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A Study on Combustion 
Characteristics of Radial Inward 
Flow Porous Media Burners 
for Ammonia-Hydrogen Flames
The present study investigates the potential of porous media burners to enhance the 
combustion characteristics of ammonia (NH3), attributable to the structure’s heat 
recirculation, which extends the flammability limits of premixed flames. This study 
establishes a radial inward flow porous media burner with dynamic flame stabilization, 
featuring a compact ceramic foam made of silicon carbide. The foam’s Voronoi-based 
lattice porous structure includes a continuously graded topology, with a linear void fraction 
increasing from the outer to inner radial direction. The burner flammability limits were 
evaluated with up to 30% hydrogen (H2) by volume added to the fuel stream. The stability 
range for pure NH3 operation was 0:8 � / � 1:3, which was extended to 0:55 � / � 1:5
for 30/70 H2/NH3 mixtures. Revealing the flame front propagation behavior under various 
operating conditions, infrared radiometry was employed to determine the solid matrix 
temperature using a narrow bandpass filter to avoid interference from gaseous species. The 
exhaust gas and ceramic foam temperatures were correlated to provide insight into flame 
dynamics. Emissions of NO, N2O, along with NH3 and H2 slip, were analyzed for various 
mixture compositions and equivalence ratios. Conditions which minimized NO emissions 
included (a) near lean-limit NH3/H2 combustion, (b) rich conditions of / � 1:2, and (c) pure 
NH3 at near-stoichiometric conditions with low combustion temperature due to low mass 
flux. The measured pollutant emissions were compared with a perfectly stirred reactor 
model, yielding good agreement. [DOI: 10.1115/1.4069447] 

Keywords: porous media burners, ammonia combustion, radial-inflow burner, flame 
stabilization, combustion efficiency, emissions, hydrogen enrichment, matrix stabilized 
combustion, infrared imaging radiometry, compact combustor design, heat recirculation, 
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1 Introduction

The consumption of fossil fuels contributes significantly to 
pollution and climate change, necessitating carbon reduction 
strategies [1]. Therefore, an alternative fuel to mitigate the impact 
of global warming, ammonia (NH3), has emerged as a promising 
future carbon-free fuel due to the large-scale existing infrastructure 
for its production, distribution, and storage as well as the associated 
technical expertise [2,3]. Ammonia contains 17.8% H2 by mass, 
coupled with easier and more cost-effective storage and transport 
capabilities compared to H2, presents itself as a promising 
sustainable option as an energy vector for transportation, power 
generation, and heavy industry [4–8]. However, NH3 produces high 
concentrations of emissions NOx, N2O, and unburned NH3 in the 
exhaust [4,9]. In addition, NH3 exhibits poor combustion 

characteristics such as low flame speed, reduced heating value, 
long ignition delay, and large flame thickness compared to 
traditional hydrocarbon fuels [4,10–13].

Numerous studies have investigated the combustion characteris
tics of NH3 flames under a range of operating conditions using 
various swirl stabilization-configured test rigs [14–17]. A frequent 
strategy used in these studies to improve the combustion properties 
of NH3 is the addition of more reactive fuels such as hydrogen, 
methane, synthesis gas, or diesel fuel. In particular, the stability 
limits of combustor operation using NH3/H2 mixtures have been 
widely reported over a range of NH3/H2 fractions, equivalence ratios 
(/), operating pressure, and with the addition of steam [14,17–20]. 
The stability limits of pure NH3 flames and mixtures of NH3/H2 

flames are dependent on burner geometry, with a single configura
tion only able to optimize stabilization limits over a narrow range of 
mixtures [16]. To utilize a wide range of mixtures, a burner design 
with extended flame stability limits compared to swirl-stabilized 
geometries is desirable.

A recent comprehensive review focused on flame stabilization 
and nitrogen-containing pollutant emissions from NH3 and NH3/H2 

Turbo Expo: Turbomachinery Technical Conference & Exposition (GT2025) June 

16–20, 2025. GT2025.
1Corresponding authors.

Manuscript received July 1, 2025; final manuscript received July 17, 2025; published 

online September 24, 2025. Editor: Jerzy T. Sawicki.

Journal of Engineering for Gas Turbines and Power                                                                                                                                                     DECEMBER 2025, Vol. 147 / 121013-1 
Copyright VC 2025 by ASME



combustion, including NO, N2O, NO2, and unburned NH3 [19]. 
Studies found that NO emissions are lowest under very lean 
(/ � 0:7) or rich (/ � 1:2) conditions, and peaked near the 
equivalence ratio range of 0:75 � / � 0:90, exhibiting emissions 
over 4500 ppm [17,21–23]. Fuel-rich conditions produce unburned 
NH3 and H2, necessitating second-stage combustion to maintain 
high efficiency. Modern gas turbine engines typically operate under 
very lean combustion conditions (/ � 0:6), which results in low NO 
emissions [24]. Unfortunately, for NH3, these conditions result in 
increased pollutants such as N2O, unburned NH3 emissions, and 
combustion efficiency becomes an issue [24–26]. To overcome 
these challenges, advanced combustor concepts have been explored. 
A review of NOx mitigation strategies reported for fuel-rich 
combustion, high-pressure combustion, reactant humidification, 
plasma-assisted combustion, and staged combustion found various 
degrees of pollutant mitigation [23]. However, these methods face 
challenges of difficulty in operation, effectiveness under limited 
conditions, and engineering complexity, necessitating continued 
research.

