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 A B S T R A C T

This study investigates spatially-distributed, non-premixed ammonia/air combustion in porous media burners 
(PMBs) as a strategy to mitigate NOx emissions and improve flame stability, two key challenges for ammonia 
as a carbon-free fuel. To the best of our knowledge, this is the first experimental demonstration of this 
approach. Experiments are conducted over global equivalence ratios (0.7 ≤ 𝛷𝑔 ≤ 1.3) and thermal loads 
(0.25 ≤ 𝑃 ≤ 0.76 MWm−2). Temperatures inside the porous matrix and global emissions of NOx, NH3, N2O, and 
H2 are measured and compared between non-premixed and premixed operation. Results show that NH3/air 
flames are stably anchored in high-porosity foams (15 PPI) without external preheating. N2O emissions remain 
below 40 ppmv (normalized to 15 % O2), and non-premixed operation reduces NOx by one order of magnitude 
compared to premixed operation, while maintaining low NH3 slip. Low NH3 and NOx emissions occur only 
in non-premixed operation, with the most favorable regimes under globally fuel-lean conditions. In the lowest 
non-premixed case (31 ppmv NH3, 111 ppmv NOx, 𝑃 = 0.25 MWm−2, 𝛷𝑔 = 0.8), NO𝑥 is reduced by 90 %
compared to premixed operation (2 ppmv NH3, 1148 ppmv NOx) at identical conditions. Complementary 
volume-averaged simulations (VAS) reproduce these trends and indicate that H2 formed in NH3-rich zones 
promotes NOx reduction. These findings demonstrate that spatially-distributed, non-premixed combustion in 
PMBs enables stable, low-emission ammonia combustion and may further reduce NH3 slip through improved 
downstream mixing and residence time control.
1. Introduction

Ammonia has attracted growing attention as a carbon-free energy 
carrier, offering promising potential for energy storage, transporta-
tion, and conversion [1,2]. For direct energy conversion, NH3 can 
alternatively be cracked into H2 prior to use. However, this route 
introduces an additional endothermic conversion stage and associated 
balance-of-plant losses, which typically reduces the overall efficiency 
compared to direct NH3 combustion [3]. This highlights the need for a 
burner design that enables the combustion of pure NH3/air mixtures 
which is addressed by a porous inert media burner (PMB) concept 
in the present work. Several drawbacks hinder the widespread burner 
application of ammonia: low chemical reactivity, resulting in low flame 
speed and difficult stabilization, and elevated levels of unburned NH3
and nitrogen-based pollutants. Specifically, NOx formation tends to 
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dominate under fuel-lean conditions, while fuel-rich operation typically 
leads to excessive NH3 slip [2,4–6]. Moreover, in contrast to the 
combustion of conventional fuels under atmospheric pressure, NH3
combustion also leads to the formation of N2O. Although nitrous oxide 
appears in lower concentrations than NOx, its strong greenhouse effect, 
with a 20-year global warming potential more than 200 times greater 
than that of CO2, necessitates its inclusion in emission assessments [4,
7,8]. Consequently, future regulations may also impose strict limits 
on N2O emissions [9,10]. Additionally N2O has a high ozone layer 
depletion potential [11]. These considerations highlight the need for 
advanced combustion concepts that enable stable and low-emission 
ammonia conversion.

Recent stabilization strategies have often focused on swirl burn-
ers [2,6,12] or hydrogen enrichment [1,5] but both routes struggle with 
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the fundamental trade-off between NOx emissions and NH3 slip [13]. 
Moreover, in premixed flames, hydrogen addition often leads to in-
creased NOx and N2O formation [5,7]. As a result, fuel staging strate-
gies have come into focus, which suppress pollutants by leveraging 
fuel-rich zones to limit NOx formation and fuel-lean zones to reduce 
NH3 emissions [2,4,14].

Another promising concept is premixed combustion in porous inert 
media. In such systems, thermal recirculation between the combustion 
zone and the incoming flow is substantially increased by the heat trans-
port properties of the porous body, leading to a higher effective flame 
propagation speed. This enhancement arises from heat recirculation 
mechanisms involving conduction, convection, and radiation within 
the solid matrix [15–17]. Specifically, the effective flame speed can 
rise by an order of magnitude, depending on the material properties 
and boundary conditions [18–20]. Hence, porous burners are highly 
suitable for the flame stabilization of low-calorific gases. [18,21]. Sta-
ble premixed combustion of pure ammonia/air mixtures in porous 
media has already been demonstrated. However, high pollutant emis-
sions were observed in such PMB systems, especially under practically 
relevant lean operating conditions: Wang et al. [22] reported NOx emis-
sions exceeding 5000 ppmv (6 % O2), and Vignat et al. [23,24] reported 
more than 1500 ppmv NOx (15 % O2). An exception was reported by 
Vignat et al. [14], who achieved emissions as low as 28 ppmv NOx
and 149 ppmv NH3 (15 % O2) in a downstream, two-stage operation 
concept. In general, pollutant emissions in porous inert media burners 
(PMBs) can be optimized by adjusting thermal properties and the flow 
field [17,25,26]. Reducing NH3 slip, in particular, demands high tem-
peratures, lean equivalence ratios, and uniform reactant mixing [24,
27]. Nevertheless, fuel-bound NOx formation remains a key challenge, 
especially because the conventional Zel’dovich mechanism plays only 
a minor role in NH3/air combustion [2,4].

Recent investigations have explored non-premixed ammonia com-
bustion as a possible route to reduce NOx emissions. Kretzler et al. [28] 
investigated non-premixed NH3/air flames in a heated slot burner 
with high-temperature walls, achieving NOx emissions as low as 335 
ppmv (normalized to 15% O2) under globally stoichiometric conditions. 
Zhang et al. [29] examined a non-premixed swirl-stabilized flame 
with 30 Vol% hydrogen addition, achieving NOx concentrations below 
30 ppmv and unburned NH3 levels below 1500 ppmv (normalized to 
15% O2). Similarly, Chen et al. [30] reported sub-100 ppmv NOx and 
NH3 emissions using a laminar non-premixed preheated flame (above 
640 K). These results highlight the potential of non-premixed strategies 
for pollutant reduction. Further addressing these challenges requires 
advanced burner designs to ensure stable and low-pollutant combus-
tion for NH3 use in large-scale applications. Although existing studies 
demonstrate the suitability of PMBs for stabilizing pure NH3/air flames, 
PMBs without secondary staging exhibit NOx emissions of several 
thousand ppmv under lean or stoichiometric operating conditions.

