilized flame fronts (C), and

(3) flame fronts exhibiting a sustained inclination (I).

Each pattern highlights different ways in which pore-level flow distribution, solid geometry, and
mixture reactivity may influence front anchoring within the burner. The FL flame fronts observed are
characterized by the presence of elongated finger-like structures which exhibit a length in the order
of d,. C flame fronts, named after the ideal construct of a thin, ordered flame front placed at the
interphase between both packed beds, exhibits no major distortions on pore-level flames, with flame
lengths in the order of d;. Finally, I flame fronts are characterized, as the name suggest, by an
inclination of the flame front that was sustained over the sampling time and that, for the conditions

tested in this study can reach up to 17° of inclination.

Figure 7 presents a simplified version of the stability maps from Figure 4, displaying only the
stable operating conditions identified, detailing the corresponding typo of flame front observed for
each case. In some instances, characteristics of two flame classes were simultaneously present, so

T values

both classifications are indicated in the maps using a slash notation. Furthermore, the v~
shown in parentheses exhibit no clear correlation with the flame morphology, reinforcing that this

parameter captures regime stability but not structural details of the stabilized front.
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Figure 7: Morphological classification of stable flame fronts found in the present study for (a)
a = 0%, (b) a =30%, and (c) @ = 50%. Abbreviations correspond to Canonically interphase-
stabilized flame fronts (C), Interphase-stabilized flame fronts with finger-like structures (FL) and
Inclined stabilized flame fronts (I). For cases where a mixture of two categories is observed, both
are indicated separated by a slash. Values of v™1 are presented in parentheses for each case as a
reference.
3.3.1 Interphase-stabilized flame fronts with finger-like structures

For a = 0%, FL-type flames were the most frequently observed pattern. This type of flames have
been observed in direct pore-level simulations for different burner configurations [26,45]. As
discussed by Sirotkin et al. [46], in the stable regime, in regions with high local velocity, the premixed
reactants require more time to preheat before ignition, which leads to flame front distortions and the
formation of finger-like structures. The dominance of FL-type flames for pure methane is associated
to the higher mass fluxes required for stabilization, i.e. 0.4 kg m™2s~!, which was the highest among
all test cases. In fact, under stoichiometric conditions, close to peak laminar flame speed, at the same
mass flux, a C flame front is observed, due to increased chemical velocity, supported by the increasing
v~ ! values as ¢ increases. Considering the flashback limit for @ = 0% and the presence of elongated

flames in this regime, it is proposed that the stabilization is mainly achieved due to higher mass fluxes

that remove heat from the upstream packed bed at a rate high enough to avoid the flame front



propagating into the smaller pore size section. This, however, promotes pore-level flames being
elongated and distorted under conditions where the chemical characteristic velocity is smaller than
the physical one.

Figure 8 presents OH" and NH" chemiluminescence images for an FL flame front. Nearly the
entire flame front is located over a distance d, above the interphase, except for small pockets of
flames enclosed in circles. The flame front is discontinuous, composed of unitary pore-level flames,
which are non-uniformly distributed and exhibit different morphologies. A collection of finger-like
flames is shown enclosed in a rectangle, which, even though they have different lengths and tip
curvature, exhibit characteristic lengths and widths on the order of d,. This difference is attributed to
the complex internal geometry of the packed bed and subsequent premix distribution, which generates
differences even between neighboring unitary flames. A unitary finger-like flame distorted by these

effects is pointed by an arrow in the Figure.

(b) NH' ‘
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Figure 8: (a) OH" and (b) NH" chemiluminescence images of an interphase-stabilized flame
front with finger-like flames, particularly for the case ¢ = 0.7, 1"’ = 0.4 kgm? s and a = 0%. A
dashed line to point the location of the interphase and circles with diameters d, and d, are added as
a reference.

3.3.2 Canonically interphase-stabilized flame fronts

At a = 30%, most of the stable conditions displayed a flame front morphology resembling
the idealized behavior expected for two-zone PMBE, i.¢., a nearly one-dimensional flame front located
right at the interphase between both packed beds. Due to this, they are referred to as canonically
interphase-stabilized flames (C), with the caution that deviations from idealized behavior are present.