Porous media combustion has emerged as a promising approach 
to widen stability limits compared to swirl-stabilized combustors, 
particularly for unconventional fuels, fuels with low heating values, 
or operation with ultralean mixtures [27,28]. The unique character
istics of porous media burners (PMBs) lie in their ability to 
recirculate heat through thermally conductive ceramic matrices, 
enhancing flame stability by preheating incoming reactants and 
extending flammable limits. This results in super-adiabatic 
combustion, enabling operation under lean conditions and poten
tially increased thermal loads [29]. The configuration of PMBs, 
including material properties such as pore density and thermal 
conductivity, plays a significant role in stabilizing flames and 
mitigating emissions [27,28,30,31].

Previous investigations demonstrated the difficulty of stabilizing 
pure ammonia flames in PMBs. Single-layer ceramic foams with 
uniform pore densities provided limited stabilization due to 
incomplete combustion and insufficient heat recirculation [32]. 
Multilayer PMB designs were subsequently introduced to overcome 
these challenges. Studies utilizing porous ceramic foams with 
different pore densities, such as transitions between 40 pores per 
inch (PPI) to 3 PPI or 10 PPI (finer to coarser structures), 
demonstrated enhanced flame stabilization and pollutant emission 
control for ammonia, ammonia-hydrogen and ammonia-methane 
mixtures and the findings highlighted that the transitions at foam 
interfaces anchor the flame at a particular location [33–35]. 
Moreover, higher thermal conductivity and denser pore structures 
were shown to reduce peak temperatures and facilitate stabilization 
by preventing flashback while providing efficient preheating 
[36,37]. A following study introduced a two-stage porous media 
burner in a rich-quench-lean configuration to address the limitations 
of single-stage configurations, particularly concerning pollutant 
emissions [38]. The PMB burner design, in the stream-wise 
direction, is as follows: first stage: two YZA 40 PPI - SiC 3 PPI- 
SiC 10 PPI, and follows the second stage: SiC 3 PPI- SiC 10 PPI- SiC 
20 PPI, including air injection. The graded structure allows coarse 
foam layers to prevent flame quenching, while finer layers reduce the 
risk of flashback. The two-stage configuration demonstrated 

substantial reductions in nitrogen oxide and unburned ammonia 

emissions compared to single-stage designs.

Efforts to date on porous media burners with axial flow 
configurations have made significant progress, achieving pure 
ammonia combustion within a wide range of equivalence ratios and 
flow rates. Two-stage configurations have demonstrated low NOx

operation while maintaining high combustion efficiency. However, 
these designs rely on multilayer ceramic foams, which increase 
burner size and pressure losses, limiting their applicability in 
microgas turbine engines [39,40]. Initially designed for an ultra
microgas turbine application [41], the present work introduces an 
alternate geometric configuration of radially inward flow PMB. To 
evaluate this configuration, a graded silicon carbide Voronoi-based 
lattice porous structure with a linear pore density is used to stabilize 

ammonia-hydrogen-air flames. Experimental and numerical meth
ods assess flame stabilization and pollutant emissions across 0–30% 
hydrogen in ammonia mixtures and equivalence ratios of 
0:6 � / � 1:5. Infrared imaging radiometry measures the ceramic 
foam temperature distribution, and a perfectly stirred reactor model 
analyzes emissions under lean and rich conditions.

2 Experimental Method

The experimental setup for this study utilized a lab-scale radial 
inward flow porous media burner, designed to facilitate, control, and 
monitor combustion parameters. The schematic of the experimental 
setup is shown in Fig. 1(a). The reactant mixture, composed of NH3, 
H2, and air, was controlled using an array of mass flow controllers 
(Alicat MCR-250 SLPM, MCS-50 SLPM, Bronkhorst F201CV). 
Thermocouples were placed across the burner to monitor the 
temperature of the inlet mixture (Tinlet, K-type), the burner operating 
temperature (Tburner, K-type), and the exhaust gas temperature (Tg, 
R-type). The burner operating temperature Tburner was kept at 
400620� to ensure the combustion thermal conditions remained 
similar to account for changes in the fuel mixture and flow rates. 
Thermal stabilization was defined by maintaining the exhaust 
temperature within a 65 �C range, with deviations indicating flame 
behaviors such as extinction or flashback. The combustion products 
exit the burner through the exhaust, as shown in Fig. 1(a), where a 
gas analyzer (Testo-340) was incorporated to characterize the 
emission of NO (65–10%) and the residual of O2 (60:75%). N2O 
and unburned NH3 (65%) were measured by Fourier transform 
infrared spectroscopy and H2 (65%) by gas chromatography (GC). 
The experiments were conducted at ambient temperature and 
pressure. An NI cDAQ control system was used to instrument the 
experimental setup.

Figure 1(b) illustrates the construction of the radial inward flow 
configuration in the burner cross section. The ceramic foam block in 
the PMB is supported by a central solid cone body that channels the 
premixed reactant mixture into the porous media. The foam is 
configured to receive the mixture at the outer circumference, 
directing the flow radially inward toward the hollow core before 
expulsion through the burner exhaust. A spark plug is located 
adjacent to the solid matrix region to ignite the reactant mixture. The 
thermocouple measuring the exhaust gas temperature (Tg) is located 
immediately downstream of the combustion products that exit the 
porous structure. In addition, an optical window enabled the 
visualization of the combustion itself, covering approximately 2/3rd 
of the porous inert media (PIM) radius. A midwave (1.5–5.4 lm) 
infrared camera (FAST M3k-TELOPS) equipped with a bandpass 
filter at a wavelength of 2085610 nm is used for infrared imaging 
radiometry. The infrared data was utilized to estimate the solid 
matrix temperature of the foam (Ts), covering a radial distance of 
16.5 mm for a total of 21 mm PIM. Infrared images were acquired 
using a specific filter targeting a null spectral region, ensuring that 
only the surface emission from the ceramic foam was captured, 
while emissions from gaseous species within the solid matrix were 
excluded. The infrared radiometry procedure is detailed in Ref. [42]. 
For the temperature estimation, the emissivity (e) of the foam SiC 
was assumed to be approximately 0.90 [37]. Previous studies have 
reported emissivity values for SiC in the range of 0.85–0.95, 
reflecting its temperature-dependent emissivity in a broad spectral 
region [43–46]. The resultant estimated ceramic temperature Ts