To address these challenges, the objective of the present work is to 
deliver a first proof-of-concept demonstration of spatially-distributed, 
non-premixed NH3/air combustion in a PMB to enhance flame stabiliza-
tion by heat recirculation and reduce NOx emissions by thermal NH3
decomposition under fuel rich conditions avoiding the fuel-bound NOx
formation pathways. Focus is set on (i) mapping flame-stability limits 
through variation of thermal load and equivalence ratio, (ii) quan-
tifying temperatures within the porous media (iii) measuring global 
emissions of NOx, NH3, N2O and formed H2, and (iv) numerically pre-
dicting exhaust gas composition and analyzing the associated global NO 
formation pathways. Performance is compared to a reference case with 
premixed combustion in the same porous medium to assess whether the 
non-premixed PMB concept can pair flame stability with low NOx, as 
well as overall low-pollutant output.

The remainder of this paper is organized as follows. First, the 
conceptual approach is introduced in Section 2.1, followed by the 
burner designs in Section 2.2 and the determination of their effective 
2 
Fig. 1.  Conceptual illustration of spatially-distributed, non-premixed NH3/air 
combustion in porous inert media. Spatially separated NH3 (red) and air (blue) 
jets are heated by radiative-conductive heat recirculation, promoting thermal 
cracking to H2, which diffuses toward oxidizer-rich regions and burns locally.

material properties in Section 2.3. The experimental setup and diag-
nostics are described in Section 2.4 followed by the introduction of 
the numerical model in Section 2.5, including the governing equations 
of the volume-averaged approach and the simulation setup. Results 
on flame stabilization, pollutant emissions, and analysis of pollutant 
formation are discussed in Section 3.1, Section 3.2, and Section 3.3, 
respectively, followed by conclusions in Section 4.

2. Methods

2.1. Conceptual approach

Ammonia flames stabilized in porous inert media show enhanced 
stability [24], and non-premixed operation might be a promising ap-
proach to reduce NOx formation [28–30]. To combine these advan-
tages, the present study implements spatially-distributed, non-premixed 
combustion in a PMB. Fig.  1 presents an overview of the proposed 
concept. Distributed, spatially separated jets of NH3 and air pene-
trate the porous medium, and the initial absence of mixing prevents 
immediate oxidation. Intense radiative-conductive heat recirculation 
from the solid is expected to raise the core jet temperature above ≈
1000 K, where thermal cracking of ammonia becomes relevant, lead-
ing to its partial decomposition into hydrogen and nitrogen [31,32]: 
2NH3 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← N2 + 3H2. The produced hydrogen, characterized by a 
markedly higher diffusivity than ammonia, diffuses toward the oxidizer 
stream, where combustion occurs. A fraction of the released heat is 
recirculated to sustain further NH3 dehydrogenation and hydrogen 
production in locally rich regions, creating a self-sustained reaction 
zone. Because the dominant heat release originates from the oxidation 
of H2 formed via NH3 dehydrogenation, and because O2 is consumed 
before reaching NH3-rich regions, the formation of fuel-bound NOx is 
inherently suppressed. In this study, a PMB is investigated in spatially-
distributed, non-premixed operation, and its combustion characteristics 
are compared with those under premixed conditions.

2.2. Porous inert media burners

Experiments are conducted in a cylindrical PMB (see Fig.  2) that 
contains a stack of four SiSiC foams (EngiCer SA) with pore densities 
of 15, 10, 10, and 20 pores per inch (PPI), each 50 mm in diameter 
and 25 mm thick. The porosity of the foams is approximately 80 % 
(exact properties of the porous foams obtained from μ-X-ray computed 
tomography (XCT) scans are provided in Table  2). The foams are ar-
ranged within a quartz tube and are wrapped with 6 mm ceramic-fiber 
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Fig. 2. Schematic of the experimental apparatus showing the gas distrib-
utor, including its arrangement and cross-sectional view, for non-premixed 
operation. SiSiC: silicon-infiltrated silicon carbide; PPI: Pores Per Inch; TC: 
thermocouple.

paper (ACE 1500, Kager) to minimize heat loss. A 30 mm vacuum-
formed ceramic shell (KFB1400, Becker Insulation) further insulates 
the quartz tube. The primary objective of the burner design is to 
facilitate stable, low-emission non-premixed NH3 combustion by fos-
tering thermal cracking in locally fuel-rich regions and ensuring rapid 
mixing and complete burnout downstream. Specifically, insulation of 
this relatively small-size burner reduces heat losses, leading to higher 
combustion temperatures and enhanced reactant preheating, thereby 
improving flame stabilization during pure NH3 combustion. In addi-
tion, the porous matrix is tailored such that the upstream foam induces 
relatively low dispersion to maintain the integrity of the fuel jets and 
promote NH3 cracking in locally fuel-rich regions. Downstream sections 
with larger pore size and thicker struts promote higher dispersion 
and improved mixing. The final section, featuring a stepwise-graded 
pore size (10 to 20 PPI), enhances heat recirculation and minimizes 
heat loss to the surroundings [33]. Heat loss remains the predominant 
factor contributing to incomplete NH3 combustion in porous media 
under premixed conditions [27]. Therefore, minimizing these losses is 
essential for the complete conversion of ammonia.

Two different gas distribution configurations are used for premixed 
and non-premixed operation, respectively. For the non-premixed con-
figuration, a stainless-steel gas distributor with a height of 20 mm and 
a diameter of 50.8 mm, fabricated via metal laser melting (1.4404, 
50 μm layer thickness, 3D-Laserdruck GmbH & Co. KG) is employed. 
This design is optimized for homogeneous flow distribution. The fuel 
ducts contain 24 holes, each with a diameter of 1.4 mm, while the 
air ducts include 77 holes with a diameter of 1 mm (see Fig.  2). 
The pressure drop across these holes is large compared to the pres-
sure variations inside the plenums, which ensures an approximately 
uniform flow distribution. During manufacturing, imperfections at the 
outlet holes caused by 3D printing are removed by manual reworking. 
In addition, the leak tightness between the fuel and air supply is 
checked using an exhaust gas probe directly at the outlet holes, and 
no defects are detected. For premixed operation, a second, identical 
burner configuration is used, in which the gas distributor is replaced 
by a perforated ceramic-fiber plate (HT 180, Duotherm) with identical 
external dimensions and 1 mm holes arranged in the same pattern. 
This plate serves as a flame arrester, thereby ensuring consistency in 
flow distribution for comparison between non-premixed and premixed 
operation and preventing flashback. In the premixed configuration, the 
gas supply is provided through a single pipe feeding an externally 
3 
Table 1
Operating parameters of μ-XCT scans.
 Parameter (unit) Value  
 X-ray voltage (kV) 150  
 X-ray current (μA) 70  
 Voxel size (μm) 39  
 Scan size (voxels) 1600 × 1380 × 624 

Table 2
Geometric and thermal properties of the porous foams employed in this study. 