The term canonical has been employed for this type of flame front as it is what would be theoretically



expected to occur at the interphase between both packed beds, given the explanations of flame front
stabilization present in the literature [29,47]. The more uniform characteristics of unitary flames
observed in this regime is associated with the drive of the flame front to propagate into the upstream
packed bed, while being continuously quenched [47]. In this way, similar small flame structures are
observed across the flame front, as their location and shape are predominantly influenced by the
upstream section, where a more uniform packing is present. This morphology is also observed for the
case ¢ = 1.0,m" =0.4kgm? s, and a = 0%.

Figure 9 shows chemiluminescence images of OH" and NH" for a C flame front, for the case
¢ =0.9,m" =0.3 kg m? s and a = 30%. Despite a relatively uniform reaction zone, the random
packing arrangement in the porous domain introduces a complex intensity distribution across the
interphase, with coincident hot spots observed for both radicals, which are pointed out using arrows.
Small finger-like structures are still present but appear less frequently and with lengths and widths in
the order of d;, as it is the case of the unitary flame enclosed in a rectangle. Additionally, some small-
scale flames penetrate the upstream porous zone, though they do not propagate beyond a distance d,
from the interphase. These flames, enclosed in ellipses, are continuously quenched, unable to preheat
the upstream solid sufficiently for sustained upstream propagation [29,30], which explains their low

intensity.

5 mm

Figure 9: (a) OH" and (b) NH" chemiluminescence images of a canonically interphase-
stabilized flame front, particularly for the case ¢ = 0.9, '’ = 0.3 kg m? s and a@ = 30%. A dashed
line to point the location of the interphase and circles with diameters d; and d, are added as a

reference.



A close-up view for a C-type flame front is shown in Figure 10 for the case ¢ = 0.9, m"' =
0.4 kg m™ s and a = 30%, to facilitate the observation of the flame structure near the interface. Small
finger-like flames are observed at the left side of the image enclosed in circles. The one near the
corner corresponds to a finger-like flame located on the opposite side of the burner, allowing only the
tip of the flame to be visible. As it can be seen on the NH" image, the main finger-like flame is
generated exactly in between two d, diameter pebbles where there is less resistance to the flow. Right
at the interphase and at most a distance d; upstream from it, intense flames are observed, which are
pointed out using arrows in the Figure. Following a parcel of fluid, in a Lagrangian view, after
crossing the preheating zone of the burner, near the interphase is the first location where the heat
losses and possibly wall-radical quenching drop below the threshold necessary to promote ignition,
as the pore size increases due to changes in the packing. In this way, unitary flames in the order of
d, are generated after being preheated via heat recirculation. Their location would be mostly
influenced by the packing of the reactor, and, as observed in Figure 10, even for this type of flame
fronts a non-uniform distribution of unitary flames is obtained. Some small unitary flames, enclosed
in rectangles, can propagate further upstream or ignite earlier, but due to high heat losses they exhibit

low intensity.

Figure 10: Comparison between (a) OH* and (b) NH* as flame markers for case ¢p = 0.9, m'’ =
0.4 kg m? s and @ = 30%. A dashed line to point the location of the interphase and circles with

diameters d; and d, are added as a reference.



3.3.3 Inclined stabilized flame fronts

Finally, for & = 50%, most stable conditions displayed flame fronts with a sustained inclination,
here referred to as inclined stabilized (I) flame fronts, where the height difference between the highest
and lowest points of the reaction front exceeds d,. This type of flame front is associated with the
lower flame speeds of mixtures with high-ammonia content, thus, making it more sensitive to
fluctuations in the velocity field that generate uneven propagation of the flame front until it reaches
a local hydrodynamic balance, generating its characteristic inclined morphology. It is worth
highlighting that in a fully 3D configuration, this mechanism could generate curved flame fronts.
Also, for this ammonia fraction in the fuel mixture, in the leanest condition and for the lowest mass
flux, flame extinction was observed due to the inability of the chemical heat release to sustain

combustion given the heat losses.