ranges from 1100 to 1450 K with an uncertainty of 5%, primarily 
attributed to the temperature-dependent transmissivity of the 
sapphire window (65%) and the potential deviations from the 
assumed SiC emissivity (60.05).

The ceramic foam block used in the current PMB has a thickness 
(L) of 2161 mm, with an outer diameter of 6061 mm and an inner 
diameter of 1861 mm. The foam material is made of SiC, which has 
a high thermal conductivity (20–50 W/m.K at 1000 �C) and good 
thermal shock resistance (230 K) [47]. The foam features a linearly 
graded lattice structure with a pore void fraction varying from 60% 
to 90% from the outer circumference to the radially inward 
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direction. An image of the PIM structure is portrayed in Fig. 1(c). 
The porous media used in this study is based on a Voronoi lattice 
structure, which provides a mathematically defined partitioning of 
space that accurately captures irregular pore distributions. In this 
case, seed points are placed in the three-dimensional space in a 
graded manner such that the void fraction of the pores increases in 
the radial inward direction. Then the lattice is generated by forming 
regions (or cells) consisting of all points in space closest to a specific 
seed point [48]. In the present burner, the irregularity of the seed 
points facilitates an easily controlled variation in void fraction from 
the outer to the inner surface of the annular solid matrix.

In order to characterize the nominal velocity field inside the 
porous structure with radial inward gas path, cold flow Reynolds- 
averaged Navier-Stokes simulations were conducted using ANSYS 

Fluent. The computational domain used in the numerical simulation 
mimics the experimental test rig and its flow conditions. In the 
absence of chemical reactions, Fig. 2 portrays the velocity 
distribution for mass flux _m00 ¼ 0:19 kgm−2s−1. The porous 
structure is designed with a varying void fraction along the radial 
direction, which modifies the local flow distribution and thus 
controls the velocity field. At the outer surface of the cylinder, a 
lower void fraction results in greater solid matrix presence, 
effectively regulating the fluid passage and creating localized 
regions of higher velocity. As the flow progresses inward, the 
gradual increase in void fraction reduces the obstruction to flow, 
leading to a decrease in velocity at a certain radial location. Beyond 
this region, velocity is augmented due to the reduced flow area in 
order to maintain mass continuity at reduced radius.

Then, the data are postprocessed, where the circumferentially 
averaged velocity profile is computed to compare flow distribution 
at different axial positions (z). Obtained by averaging data across six 
radial probe lines at fixed radii and further normalized using 
geometric cold flow velocity based on the inner gross area for the 
given mass flowrate, Fig. 3 presents the normalized velocity across 
the radial direction at different positions (z) across the foam 
thickness (L), illustrating the flow distribution within the porous 
structure.

A localized region of higher velocity was realized on the outer 
surface, followed by a gradual increase in void fraction, which leads 
to a drop in velocity at a certain radial position (depending on the 
axial plane), and further downstream, the velocity increases once 
again due to the reduction in area. Therefore, as the mixture travels 
through the porous media, the flame tends to stabilize at a location 
where the kinematic balance between the burning velocity and the 
fresh mixture velocity is achieved. It should be noted that the flow is 
highly turbulent and the lattice structures create local recirculation 
zones, but nevertheless, the residence time is still expected to be 
inversely proportional to the local mean velocity. An additional 
trend is seen in the axial direction from z/L¼ 0–1, where the flow 
velocity at the outer diameter gradually decreases with z, while the 
flow at the inner diameter gradually increases. This leads to a 
secondary stabilization location, which is observed for high xH2

Fig. 1 (a) Schematic of the experimental setup including 

premixed gas supply, line of sight infrared measurements, and 
downstream composition analysis system, (b) cross-sectional 
view of the combustor portraying the gas path across the PMB 
and the observation window, and (c) the lattice Voronoi structure 
of the porous inert media in side and top views

Fig. 2 Velocity contour inside the porous structures at different 

positions (z) across foam thickness (L) for mass flux of _m0050:19
kgm22s21, axial direction is from z/L 5 0–1
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fractions in the fuel mixture. It is acknowledged that the presence of 
combustion and upstream conduction will increase velocity 
augmentation in the radial inward direction, driven by the local 
drop in gas density, resulting in thermal expansion that further 
accelerates the flow. Furthermore, the pressure drop (DP/Po) across 
the porous burner under cold-flow conditions of air is found to be 
approximately 1.8% for the highest mass flux conditions considered 
in this study, as shown in Fig. 4.