 Pore density (PPI) 10 15 20 Dist.  
 Thickness 𝐿 (mm) 25 25 25 20  
 Porosity 𝜀a (%) 76.9 72.9 75.1 4.4  
 Pore diameter 𝑑𝑝a (mm) 3.34 2.85 2.38 –  
 Specific surface 𝑆𝑣

a (m−1) 714 891 1075 261  
 Tortuosity 𝜂a (–) 1.31 1.48 1.45 1  
 Axial effective thermal  
 conductivity factor 𝑎a (Wm−1K−1) 0.094 0.074 0.073 0.968 
 Extinction coefficient 𝜅b (m−1) 525 650 831 400  
Dist.: Distributor
a Values for the porous zones obtained from μ-XCT scans
b Values obtained from ray-casting radiation simulations.

premixed NH3/air mixture into the comparatively large hollow plenum 
(80 mm in height) between the perforated plate and the glass flange at 
the bottom. This plenum also contains a flow straightener consisting 
of two laser-cut stainless steel meshes (mesh sizes 0.3 and 0.2 mm; 
wire diameters 0.2 and 0.125 mm; Dorstener Drahtwerke), ensuring 
homogeneous mixture formation and a uniform flow distribution.

2.3. Determination of effective material properties

The effective properties and closure models defined in the governing 
equations in Section 2.5.1 depend on the material and macro-structure 
of the porous medium. Effective properties of the porous zones are 
extracted from μ-X-ray computed tomography (XCT) scans acquired 
with a CT-ALPHA X-ray scanner (ProCon X-ray) equipped with a Dexela 
Type 1512 detector (Perkin Elmer). Scan parameters are summarized 
in Table  1. Micro-X-ray computed tomography is an X-ray imaging 
technique with (sub)micron resolution based on a cone-beam X-ray 
source and a rotating sample holder [34]. The acquired 2D projections 
are reconstructed into a 3D voxel dataset with gray values proportional 
to X-ray attenuation. Post-processing with the open-source software 
PuMA [35] is used to determine porosity, pore diameter, and specific 
surface area. Background noise in the scans is suppressed with a 3D 
Gaussian filter, and segmentation threshold values between gas and 
solid phases are determined using the Otsu method [36]. The disper-
sion length cannot be measured directly. Its role in the calculation 
of the energy balance and pollutant formation is discussed in [37]. 
For this work, the characteristic dispersion length is taken as 𝑑disp =
0.1𝑑𝑝, where 𝑑𝑝 is the characteristic pore diameter. The axial effective 
thermal-conductivity coefficient 𝑎, as well as the tortuosity 𝜂, are 
determined with PuMA’s finite volume solver. Extinction coefficients 𝜅
are obtained from ray-casting radiation simulations. Additionally, the 
perforated plate in the premixed configuration is also modeled as a 
porous medium. Table  2 compiles the properties for each porous zone 
and the distributor.

The heat transfer coefficient ℎ𝑣 for all zones is calculated as 

ℎ𝑣 = 𝑁𝑢
𝑆𝑣𝜆
𝑑ℎ

, (1)

where the Nusselt numbers 𝑁𝑢 for SiSiC porous zone (pz) and distrib-
utor (dist.) [38] are defined as
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𝑁𝑢pz = 3.7𝑅𝑒0.38𝑃𝑟0.25 ,

𝑁𝑢dist. = 3.66 +
0.065(𝑃𝑟𝑅𝑒(𝑑ℎ∕𝐿))1.117

1 + 0.031(𝑃𝑟𝑅𝑒(𝑑ℎ∕𝐿))0.779𝑃𝑟0.25
,

(2)

and the Reynolds 𝑅𝑒 and Prandtl 𝑃𝑟 numbers are 

𝑅𝑒 =
𝜌|𝑢|𝑑ℎ

𝜇
, 𝑃 𝑟 =

𝑐𝑝𝜇
𝜆

. (3)

For porous zones, the hydraulic diameter is 𝑑ℎ = 4𝛾∕𝑆𝑣, and for 
the distributor, it is taken as the diameter of the holes. The effective 
thermal conductivity 𝜆eff  [39–41] is calculated as 

𝜆eff ,pz = 𝑎𝜆𝑠,ref

(

𝑇𝑠
𝑇0

)𝑏
, 𝜆eff ,dist. = 𝑎(𝑐1 + 𝑐2𝑇𝑠) , (4)

where 𝜆𝑠,ref = 110 Wm−1K−1 is the thermal conductivity of SiSiC at 
𝑇0 = 293 K, the factor 𝑎 is given in Table  2 and 𝑏 = −0.53. For the 
perforated ceramic-fiber plate (HT 180, Duotherm), the coefficients are 
𝑐1 = 2.72 × 10−2 Wm−1K−1 and 𝑐2 = 10−4 Wm−1K−2. The permeability 
coefficients 𝑘1 and 𝑘2 are calculated from [42,43] for the porous zones 
and the distributor, respectively.

2.4. Experimental setup and diagnostics

The gas flow rates are controlled using mass flow controllers (MFCs, 
Bronkhorst) with a relative accuracy better than 0.5%. The MFCs are 
factory-calibrated and serviced in regular intervals. The stated uncer-
tainty corresponds to the manufacturer’s specification. For the fuel 
stream, pure NH3 (Air Liquide) with a purity better than 99.98% is 
supplied. To ensure continuous gas flow, the liquefied NH3 cylinders 
remain at room temperature using a heating system.