Figure 11 presents chemiluminescence images of OH" and NH" for an I-type flame front,
particularly for the case ¢ = 0.9, m" = 0.3 kg m? s and @ = 50%. Based on the definition by Mao
et al. [48] , which describes flame front inclination in honeycomb porous burners as the slope of the
line connecting its endpoints, the flame front in Figure 11 exhibits an inclination of approximately
17°. Clear discontinuities are observed along the flame front, which are known to occur at low flow
rates [28], and, in this case, also at low heating values, due to the high a value considered. Similar
inclinations have been observed by Fursenko et al. [28] in a similar burner configuration, where

packing variations led to an uneven premix distribution, further contributing to flame front distortions.
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Figure 11: (a) OH" and (b) NH" chemiluminescence images of an inclined stabilized flame
front, particularly for the case ¢ = 0.9, 7"’ = 0.3 kg m? s and @ = 50%. A dashed line to point the

location of the interphase and circles with diameters d; and d, are added as a reference.

As mentioned before, the proposed types of flame fronts are employed only to facilitate the study
of the morphologies observed, however they are not universal nor present only one at a time. Figure
12 illustrates a case where FL-, C- and I-type features coexist. Finger-like flames are enclosed in
circles, intense small unitary flames right at the interphase are enclosed in a rectangle, and the
inclination of the front is highlighted by a dotted line. In this manner, the plausible formation
mechanisms for each type of flame front described in the present section can and would be expected
to act simultaneously in a conventional PMB. The proposed flame morphologies should be interpreted

as emergent trends rather than discrete, universally distinct flame classes.

Figure 12: NH" chemiluminescence for the case ¢ = 1, 7" = 0.3 kg m? s' and a = 50%,
which exhibits characteristics of both FL and I flame fronts. To clarify the mixed morphology, FL
features are enclosed in an ellipse, C features in a rectangle, and I features using a dotted line. A

dashed line is added as a reference to mark the location of the interphase.



3.4 Unitary Finger-like flames morphology

Finger-like flames were observed at a consistent spatial location in several stable cases,
suggesting the presence of a recurrent flow pattern in the porous structure. Figure 13 collects finger-
like flame profiles extracted from a subset of stable flame fronts. Only four cases were excluded,
corresponding to three I-class flame fronts and one FL/I mixed flame front, where no finger-like flame
was observed in the region of interest. To obtain the profiles shown, the point of highest OH*
chemiluminescence intensity along each vertical line was extracted, provided it exceeded a certain
threshold. The gray dots in the background represent said discrete points, and to facilitate comparisons

among cases, sinusoidal curves were fitted to the data.

The top three curves in Figure 13 correspond to FL-class flame fronts. Although the case ¢ =1,
m' =03 kgm?s!, a=50%, is classified as FL/I, its FL-like behavior dominates in the region of
interest. As previously discussed, finger-like flames in this stabilization class exhibit an approximate
length of d,, which corresponds to the pebble diameter represented by the dashed blue line. These
flames stabilize at a location approximately d, further downstream than the rest of the flame profile
presented. This displacement could be explained by increased mass flux, which increases the distance

needed for the premix to achieve its ignition temperature, shifting the flame downstream.
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Figure 13: Finger-like flame profiles identified for the studied cases. Profiles are extracted at the
same location in each image and are not displaced nor scaled. As a reference, a sinusoidal curve is
fitted to the data for each case and the profile of a pebble with diameter d, is sketched in dashed

line. Cases are labeled in the format (¢, m"’, ).

The remaining five flame profiles in Figure 13 correspond to C-class flame fronts or C/I mixed
flame fronts, which tend to form at nearly the same location—except for the profile shown in pink,
which corresponds to the case with the highest ammonia content. These five profiles are replotted in
Figure 14 in a normalized (x*, y*) reference frame, aligning them to a common anchor point for better
comparison. Since C-class flame fronts are influenced by the upstream porous zone, the appropriate

length scale for comparison is d;, represented by the half-pebble sketched in green dashed lines.