3 Results and Discussion

3.1 Burner Flame Stability. This section examines the 
stability limits of the radial PMB by examining three key 
parameters: reactant mass flux ( _m00, mass flowrate per unit surface 
area of the outer cylindrical surface of the foam), equivalence ratio 
(/) and volumetric ratio of NH3 to H2 in the fuel mixture, 

represented by volume fractions xNH3
and xH2

, with condition 
xNH3
þ xH2

¼ 100%. Following a systematic investigation, the 
burner stability map was created, as presented in Fig. 5. The shaded 
blue region indicates a stable operating condition, while the other 
boundary represents extinction. The study excluded unshaded 
regions (white) where experiments were not performed due to 
burner limitations or safety concerns.

For pure NH3 (Fig. 5(a)), stable flame operation was achieved 
across an equivalence ratio range of 0:8 � / � 1:3 at _m00 ¼ 0.12 
kgm−2s−1. As the mass flux increased to 0.25 kgm−2s−1, the stability 
range narrowed to 0:9 � / � 1:1, with the flame remaining 
anchored without extinction risk. This represents the first instance 
of a radial inward-flow PMB effectively stabilizing pure NH3 

flames. The graded porous media, combined with the radially inward 
flow configuration, stabilized the flame by creating a velocity 
gradient in which the flame speed dynamically matched the local 
velocity over a range of mass flux and flame speed conditions. The 
heat recirculation through the ceramic matrix and large pore size 
promoted a high burning velocity and sufficient thermal thickness to 
prevent quenching of the ammonia flame [35,38]. These stability 
limits are comparable to those of multilayered porous media burners 
reported in earlier studies in terms of the equivalence ratio range 
[35], although the mass flux range is relatively limited.

Introducing 10% H2 into the fuel mixture (Fig. 5(b)) significantly 
extended the burner’s stability, allowing it to handle up to 50% 
higher mass flux compared to pure NH3. At _m00 ¼ 0.12 kgm−2s−1, the 
equivalence ratio range expanded to 0:7 � / � 1:5. For near- 
stoichiometric mixtures the maximum mass flux was extended to 
_m00 ¼ 0.38 kgm−2s−1, enabling broader operational flexibility. Note 

that this does not represent the upper limit of mass flux attainable, 
but above this condition, the burner temperature exceeded safe 
operating conditions.

Further increasing the H2 content to 20% (Fig. 5(c)) continued to 
extend stability improvements, reducing the lean extinction limit to 
/ ¼ 0:6, and operating without flashback across all equivalence 
ratio and mass flux conditions attempted. Comparing all of the cases, 
the addition of H2 consistently broadened the stability range, 
particularly under lean conditions. While pure NH3 combustion 
required narrow equivalence ratios at higher mass flux, the enriched 
mixtures enabled extended operational flexibility. However, this 
stability enhancement has limits as the H2 content is further 
increased: flashback was observed at higher H2 concentrations, 
occurring at xH2

¼ 40% and 50% for _m00 ¼ 0:12 and 0.19 kgm−2s−1, 
respectively. These results emphasize the compromise between 
mass flux, equivalence ratio, and H2 enrichment in optimizing 
burner performance.

The turndown ratio, a critical performance metric for enabling 
flexible operation under diverse conditions in industrial combustion 
systems, was significantly enhanced by porous media configura
tions. These configurations support higher mass fluxes than 
conventional burners, such as Riello burners designed for hydro
carbon fuels, thereby improving premixed combustion performance 
[35]. In the present PMB configuration, the exhaust pipe temperature 
imposed restrictions on the mass flux range, limiting a compre
hensive exploration of the turndown ratio. However, the introduc
tion of 20% H2 demonstrated a promising enhancement of the 
turndown ratio. Building on this, the thermal power density ( _qv) was 
evaluated under stabilized mass flux conditions, defined as the 
thermal power output per unit volume of the combustion zone. 
Maximizing _qv enables higher energy outputs relative to system size. 
A comparison of _qv among conventional PMBs (three-layered), our 
PMB, and swirl-stabilized flames operating under ideal stoichio
metric conditions of pure NH3 at atmospheric pressure is presented 
in Fig. 6. At similar mass fluxes used in this study, the power density 
of the PMB is higher than that of the three-layered PMB [35]. 
Notably, this value significantly exceeds the power density observed 
in swirl-stabilized flames, which ranges between 5 and 22 MW/m3 

[22,35,49]. Furthermore, adding 20% H2 to the fuel mixture 
increased the power density by a factor of 2.75, emphasizing the 
impact of H2 enrichment on system performance.

Fig. 3 The circumferential averaged velocity profile (normalized 
by the geometric cold flow velocity from the inner gross area) 
along the radial direction at different axial locations (z) across the 
foam thickness (L), from cold-flow simulations

Fig. 4 Experimental pressure drop across the porous media 
burner at atmospheric exit conditions
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3.2 Solid Matrix Temperature (Ts). Providing an insight into 
the burner’s flame stabilization characteristics, the temperature 
distribution across the solid matrix was estimated (Fig. 7(a)) for a 
range of equivalence ratios at constant mass flowrate and pure 
ammonia combustion, (Fig. 7(b)) for a range of mixture composi
tions at constant mass flowrate and stoichiometric combustion, and 
(Fig. 7(c)) for a range of mass flow rates at constant stoichiometric 
pure ammonia combustion. The reactant mixture flowing radially 
inward is indicated by the right to left pointing arrow direction. 
Accordingly, the right side of the window represents the upstream 
region (approximate radius 28 mm), and the left corresponds to the 
downstream (13 mm), depicted in Fig. 7(a). Moreover, the radial 
profile of the average solid temperature Ts along the centerline and 
the measured exhaust gas temperature Tg are presented in Fig. 8.