To measure the exhaust gas species, a sampling probe with heated 
transfer lines is positioned centrally at the burner outlet. Gas analyzers 
(ABB, response time < 4 s) are used to detect N2O (0–500 ppmv, 
Uras 26), O2 (0–25 Vol %, Uras 26) and H2 (0–10 Vol %, Caldos 17) 
in the dry gas phase. NH3 (0–2000 ppmv), NO (0–5000 ppmv), and 
NO2 (0–1000 ppmv) are measured in the wet gas phase using a heated 
Limas 21 analyzer to avoid losses due to dissolution of NOx and NH3 in 
water condensate. If the measuring range of a species is exceeded, the 
exhaust gas is diluted with heated air to enable detection. To ensure 
comparability, all species are normalized to 15 % O2 following [44]: 

𝑋𝑖,15%O2
= 𝑋𝑖

𝑋O2 ,air −𝑋ref
O2

𝑋O2 ,air −𝑋meas
O2

, (5)

with 𝑋O2 ,air = 20.95% and 𝑋ref
O2

= 15.0%. For species reported on a 
wet-gas basis, the corresponding dry-basis O2 measurements are first 
converted to a wet-gas basis before normalization to 15 % O2.  Since 
direct H2O measurement is not available in the present setup, the H2O 
mole fraction required for the wet-to-dry conversion is estimated from a 
simplified stoichiometric exhaust gas balance. For the base evaluation, 
the oxidized NH3 fraction is assumed to form N2 and H2O, while under 
fuel-rich conditions (𝛷𝑔 > 1) the non-oxidized NH3 fraction is assumed 
to decompose completely to N2 and H2, i.e., NH3 slip is neglected. To 
ensure comparability with values reported on a dry-gas basis, the wet-
gas emission values reported in this study can be converted using the 
corresponding conversion factor 𝑓wet→dry, summarized in Table  3.  The 
uncertainty associated with possible NH3 slip under fuel-rich conditions 
was assessed by a bounding analysis using two limiting cases, namely 
complete NH3 slip and the assumed complete decomposition of the 
unburned NH3 to N2 and H2. For all operating points considered in 
this work (𝛷𝑔 = 0.7 − 1.3), the resulting difference in the wet-to-dry 
conversion factor remained below 2.3 %, with the maximum deviation 
occurring at 𝛷𝑔 = 1.3. This conservative upper bound is also consistent 
with the corresponding numerical predictions presented in this study, 
which suggest that deviations in the exhaust gas H2O fraction remain 
small across the investigated operating range. 

Signal acquisition relies on a NI-9208 current-input module housed 
in a NI-DAQ-9179 chassis. All data are averaged over at least 2 min 
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Table 3
Conversion factors obtained from the stoichiometric com-
bustion of NH3 for converting wet-gas values to dry-gas 
values.
 𝛷𝑔 (–) 𝑋H2O (Vol %) 𝑓wet→dry (–) 
 0.7 23.61 1.309  
 0.8 26.25 1.356  
 0.9 28.74 1.403  
 1.0 31.11 1.452  
 1.1 29.87 1.426  
 1.2 28.72 1.403  
 1.3 27.67 1.382  

after reaching steady state conditions. Due to the low standard de-
viations of the averaged data, the measurement uncertainties are es-
timated solely based on the manufacturer’s specifications, yielding 
𝛥𝑋NH3

= 20 ppmv, 𝛥𝑋NO = 50 ppmv, 𝛥𝑋NO2
= 10 ppmv, 𝛥𝑋N2O =

5 ppmv, 𝛥𝑋H2
= 0.2 Vol % and 𝛥𝑋O2

= 0.125 Vol %. Zero calibration 
prior to each measurement was performed using high-purity nitrogen 
(99.999 %, Air Liquide). Span calibration was performed using cer-
tified calibration gases for N2O (500 ppmv) and H2 (10 Vol %, Air 
Liquide, relative measurement uncertainty 2 %), ambient air (20.95 
Vol % O2) for O2, and internal calibration cells for NH3, NO, and 
NO2 in the heated Limas 21 analyzer, corresponding to 80 % of the 
respective measurement ranges. This procedure was applied prior to 
each measurement series to account for analyzer drift. Additionally, 
the uncertainty arising from the normalization to 15 % O2, as defined 
in Eq. (5), is consistently taken into account. The resulting compound 
error in the normalized concentration 𝑋𝑖,15%O2

, arising from 𝛥𝑋𝑖 and 
𝛥𝑋meas

O2
 is calculated using the Gaussian error propagation: 

𝛥𝑋𝑖,15%O2
=

√

√

√

√

√

( 𝜕𝑋𝑖,15%O2

𝜕𝑋𝑖
𝛥𝑋𝑖

)2

+

(

𝜕𝑋𝑖,15%O2

𝜕𝑋meas
O2

𝛥𝑋meas
O2

)2

, (6)

which, applied to Eq. (5), yields: 

𝛥𝑋𝑖,15%O2
=
[

(

20.95 − 15.0
20.95 −𝑋meas

O2

𝛥𝑋𝑖

)2

+

(

20.95 − 15.0
(20.95 −𝑋meas

O2
)2
𝑋𝑖𝛥𝑋

meas
O2

)2
]

1∕2

.

(7)

Uniform exhaust gas distribution across the outlet cross section was 
confirmed, with measured variations in NH3 and NOx emissions below 
5 % based on sampling at various radial outlet positions.

Temperature measurements were conducted using five S-type ther-
mocouples (PtRh-Pt; IEC 60584 class 1, 0.3 mm thermo wire) inserted 
into a ceramic protection tube (d = 1.55 mm, Degussit AL23, Kyocera 
Fineceramics Europe GmbH) and connected to a NI-9214 thermocou-
ple module. The data acquisition system was operated in accordance 
with the manufacturer’s recommended calibration interval. Four of the 
thermocouples were positioned within the axial centers of the ceramic 
foams, 25 mm apart and inserted 5 mm into the porous matrix, while 
the fifth thermocouple measures the temperature at the burner outlet. 
To suppress catalytic effects of the platinum, the thermocouple tips are 
coated with zirconium oxide (Resbond 904, Cotronics). Temperature 
measurements over time are used together with species measurements 
to evaluate burner stability and to assess whether stationary conditions 
are reached. At each operating point, the burner is operated until no 
systematic temporal variations are observable in the measured tem-
peratures and emissions, for at least 10 min. Additionally, to ensure 
comparability with operating points reported for similar burner designs 
in terms of shape and dimensions (Vignat et al. [23,24]), an operating 
point is only considered stationary and thus stable if the temperature 
fluctuations on all thermocouples installed in the burner remain below 
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10 K over two minutes. Before each measurement, the burner is pre-
heated to its operating temperature with a methane/air flame. It is then 
switched to NH3/air operation and allowed to stabilize until stationary 
conditions are achieved. Further, temperature data also locate the flame 
position.