Across all cases, flame width remains nearly constant, while flame length varies significantly,
increasing by a factor of more than two from the shortest (pink curve) to the longest (brown curve)

flame. A direct comparison can be made between the brown and purple curves, as they share identical



premix compositions, with the only difference being mass flux. As expected, for a constant laminar
flame speed, an increase in mass flux reduces the flame cone angle, resulting in a 65% increase in

flame length when mass flux rises from 0.3 kg m2 s'to 0.4 kg m? s\,
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— (0.9, 0.3, 30%)

3
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Figure 14: Finger-like flame profiles identified for C class flame fronts. Profiles are translated to
facilitate comparison among them. As a reference the profile of a pebble with diameter d; is

sketched in dashed line. Cases are labeled in the format (¢, m'"’, ).

3.5 NH" as a flame marker

NH" has been proposed as a flame marker to study NH; flames [49,50], role for which OH is
widely accepted when conventional fuels are considered. In this subsection, a comparison between
the profiles captured for both excited radicals is performed. To facilitate a qualitative comparison
between different cases, a k-means clustering algorithm [51] was applied to the chemiluminescence
images obtained for all tested conditions. The results for three representative cases are shown in
Figure 15. The optimal number of clusters was determined using the elbow method, based on the
normalized inertia for each image, as illustrated in Figure 16, which identified four clusters as the

most suitable choice.
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Figure 15: Qualitative comparison among cases with different a values for OH* and NH*,
after applying a k-means clustering algorithm, considering k = 4. On the left, cases are labeled using

the format (¢, m"’, a). On the right the type of stabilized flame front in indicated.

H
o
()]

Inertia, -

0.25

0

Figure 16: Normalized inertia as a function of the number of clusters, k, for all chemiluminescence

images considered in the present study. A polynomial fit is shown in red as a reference.

In Figure 15, the NH; fraction in the fuel mixture increases from top to bottom. Across all
three cases, OH* highlights well-defined flame structures like those discussed in the previous section.
NH* shows a transition in behavior as « increases, shifting from a diffuse distribution to a flame

marker role, akin to OH*. For the topmost case (a = 0), the highest-intensity NH* cluster extends



over a broad region, however, for the bottommost case (@ = 50%), NH* and OH* exhibit only minor
differences, suggesting that NH" can indeed act as a flame marker in methane-ammonia combustion
for @ > 50%. This trend is explained by its formation mechanisms at different ammonia additions: at
a = 0%, NH" originates from air N, dissociation, while as « is increased, they primarily result from
NH; decomposition. Naturally, as NH; presence in the fuel mixture is increased, NH" formed through

fuel nitrogen chemistry is increased and its signal correlates better with the flame front position.

4  Conclusions

An experimental investigation of methane—ammonia premixed flames stabilized within a two-
zone porous media burner modified to enhance optical access was performed. Using OH" and NH"
chemiluminescence, pore-scale flame structures were visualized across a range of equivalence ratios,
mass fluxes, and ammonia fractions. Stability maps showed clear trends with increasing NH; content:
the flashback limit shifted toward lower mass fluxes, while blow-out and extinction regions expanded
under lean conditions and reduced chemical reactivity. To interpret these limits, a first-order stability
indicator based on the ratio of filtration velocity to laminar flame speed was introduced. While derived
a posteriori, the indicator captured the qualitative transitions between flashback, stable operation, and
blow-out/extinction for 86% of the tested conditions, illustrating the value of low-order predictors for

PMB stability assessment.



Chemiluminescence imaging revealed three recurring stabilized flame-front morphologies—
finger-like, canonical, and inclined—whose appearance depends on the operating condition and
mixture composition. These patterns should be understood as emergent trends rather than discrete,
universally distinct flame classes. NH® chemiluminescence exhibited progressively stronger
correspondence with OH" as NHj fraction increased, indicating its potential as a qualitative flame-

structure indicator under high-ammonia conditions.
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Nomenclature
PMB Porous media burner
PPI Pores per inch
F Steady flashback regime
S Stable flame regime
B Flame blow-out regime
E Flame extinction regime
FL Interphase-stabilized flame fronts with finger-like structures
C Canonically interphase-stabilized flame fronts
I Inclined stabilized flame fronts
14 Volumetric flow rate
Acs Cross-sectional area of the burner
Pg Gas phase density




S Laminar flame speed
€ Porosity
d, Upstream pebble diameter
d, Downstream pebble diameter
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