For a range of / values, the solid matrix temperature distribution 
of NH3/air flames is shown in Fig. 8(a) at a constant mass flux of 
_m00 ¼ 0.19 kgm−2s−1. The maximum Ts observed under these 

conditions is approximately 1350 K, which sets the location of the 
flame front near 16 mm since the peak Ts region generally aligns 
with the flame front [37]. The temperature gradient of Ts upstream of 
the maximum point indicates the flame front propagation inside of 
the porous media, with dynamic stabilization dependent only on the 
geometry of the PMB. Variations in the temperature of the preheat 
zone provide insight into the stabilization points for different 
equivalence ratios (/). For near stoichiometric conditions (/ ¼ 1, 
1.1, and 1.2), the flame is located at the same radial position and 
follows a similar upstream gradient. It is notable that, despite the 
differences in the adiabatic flame temperatures, which would be 
present in a normal combustor, the temperature profile for these 
three mixtures is nearly identical. This indicates the impact of heat 
recirculation, which largely controls the thermal profile of the burner 

within this equivalence ratio range. A steeper Ts gradient is observed 
in the leaner (/ ¼ 0:9) and richer mixtures (/ ¼ 1:3), the latter is 
consistent with prior observations in literature [12]. Despite these 
distinct behaviors in flame stabilization for different equivalence 
ratios, the exhaust temperature (Tg) remains similar under all 
conditions. It suggests that while the internal temperature gradients 
within the ceramic structure vary significantly with /, dictating a 
changing flame position and relative radiation heat losses, the 
exhaust temperature was comparable for all cases. The radiative heat 
loss fraction under these conditions is estimated to be approximately 
10%, and a more detailed discussion on the subject is provided in 
Appendix A.

Under stoichiometric conditions for mass flux of _m00 ¼ 0.19 
kgm−2s−1, Fig. 8(b) illustrates the effect of NH3/H2 mixture 
composition, varying from xNH3

¼ 100–70%. The temperature 
distribution progressively shifts upstream (reducing the preheating 
zone), with the high-temperature region becoming more compact 
and localized. The most pronounced upstream stabilization is 
observed for xNH3

¼ 70%, as indicated by a lower upstream Ts

compared to xNH3
¼ 80% and xNH3

¼ 90% cases, indicating that the 
flame is stabilized significantly upstream of the viewing window. 
This is attributed to the higher reactivity and flame propagation 
speed of H2. Upstream flame stabilization affects the thermal 
distribution within the porous media by diminishing the preheating 
zone while increasing heat loss to the postcombustion zone, 
reducing the porous media to a flame holder. In addition, the 
exhaust temperature Tg is found to be strongly influenced by the 
mixture concentration, where the highest values were observed for 
pure NH3 combustion.

Figure 8(c) demonstrates the effect of mass flux on flame 
stabilization while maintaining a stoichiometric equivalence ratio 
for pure ammonia. At a mass flux of _m00 ¼ 0.12 kgm−2s−1, the 
temperature profile remains relatively uniform with a modest 
gradient, indicative of limited heat recirculation and reduced matrix 
temperatures. As the mass flux increases to _m00 ¼ 0.19 kgm−2s−1, the 
temperature gradient steepens significantly, reflecting enhanced 
thermal feedback and greater heat transfer within the ceramic 
matrix. The exhaust gas temperature, Tg, rises correspondingly from 
1314 K to 1445 K, with the thermal load increasing by 1.3 kW. At the 
highest mass flux tested, _m00 ¼ 0.25 kgm−2s−1, the trend of 
augmented peak temperatures continues, reaching up to 1560 K, 
along with more pronounced temperature gradients.

In summary, the combined analysis of solid matrix temperature 
distributions and their averaged profiles under varying equivalence 
ratios, fuel compositions, and mass flux conditions portrays the 
adaptability of porous media to stabilize the flame. In the present 
configuration, there appears to be a narrow range of flame 
stabilization locations, in between r¼ 12 and 18 mm, in which 
variations in flame speed or mass flux are dynamically balanced by 
the velocity gradient induced by the radially inward flow geometry 

Fig. 5 Burner stability map as a function of equivalence ratio / and mass flux _m00 for various volumetric 

compositions of the fuel mixture, xNH3
. Experimental condition points are represented in the shaded region 

(squares). Dashed lines correspond to thermal power density for /50:6, 1, and 1.4. (a) xNH3
5 100%, (b) xNH3

5 90%, 
and  (c) xNH3

5 80%.

Fig. 6 A comparison of thermal power density for different 
combustion configurations of NH3 flames
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and pore size gradient. Increasing flame speed excessively (e.g., by 
high H2 content) leads to a partial flashback and re-establishes the 
flame in a narrow region outside of the porous matrix at the outer 
circumference of the burner. Excessive mass flux pushes the flame 
downstream out of the stability range for pure ammonia operation at 
_m00 > 0.25 kgm−2s−1.