2.5. Volume-averaged numerical model

2.5.1. Governing equations
A volume-averaged approach [37,39] is utilized to simulate reactive 

flow in porous media. The volume-averaged governing equations are 
written as
𝜕(𝛾𝜌)
𝜕𝑡

+ ∇ ⋅ (𝛾𝜌𝑢) = 0 , (8)

𝜕(𝛾𝜌𝑢)
𝜕𝑡

+ ∇ ⋅ (𝛾𝜌𝑢𝑢) = −𝛾∇𝑝 + ∇ ⋅ (𝛾𝝉)

−𝑢sup

(

𝜇
𝑘1

+
𝜌
𝑘2

|𝑢sup|
)

,
(9)

where 𝑢 is the interstitial gas velocity, 𝜌 the density, 𝑝 the pressure, 𝛾
the porosity, 𝑢sup = 𝛾𝑢 the superficial velocity and 𝝉 the stress tensor. 
The last term on the RHS of Eq. (9) is the Darcy–Forchheimer term for 
pressure loss due to flow through the porous material. 𝑘1 and 𝑘2 are the 
linear and turbulent permeability coefficients, respectively. To consider 
the effect of heat transfer to and from the solid structure, the energy 
equation for the gas phase can be written in terms of total enthalpy as 
𝜕(𝛾𝜌ℎtot )

𝜕𝑡
+ ∇ ⋅ (𝛾𝜌𝑢ℎtot ) =∇ ⋅ (𝛾 ⃗̇𝑞) + 𝛾

𝜕𝑝
𝜕𝑡

− 𝛾
∑

𝑘
(ℎ0𝑘𝜔̇𝑘) − ℎ𝑣(𝑇 − 𝑇𝑠) ,

(10)

where ℎ𝑣 is the heat transfer coefficient and the total energy is ℎtot =
ℎsens+

1
2 𝑢 ⋅𝑢, with the sensible enthalpy ℎsens. Eq.  (10) accounts for flow 

dispersion by the solid matrix and the heat flux reads 
⃗̇𝑞 = −(𝐷disp𝜌)∇ℎsens

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
dispersion

+
∑

𝑘
ℎsens,𝑘

̂⃗𝑗𝑘

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
differential diffusion

−𝜆
𝜂
∇𝑇

⏟⏟⏟
Fourier

, (11)

where 𝜆 is the thermal conductivity of the gas, 𝑐𝑝 the isobaric heat 
capacity, 𝜂 the tortuosity, 𝑘 the index of the 𝑘th species, ℎsens,𝑘 the 
sensible enthalpy of species 𝑘 and ̂⃗𝑗𝑘 = 𝑗𝑘 − 𝑌𝑘

∑

𝑘 𝑗𝑘 the conservative 
molecular diffusive species flux. The dispersion coefficient is calculated 
as 
𝐷disp = 1

2
|𝑢|𝑑disp , (12)

where 𝑑disp is the characteristic dispersion length. The gas species 
conservation equation reads 
𝜕(𝛾𝜌𝑌𝑘)

𝜕𝑡
+ ∇ ⋅ (𝛾𝜌(𝑢 + 𝑢𝑐 )𝑌𝑘) =𝛾𝜔̇𝑘 − ∇ ⋅ (𝛾𝑗𝑘) , (13)

where 𝑌𝑘 is the mass fraction and 𝜔̇𝑘 is the reaction rate of species 𝑘, 
𝑗𝑘 the diffusive flux. The correction velocity is given by 𝑢𝑐 = − 1

𝜌
∑

𝑘 𝑗𝑘. 
The diffusive fluxes are expressed as: 

𝑗𝑘 = −𝜌

(

𝐷mole
𝑚,𝑘

𝜂
+𝐷disp

)

∇𝑌𝑘 − 𝑌𝑘𝜌
𝐷mole

𝑚,𝑘

𝑀̄𝜂
∇𝑀̄ , (14)

where 𝑀̄ is the mean molar mass of the mixture, and the diffusion 
coefficient is 

𝐷mole
𝑚,𝑘 =

1 − 𝑌𝑘
∑

𝑗≠𝑘
𝑋𝑗
𝑗,𝑘

, (15)

where 𝑋𝑗 is the mole fraction and 𝑗,𝑘 the binary diffusion coefficient. 
The energy equation for the solid phase reads 

(1 − 𝛾)𝜌𝑠𝑐𝑠𝛽
𝜕𝑇𝑠
𝜕𝑡

=∇ ⋅ (𝜆𝑠,eff∇𝑇𝑠) + ∇ ⋅ (𝜆rad∇𝑇𝑠) (16)

+ ℎ𝑣(𝑇 − 𝑇𝑠) − 𝜁 (𝑇𝑠 − 𝑇ref ) ,
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Fig. 3.  Burner schematic for VAS of NH3/air combustion in porous media. 
Premixed (top, 1D) and non-premixed (bottom, 2D cut through 3D domain) 
operating condition.

Table 4
Inlet and interface boundary conditions for 𝑃 = 0.51 MW m−2. The subscripts 
‘‘PRM’’ and ‘‘NPR’’ refer to premixed and non-premixed, respectively.
 𝛷𝑔 𝑚̇𝑖𝑛,𝑃𝑅𝑀 𝑅𝑒in,PRM 𝑚̇in,air,NPR 𝑅𝑒in,air,NPR 𝑇inf  
 (–) (kgm−2s−1) (–) (kgm−2s−1) (–) (K)  
 0.8 0.225 14.8 6.68 1790 1322 
 0.9 0.203 13.5 5.94 1590 1325 
 1.0 0.185 12.4 5.34 1430 1327 
 1.1 0.171 11.5 4.86 1300 1290 
 1.2 0.159 10.7 4.45 1191 1263 

where 𝑐𝑠 is the heat capacity of the solid, 𝜆𝑠,eff  the effective thermal 
conductivity of the solid. The thermal conductivity 𝜆rad for the radiative 
heat transfer is defined using the Rosseland model [45] as 𝜆rad =
16𝜎𝑇 3

𝑠 ∕(3𝜅), with 𝜎 the Stefan–Boltzmann constant and 𝜅 the extinction 
coefficient. The numerical coefficient 0 ≤ 𝛽 < 1 accelerates convergence 
to the steady state. The heat loss of the porous burner is modeled using 
heat loss coefficient 𝜁 and 𝑇ref = 300 K.

2.5.2. Simulation setup
The burner configurations used for volume-averaged simulations 

(VAS) are shown in Fig.  3. One-dimensional simulations (1D-VAS) 
are performed for premixed cases, whereas the non-premixed cases 
are simulated in three dimensions to accurately represent the spatial 
distribution of ammonia and air inlet holes from the experiment. The 
distributor is resolved as channels with a fixed interface temperature 
𝑇inf . The term ‘‘interface’’ here refers to the interface between the 
distributor and the most upstream (15 PPI) SiSiC layer. Both premixed 
and non-premixed cases are simulated for a thermal load of 𝑃 =
0.51 MWm−2 with an inlet temperature of 𝑇in = 300 K and radiative 
heat loss at the outlet. Symmetry boundary conditions are used for the 
patches normal to the burner axis.

The inlet mass flux and the interface temperatures are defined based 
on the experimental measurements. The fixed boundary conditions for 
the inlets and distributor are given in Table  4. The total inlet fuel mass 
flux 𝑚̇in,f ,np = 1.45 kgm−2s−1 (𝑅𝑒in,f ,np = 566) is fixed for all operating 
points. Heat loss coefficients 𝜁 for each porous zone are adjusted in 
the numerical model to approach the thermo-couple measurements 
in the experiments. The 1D computational domain is discretized into 
1, 300 cells. For 3D-VAS, the computational domain is locally refined 
in the channels and the reaction zone, discretizing into a total of 
112, 525 cells. A total of five detailed chemical-kinetic mechanisms for 
ammonia/air combustion, namely Stagni [46], NUIG [47], KAUST [48], 
Konnov [49,50] and Shrestha [51] are used and compared.

3. Results

3.1. Flame stabilization

As already discussed in Section 1, combustion in porous media en-
hances flame stability and is particularly suitable for the stabilization of 
low-calorific gases [15–17], favoring pure NH /air combustion without 
3
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Fig. 4.  Experimental stability map for pure NH3/air combustion in the porous 
burners, shown as a function of the global equivalence ratio 𝛷𝑔 and thermal 
load per unit surface 𝑃  (based on the fuel lower heating value). Symbols 
mark operating points where stable combustion is achieved. The blue region 
indicates conditions where the non-premixed operation is stable, whereas the 
red region is entirely contained within it and corresponds to the premixed 
operation. No flame could be stabilized outside the considered regions.

H2 enrichment or external preheating. This section evaluates overall 
burner stability and the differences in stability between non-premixed 
and premixed operation modes as a function of the global equivalence 
ratio 𝛷𝑔 , evaluated from the total NH3 and air flow rates supplied to 
the burner, and the thermal load per unit surface 𝑃 .

Both operating modes are investigated using the stability criteria 
defined in Section 2.4. The investigated operating domain is limited 
to 0.7 ≤ 𝛷𝑔 ≤ 1.3 and 𝑃 ≤ 0.76 MW m−2 due to safety and material 
constraints. Step sizes of 𝛥𝛷𝑔 = 0.1 and 𝛥𝑃 = 0.1275 MW m−2 define 
the test matrix. The resulting stability map is presented in Fig.  4. 
The present burner enables pure NH3/air combustion in porous media 
with pore densities as high as 10/15 PPI. This is likely due to the 
enhanced thermal insulation of the burner, which supports NH3 flame 
stabilization more effectively than in the configurations reported by 
Vignat et al. [14,23,24], who achieved stable combustion for pore 
densities of 3 PPI with comparable burner designs in terms of shape 
and dimensions. Fig.  4 demonstrates stable combustion up to 𝑃 =
0.76 MWm−2. Operating points outside the considered stable region 
result in flame extinction or blow-off. Based on this operating window, 
the turndown ratio, defined as the ratio of the highest and lowest mass 
flux sustaining combustion, is ≈ 1:4. Note that the matrix is limited 
to 𝛷𝑔,max = 1.3 and 𝑃max = 0.76 MWm−2, so the potential of this NH3
porous burner is not fully exploited yet. Industrial burners typically tar-
get high turndown ratios, and premixed CH4 PMBs commonly achieve 
ratios of 1:10–1:15 [24]. Thermal power density per surface area is 
an important parameter for minimizing device size, weight and cost. 
While premixed CH4 porous burners at atmospheric pressure reach up 
to 4.0 MWm−2, with typical values not exceeding 3.0 MWm−2 [18], 
the present laboratory-scale pure NH3/air burner was tested up to 
0.76 MWm−2 in the considered operating matrix. Referencing the 
full reactor length yields a volumetric power density of 7.6 MWm−3, 
and limiting the reference length to the 40 mm heat-release zone – 
conservatively defined as the region where most heat is released – raises 
this value to 19 MWm−3, comparable to the 5–22 MWm−3 reported for 
swirled NH3/H2 flames [24].

Relative to the premixed operation, the non-premixed operation 
shows a wider lean stability limit. At 𝑃 < 0.51 MWm−2, stable 
operation extends down to 𝛷𝑔 = 0.8 (premixed) and 𝛷𝑔 = 0.7 (non-
premixed). Both windows narrow as 𝑃  increases, converging at 𝛷𝑔 =
1.0 and 𝑃 = 0.76 MWm−2. While the lean stability limit for premixed 
6 
Fig. 5.  Temperature profiles TTC along the height of the burner 𝑧 under global 
stoichiometric conditions 𝛷𝑔 = 1 for non-premixed and premixed operation at 
varying thermal loads 𝑃  of 0.25, 0.51 and 0.76 MWm−2 (see legend), based 
on thermocouple measurements (solid lines). Predicted temperatures using the 
NUIG mechanism (dotted lines) are shown for 𝑃 = 0.51 MWm−2.

operation is comparable to that observed by Vignat et al. [24], the 
non-premixed operation at 𝛷𝑔 = 0.7 exhibits a wider lean stability 
limit for pure NH3/air flames. The extended lean stability limit in 
the non-premixed operation most likely results from mixture stratifi-
cation, which induces locally stoichiometric conditions and thus higher 
temperatures, thereby stabilizing the reaction zone. Upstream dehydro-
genation of NH3 to H2 (see Section 3.3, Fig.  9) may further enhance 
stability, as the formed H2 broadens the narrow NH3/air flammability 
range (𝛷 = 0.63−1.4) toward the much wider range of H2/air (𝛷 = 0.1−
7.1) [4]. The convergence of the stability limits at 𝑃 = 0.76 MWm−2

likely results from the onset of flame lift-off as well as from the step 
size of the test matrix.