3.3 Pollutant Emissions. Figure 9 presents the measured NO, 
N2O, H2, and NH3 in the exhaust gas as a function of / for 
xNH3
¼ 100%, 90%, 80%, and 70% and a fixed mass flux of 

_m00 ¼ 0.19 kgm−2s−1. The exhaust NO emissions were reported dry 
and normalized to 15% O2 concentration, following standard 
practices for emissions measurements of gas turbine combustors 
[50]. Consistent with previous studies on porous media combustion 

of NH3 [34,35], high NO levels were recorded for flames close to 
stoichiometric conditions and increased with growing H2 content in 
the NH3 fuel mixture. NO emissions were significantly reduced for 
the rich mixtures (/ � 1:2) and also decreased linearly with 
decreasing equivalence ratio under lean conditions. A 30% increase 
in H2 addition from xNH3

¼ 100–70% yields an increase in NO 
emission by 60% for stoichiometry operation, peaking at 3200 
ppmv. The high NO levels were correlated to the conditions that led 
to flame location being furthest upstream, as was the case for high H2 

content mixtures seen in Fig. 8(b). This allows for long residence 
time at high temperatures, which is correlated to high NO emissions 
in ammonia combustion. However, the measured N2O emissions 
increase substantially under very lean conditions (/ � 0:6), as 
shown in Fig. 9(b), consistent with previous findings [18,51]. 
Minimal N2O emissions were observed for / � 0:8 across all 

Fig. 7 Solid matrix temperature distribution across the porous media as a function of 
equivalence ratio /, volumetric fraction xNH3

, and mass flux _m00: (a) xNH3
5 100% and m_005 0.19 

kgm22s21, (b) m_005 0.19 kgm22s21 and u 5 1, and (c) xNH3
5 100% and u 5 1

Fig. 8 Radial profiles of solid matrix temperature Ts as functions of equivalence ratio /, volumetric fraction xNH3
, 

and mass flux _m00. Measured exhaust gas temperature Tg is shown relative to the PIM radius. (a) xNH3
5 100% and 

m_005 0.19 kgm22s21, (b) m_005 0.19 kgm22s21 and u 5 1, and (c) xNH3
5 100% and u 5 1.
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mixtures (N2O emissions were calibrated down to 150 ppm), while a 
peak value of 1700 ppmv was recorded at /¼ 0.5 for xNH3

¼ 70%. 
For xNH3

¼ 100%, the N2O concentration remained below 150 ppm 
at all stable equivalence ratios (0:9 � / � 1) for the present mass 
flux rate. N2O emissions are primarily attributed to low temperature 
operation under these conditions, which promotes N2O survival. 
Furthermore, N2O emissions increase with NH3 content, suggesting 
that lower temperatures along with increased fuel-bound N favor 
N2O accumulation. This trend aligns with observed NO emission 
reduction under lean conditions (Fig. 9(a)), while N2O formation 
exhibits an increasing trend, highlighting the interplay between 
these two emissions with the combustion temperature.

Figures 9(c) and 9(d) show the volumetric measurements of 
unburned H2 and NH3 in rich mixtures (/ � 1) with different 
compositions of NH3/H2. Rich NH3 combustion is known to produce 
a significant amount of unburned reactants, mainly in the form of 
NH3 and H2, with a large fraction appearing as H2 slip. Unburned 
NH3 increases with / in all mixtures, reaching 1% in pure NH3 

combustion at /¼ 1.3 and slightly greater in xNH3
¼ 80% and 90% 

mixtures at /¼ 1.4. The increase in unburned levels of NH3, reflects 
the challenge of achieving low NOx and low NH3 slip operation 
under fuel-rich conditions. H2 emissions also increase with / for all 
mixtures. This is particularly noticeable in the mixtures with higher 

contents of H2, such as xNH3
¼ 70% case, where the volumetric 

fraction of the H2 slip gradually increased to 12%. For these 
conditions, the opportunity for second-stage combustion arises, as 
was demonstrated in PMBs by Vignat et al. [38].

A comparison between the experimental measurements (dashed 
lines) and the predictions of a simple perfectly stirred reactor (PSR) 
model for NO, N2O, H2, and NH3 emissions is also presented in 
Fig. 9. The PSR model was implemented in Cantera [52] and used 
the kinetic model of Stagni et al. [53]. The PSR model was applied 
under approximated experimental conditions, with the residence 
time corresponding to mass flux. To compensate for heat loss to the 
ceramic matrix, the model assumed a temperature that was 150 K 
lower than the adiabatic flame temperature for each respective NH3/ 
H2 mixture, resulting in optimized matches to the experimental data. 
The model shows a good qualitative agreement in predicting NO, 
H2, and NH3 emissions in a range of equivalence ratios /. A 
significant deviation between the model and the experimental results 
was observed near the peak NO emissions, likely due to the 
limitations of the simple model to account for significant changes in 
flame location apparent at these conditions, see Fig. 8. However, 
N2O predictions from the PSR model using Stagni et al. [53] reaction 
mechanism overestimates N2O levels, whereas Nakamura et al. [54] 
show better agreement with the experiments of xNH3

¼ 70% case in 

Fig. 9 Measurements of NO, N2O, H2, and NH3 as a function of xNH3
and the equivalence ratio /, for a mass 

flux of _m005 0.19 kgm22s21. The solid lines represent the PSR model predictions. (a) Pollutant NO. 
(b) Pollutant N2O. (c) Unburned H2. (d) Unburned NH3.
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Fig. 9(b). The influence of combustion temperature on the formation 
of NO, H3, and NH3 slip is presented in Appendix B.

Following previous studies [4,53,55–60], analysis of the model 
shows that the consumption of NH3 occurs predominantly through 

the H abstraction reaction to form NH2, with hydroxyl radicals (OH) 
being the main reactants under all equivalence ratios. Secondary fuel 
consumption reactions involve hydrogen (H) and oxygen (O), 
though these are less significant than OH in depleting NH3. The 
oxidation of NHi species (where i¼ 1 or 2) has two possible 
outcomes, depending on the proportion of O/H radicals available. 
When the O/H ratio is high, NHi species undergo rapid oxidation to 
form NO through the HNO intermediate. For a low O/H ratio, NH2 

more gradually converts to NH, eventually forming NO. For rich 
mixtures, the ratio of O/H is decreased while the overall 
concentration of H increases. The increase in H radical increases 
its reaction rate with NHi to compete with NO production pathways, 
leading to the observed low NO production [57]. Numerous studies 
have identified the formation of NO due to fuel-bound NOx

pathways, particularly through intermediates such as HNO, NHi, 
and N2O [60,61]. The formation of N2O occurs through the reaction 
of NO with NH. Mashruk et al. [51] provided a detailed analysis on 
N2O formation and reduction using reaction pathway analysis and 
sensitivity coefficients of the reaction mechanism used in this study, 
identifying the dominant reaction pathways and key factors 
influencing N2O emissions. Haynes [62] reported the formation of 
N2 through a NHiþNHi combination reaction through intermediate 
species N2H2. This mechanism dominates the kinetics of rich 
ammonia flames and contributes to low NO production. Using a 
chemical reactor network model, it was demonstrated that the 
formation of N2 via a pollutant pathway involves HNO, NO, and 
N2O intermediates, and the N2H2 pathway, through NNH inter
mediates [34]. The pollutant pathway was revealed to play an 
important role in lean conditions, while the N2H2 pathway 
dominates in rich combustion conditions.

The effect of varying the mass flux on the NO emission and the 
unburned O2 and H2 concentrations of the stabilized NH3 flames is 
presented in Fig. 10. For lean cases, 0:8 < / < 1, the concentration 
of NO ranges between 350 and 3000 ppmv (15% O2) and tends to 
increase with increasing mass flux. With a twofold increase in mass 
flux from 0.12 to 0.25 kgm−2s−1, NO emissions increased 
approximately four times under stoichiometric conditions, high
lighting the strong dependence of NO formation on mass flux, 
related to increased combustion temperature (see Figs. 7(c) and 
8(c)). Higher mass fluxes were previously reported in PMBs to 
improve the reforming of NH3 [35]. In Fig. 10(b), increased _m00 is 
accompanied by an increase in the unburned volume fraction H2 

across all / values.
The results of Fig. 10(a) indicate the lowest amount of NO 

pollutants occurs near the extinction limits of the PMB, at a mass 
flux of _m00 ¼ 0.12 kgm−2s−1. According to Fig. 10(c), combustion 

Fig. 10 Effect of mass flux on NO and H2 emissions, residual O2 

of the burner for the NH3 combustion: (a) pollutant NO, 

xNH3
5 100%, (b) unburned H2, xNH3

5 100%, and (c) residual O2, 
xNH3

5 100%
Fig. 11 Measured NO, N2O, and NH3 emissions under lean 
conditions for a mass flux of _m0050:12 kg m22s21
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efficiency was slightly reduced for this case, resulting in 
approximately 1% of unburned O2 at stoichiometric conditions, 
but was comparable to the higher mass flux cases for the /¼ 0.9 
case. Operation using the near-extinction limit mass flux was often 
explored in porous media combustion to achieve low NO emissions 
[34,35]. Figure 11 expands on these conditions, and shows the 
measured NO, N2O, and unburned NH3 (normalized to 15% O2) for 
operating conditions with xNH3

¼ 100% and xNH3
¼ 70% at 

_m00 ¼ 0.12 kgm−2s−1. For xNH3
¼ 100% operation, the extinction 

limit of the burner is reached at /¼ 0.8, where the NO and N2O 
emissions were measured to be 360 and 356 ppmv, respectively. 
Operation at /¼ 0.9 increased the NO emissions to 568 ppm and 
reduced the N2O emissions to 176 ppm. With H2 blending, at 
xNH3
¼ 70%, the lean extinction limit was reached at / ¼ 0.55, 

where NO and N2O emissions were measured at 376 and 1256 ppmv, 
respectively. The lower temperature associated with these leaner 
conditions promotes N2O formation while simultaneously reducing 
NO emissions. Notably, axial PMBs operating at mixture fraction of 
xNH3

¼ 70% reported NO emissions in the range of 1000–2500 
ppmv at near-lean extinction conditions (0:55 < / < 0:75), while 
the present radial PMB exhibits significantly lower NO emissions, 
ranging from 376–673 ppmv within a similar equivalence ratio 
range [35]. The unburned concentration of NH3 found under these 
conditions is relatively small compared to rich operating conditions, 
but still significant, measured to be 6010 ppm at the lean extinction 
limit for xNH3

¼ 100% operation and 3410 ppm at the lean extinction 
limit for xNH3

¼ 70% operation. These results indicate lean operation 
of near-extinction conditions as an optimal regime for high fuel 
efficiency and relatively low NO and unburned NH3 emissions, but 
not optimal considering N2O emissions. The tradeoff between NO, 
NH3 slip, and N2O emissions is critical; while NO and NH3 contribute 
to air pollution and are harmful to human health, N2O is relatively 
inert and nontoxic, but has a significant global warming potential of 
298 CO2 equivalent over an 100 year period. In the present burner 
operating condition corresponding to the maximum measured N2O 
emissions ( _m00 ¼ 0.19 kgm−2s−1, xNH3

¼ 70% and /¼ 0.5), the 
exhaust stream would contain approximately 54% CO2.