The location of the flame can be approximated based on the tem-
perature profiles within the porous medium. Fig.  5 shows that the 
measured porous body temperatures increase with thermal power for 
both operating modes, as the heat release rate increases more than 
the accompanying heat losses. The highest measured temperature, 
observed at 𝛷𝑔 = 1 and 𝑃 = 0.76 MWm−2 under premixed operation, is 
1722 K and thus noticeably below the corresponding adiabatic value 
of 2071 K [4], indicating the presence of heat losses. Note that gas 
temperature is not measured directly, and the thermocouple tip tem-
perature is assumed to approximate the solid matrix temperature rather 
than the gas temperature  [21]. At low and medium thermal powers 
(𝑃 < 0.51 MWm−2), both operating modes exhibit similar temperature 
profiles, and the flame front is located in the lowest foam layer (15 PPI), 
as indicated by the temperature maximum. For 𝑃 ≥ 0.51 MWm−2, 
the non-premixed operation shows higher downstream temperatures, 
suggesting that the flame stabilizes progressively farther downstream. 
Numerical predictions of the temperature profiles at the medium power 
setting are in good agreement with the measurements and reproduce 
the observed flame stabilization in the lowest foam layer.
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Fig. 6.  Measured exhaust gas emissions at the burner outlet at 0.51 MWm−2 normalized to 15 % O2 following [44], shown as a function of the global equivalence 
ratio 𝛷𝑔 for the premixed and non-premixed operation, comparing experimental data with VAS predictions using the NUIG and Stagni kinetic mechanisms. 
Additional NO𝑥 predictions using the KAUST [48], Konnov [49,50] and Shrestha [51] mechanisms for selected equivalence ratios 𝛷𝑔 = 0.9, 1.0 and 1.1 are also 
reported.
3.2. Pollutant emissions

In this section, we focus on global emissions at the stable operating 
points, following the procedure described in Section 2.4. Fig.  6 presents 
the measured and predicted NOx, NH3, N2O, and H2 emissions from the 
PMB, normalized to 15 % O2, as a function of the equivalence ratio at 
the intermediate thermal load of 𝑃 = 0.51 MWm−2.

For NOx, emissions rise at 𝛷𝑔 ≤ 1 and decrease under rich con-
ditions, reflecting the transition from the ‘‘pollutant pathway’’ in lean 
NH3 flames to the ‘‘N2H2 pathway’’ in rich flames [24,52]. Further, 
Vignat et al. [24] reported that, in porous burners, the balance between 
NO formation rate in the flame zone and its consumption in the post-
flame region becomes more favorable as the mixture turns rich, leading 
to a reduction in global NOx emissions. Across all operating points, non-
premixed operation emits substantially – often an order of magnitude 
– less NOx than premixed operation, supporting the hypothesis of the 
non-premixed PMB concept, i.e. upstream NH3 dehydrogenation in rich 
regions followed by recombination to N2 and H2 suppressing fuel-
bound NOx (see Section 2.1). In addition, hydrogen produced in very 
rich regions can diffuse outwards and activate NH De-NOx pathways. 
Furthermore, the non-premixed configuration yields a longer flame 
with reduced peak temperatures, further limiting thermal NOx forma-
tion. However, thermal NOx is not significant compared to fuel-bound 
NOx. Additionally, hydrogen produced in very rich regions diffuses 
outwards, activating NH De-NO𝑥 pathways. As expected, unburned 
NH3 remains low for 𝛷𝑔 < 1 but strongly increases under fuel-rich 
conditions. Under non-premixed operation, NH3 slip is higher than 
in the premixed case, most likely due to incomplete mixing in the 
downstream foam sections. An optimized flow geometry of the porous 
body, increasing dispersion and micro-mixing, or an extended reactor 
length providing increased residence time could lead to a complete 
burnout. Despite the current trade-off between significantly lower NO
x

7 
and slightly higher NH3 emissions for the present non-optimized geom-
etry, non-premixed operation offers a more favorable compromise. For 
instance, at stoichiometric conditions (𝛷𝑔 = 1), the NOx and NH3 con-
centrations are approximately 107 ppmv and 275 ppmv, respectively, 
in non-premixed operation, compared to 1623 ppmv and 2 ppmv in 
premixed operation. In this case, the reduction in NOx emissions is 
significantly larger than the increase in NH3 slip. Non-zero H2 concen-
trations appear for 𝛷𝑔 > 1 in both operating modes and are typically 
about an order of magnitude higher than the corresponding NH3 slip. 
Because no external H2 is added, this observation confirms substantial 
NH3 dehydrogenation. This effect is most evident in the premixed 
case at 𝛷𝑔 = 1.1, where 0.9 % H2 and only 36 ppmv unburned NH3
are detected. For N2O, no systematic dependence on 𝛷𝑔 is observed 
in the non-premixed operation, whereas the premixed case shows a 
slight increase under lean conditions. Absolute levels remain higher 
under non-premixed operation, reaching up to 35 ppmv, compared 
with 11 ppmv in the premixed case. Nevertheless, for both operating 
modes N2O emissions are insignificant both in terms of toxicity and 
greenhouse gas potential.

Overall, numerical predictions obtained with the five kinetic mech-
anisms are in qualitative and partially also quantitative agreement 
with the experimental results. For both premixed and non-premixed 
operation, the trends in NOx and NH3 emissions as well as H2 con-
centrations at the outlet are reproduced, whereas deviations remain in 
the predicted N2O emissions, particularly with respect to their peak 
levels. Differences are also observed between the numerical predictions: 
NOx emissions predicted with the Stagni, NUIG, KAUST and Shrestha 
mechanisms are fairly similar, especially for 𝜙 = 1.0. The NUIG and 
KAUST mechanisms predict higher NO emissions for lean conditions 
as compared to the Stagni and Shrestha mechanisms. The Konnov 
mechanism predicts significantly higher NO emissions, in particular 
for premixed burner operation. The addition of the chemiluminescence 
species and the enhanced flux of atomic nitrogen along the NO →NO 
2
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Fig. 7.  Measured exhaust gas emissions at the burner outlet at 𝛷𝑔 = 1 normalized to 15 % O2 following [44], shown as a function of the thermal load for 
premixed and non-premixed operation.
pathway (already observed in our previous work [28], see Fig. S1 
therein) lead to overall higher NO production rates in the Konnov 
mechanism for the present conditions. The VAS predictions for the 
other species are very similar for all evaluated mechanisms (not shown 
for KAUST, Konnov and Shrestha in Fig.  6 for clarity of presentation).

Besides the previously investigated variation in equivalence ratio, 
changes in thermal load affect the temperature, heat recirculation, 
and flame surface power density within the burner. Its influence on 
pollutant emissions is examined in Fig.  7 for global stoichiometric 
operation (𝛷𝑔 = 1). This condition is chosen because the flame remains 
stable across the entire power range while both NOx and NH3 are 
present. With increasing thermal load, the measured temperature rises 
from 1430 K to 1722 K in the 15 PPI foam (𝑧 = 12.5 mm). A similar 
trend is observed for NOx emissions, which increase in both operating 
modes, consistent with previous findings [5,24].