4 Conclusions

This study investigated the combustion of premixed NH3/H2/air 
flames stabilized within a solid porous media matrix. The radial 
inward flow porous media burner demonstrated effective flame 
stabilization across various operating conditions. The graded 
topology of the ceramic foam facilitated the stabilization of the 
large flame thickness characteristic of NH3. The compact geometry 
of the porous media achieved a high volumetric power density 
compared to conventional PMBs and swirl-stabilized NH3 flames, 
making it more suitable for compact power generation applications, 
particularly in microgas turbines. Infrared radiometry was used to 
estimate the temperature of the solid matrix for the first time. The 
dynamic flame stabilization was analyzed in relation to fuel 
composition, equivalence ratio, and mass flux. The correlation 
between the estimated solid matrix temperature and the exhaust gas 
temperature provided insight into flame stabilization mechanisms.

Emission measurements of NO, N2O, unburned NH3, and H2 were 
conducted. A qualitative comparison was performed with a simple 
perfectly stirred reactor model using a 150 K lower temperature than 
predicted by an adiabatic calculation; predicted emission trends 
closely match the measured emissions of this burner. The observed 
NO emissions increased as the reactant mixture transitioned from 
lean to stoichiometric conditions (/ � 1) and decreased signifi
cantly under rich combustion (/ � 1:2). Near the lean extinction 
limit, NO emissions remained below 670 ppmv with high hydrogen 
blending (xH2

¼ 30%). However, N2O emissions increase substan
tially at very lean conditions (/ � 0:6). For pure NH3 combustion, 
low NO levels were observed under near lean extinction limits, 
while high concentrations of unburned NH3 in rich conditions were 
attributed to low combustion temperature. Adding H2 content to 
NH3 fuel extended the flammability limits but led to increased NO 

levels from lean to stoichiometric conditions and elevated unburned 
H2 concentration in rich mixtures. The overall ratio of unburned H2 

to NH3 increased with fuel richness and a higher H2 content. 
Additionally, increased heat recirculation with higher mass flux led 
to elevated NO levels and unburned H2 volume fractions.

This study identified regimes for low NO emissions: a) near lean- 
limit NH3/H2 combustion, where a tradeoff with increased N2O 
formation is observed, b) under rich conditions of / � 1:2, and c) for 
pure NH3 at low combustion temperature associated with low mass 
flux. Advancements in additive manufacturing offer opportunities to 
optimize the pore size for extended flame stabilization in NH3/air 
flames. The PMB of the radial inward flow shows potential as a 
practical solution for NH3 fueled microgas turbines.
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Nomenclature

L ¼ foam thickness (mm)
_m00 ¼ mass flux (kgm−2s−1)
Po ¼ atmospheric pressure (Pa)
_qv ¼ thermal power density (MW m−3)
Tg ¼ exhaust gas temperature (K)
Ts ¼ solid matrix temperature (K)

xH2
¼ volumetric fraction of H2

xNH3
¼ volumetric fraction of NH3

z ¼ axial distance across foam (mm)
D ¼ P¼ pressure drop (Pa)

Abbreviations 

PIM ¼ porous inert media
PMB ¼ porous media burner
PSR ¼ perfectly stirred reactor
SiC ¼ silicon carbide

Greek Symbols 

e ¼ emissivity
/ ¼ equivalence ratio

Superscripts and Subscripts 

g ¼ gaseous
s ¼ solid
v ¼ volume

Appendix A: Estimated Radiation Heat Loss

To estimate radiation heat losses, this study used simple 0D 
formulations to characterize two-body radiation heat transfer 
[63]. The radiative heat loss fraction (fraction of total heat input 
that is lost via radiation) is systematically evaluated in both 
directions of the solid matrix for different solid temperatures in 
Fig. S1 available in the Supplemental Materials on the ASME 
Digital Collection. Considering a heat input (Qin) based on a 
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mass flux of _m00 ¼ 0:19 kgm−2s−1, the radiative heat loss fraction 
is found to be approximately 10% for solid matrix temperatures 
observed between 1300 to 1400 K in NH3 combustion. The 
dominant direction of radiation loss depends on the flame 
stabilization location. When the flame stabilizes near the 
upstream, radial radiation loss dominates, and conversely, flame 
stabilization within the porous matrix results in higher axial 
radiation losses.

Appendix B: Effect of Combustion Temperature on the 

Formation of NO, H2, and NH3 Slip

The PSR model provides a valid approach for evaluating the 
effects of temperature variations on emissions formation using 
Stagni et al. [53] mechanism. To systematically assess the 
influence of heat losses on pollutant formation, the model assumes 
reduced flame temperatures DT (¼Tad − T) of 150 and 300 K. 
However, it is important to note that these imposed temperature 
reductions are specific to the modeling approach, whereas actual 
temperature drops in an experimental system depends on multiple 
factors such as flow conditions, matrix temperature, and external 
cooling effects. The PSR model predictions in Fig. S2 available in 
the Supplemental Materials demonstrate the role of combustion 
temperature in the formation of NO emissions in the system. The 
agreement between measured emissions and PSR predictions for 
DT¼ 150 supports the conclusion that heat loss influences 
pollutant formation, leading to a 40% reduction in NO emission 
at stoichiometric conditions relative to adiabatic conditions 
(DT¼ 0) in Fig. S2(a) available in the Supplemental Materials. 
Furthermore, elevated temperatures promote greater H2 produc
tion and increased NH3 conversion, thereby reducing unburned 
NH3 slip (refer to Figs. S2(b) and S2(c) available in the 
Supplemental Materials). However, this effect simultaneously 
leads to elevated NO formation in lean conditions, emphasizing 
the need to balance temperature, equivalence ratio, and heat losses 
to optimize NH3 combustion performance and emission control.
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