Across all power levels, NOx emissions remain substantially lower in 
non-premixed operation (down to 15 ppmv) than in premixed operation 
(down to 852 ppmv). NH3 emissions remain close to the limit of detec-
tion (LOD) for premixed operation under stoichiometric conditions. In 
contrast, elevated NH3 slip is observed under non-premixed operation, 
particularly at thermal loads below 0.64 MWm−2, reaching up to 
1190 ppmv. As the thermal load rises, unburned NH3 concentrations 
fall to nearly zero, showing that – beyond the previously discussed ben-
efits of longer residence time and better mixing – higher temperatures 
can also lead to complete NH3 reforming. H2 emissions are observed 
only in the presence of elevated NH3 slip under non-premixed operation 
at low thermal loads. Note that possible non-uniformities at the non-
premixed gas distributor could also lead to streaks of local fuel-rich 
zones over several fuel/air feed holes, causing elevated NH3 emissions.

N2O emissions show no systematic dependence on thermal load. 
However, the non-premixed operation reaches up to 40 ppmv, whereas 
the premixed operation remains below 10 ppmv across the tested range.

As previously noted, a trade-off between NOx and NH3 emissions 
exists across lean and rich conditions. To further investigate this trade-
off and compare the overall emission behavior of the two operating 
8 
modes, global NH3 and NOx emissions are plotted in Fig.  8 for all 
tested stable equivalence ratios and thermal loads. To achieve low-
pollutant operation, an operating window in which the concentrations 
of both species are minimized must be targeted. Overall, N2O remains 
at moderate levels of up to ≈ 40 ppmv and premixed operation yields 
significantly higher NOx emissions, whereas non-premixed operation 
exhibits higher NH3 slip. This slip can likely be reduced by improved 
mixing and longer residence times, as well as higher temperatures at 
lower relative heat losses through burner scale-up.

Nevertheless, the non-premixed map contains considerably more 
operating points that fall into a low-emission regime for both species 
compared to the premixed case. Emissions below 250 ppmv NH3 or 
NOx are only observed in non-premixed operation, with low-emission 
operation occurring predominantly under fuel-lean conditions, whereas 
the premixed case reaches its lowest concentrations under fuel-rich con-
ditions. Lowest emissions occur in the lean region at 𝑃 = 0.25 MWm−2

in non-premixed operation, where:

• 9 ppmv NH3 and 285 ppmv NOx at 𝛷𝑔 = 0.7,
• 31 ppmv NH3 and 111 ppmv NOx at 𝛷𝑔 = 0.8,
• 250 ppmv NH3 and 42 ppmv NOx at 𝛷𝑔 = 0.9.

Note that outside this subset, individual species concentrations can be 
even lower.

3.3. Analysis of pollutant formation

The conceptual approach introduced in Section 2.1 is validated from 
3D-VAS of non-premixed ammonia/air combustion. The hydrogen and 
NO formation is further investigated for the operating point 𝛷𝑔 = 0.9
and 𝑃 = 0.51 MWm−2. This point with a medium thermal load and 
a global lean condition is chosen due to the significant reduction in 
NOx emissions and negligible NH3 slip, as observed in Fig.  6. Due to 
the heat re-circulation within the porous matrix, H  is produced from 
2



D. Kretzler et al. Applications in Energy and Combustion Science 27 (2026) 100526 
Fig. 8.  Measured exhaust gas emissions at the burner outlet, normalized to 15 % O2 following [44], shown as a function of the measured NO𝑥 and NH3 for 
varying equivalence ratio and thermal load (𝑃1 − 𝑃5 = 0.25, 0.38, 0.51, 0.64 and 0.78 MWm−2) in non-premixed (left) and premixed (right) operation. The 
blue region qualitatively marks the range where lean and stoichiometric mixtures (𝛷𝑔 ≤ 1) dominate, while the red region marks the range where rich mixtures 
(𝛷𝑔 > 1) dominate, with a few outliers present in both regions.
Fig. 9. Left: VAS prediction of ammonia dehydrogenation in non-premixed 
combustion at 𝛷𝑔 = 0.9 and 𝑃 = 0.51 MWm−2. Right: Sectional plot normal 
to burner axis showing NH3, H2, and O2 mass fractions for volume-averaged 
peak H2 (a) production and (b) consumption rates.

ammonia upstream of the main reaction zone as illustrated in Fig.  9. 
The distribution of H2 between the NH3 and air jets is similar to the 
conceptual illustration in Fig.  1. Given the high temperature at the 
interface (1325 K for 𝛷𝑔 = 0.9), dehydrogenation of NH3 starts in the 
zone between the fuel and air channel outlets. In axial direction from 
the interface, the extent of the hydrogen production zone is 3 mm and 
the flame stabilizes itself at 3.3 mm. The ammonia conversion ratio in 
the zone upstream of the flame front is calculated as  = 2𝑋H2

∕(2𝑋H2
+

3𝑋NH3
) and defines the fraction of hydrogen converted from NH3 to H2. 

The flame front is defined by the maximum heat release rate. Upstream 
of the flame front, within the first few millimeters above the outlet, the 
volume-averaged simulation predicts an ammonia conversion ratio of 
up to  = 0.35.

The peak H2 mass fraction 𝑌H2
= 0.003 in the sectional plane shown 

in Fig.  9 (a) is much lower compared to ammonia 𝑌NH3
= 0.93, but 

it contributes 40% to the net combustion process (H2 + OH ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← H +
H2O). For the premixed operation, this contribution is 33%. For both 
operating modes, the major reactions leading to H2 production were 
evaluated as:
H + NH3 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← H2 + NH2

H + NH ←←←←←←←←←←←←←←←←←⇀ H + NH
2 ↽←←←←←←←←←←←←←←←←← 2
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H + NH ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← H2 + N

H + N2H2 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← H2 + NNH

H + HNO ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← H2 + NO

Volume-averaged hydrogen production rates in the production zone are 
0.248 and 0.183 kgm−3s−1 for non-premixed and premixed operation, 
respectively. Hydrogen produced from NH3 is fully consumed in both 
operating modes as H2 + OH ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← H +H2O.

As was observed in Fig.  6, non-premixed ammonia/air combus-
tion in porous media emits significantly lower NO compared to the 
premixed operation. The chemistry of NO formation is analyzed by per-
forming a reaction pathway analysis (RPA) for the operating point 𝛷𝑔 =
0.9 and 𝑃 = 0.51 MWm−2. Since all the evaluated reaction mechanisms 
(except Konnov) predict fairly similar NO emissions, see Fig.  6, the 
RPA for both non-premixed and premixed operation is solely performed 
using the Stagni and the NUIG mechanisms, with the corresponding 
path diagrams for NUIG shown in Fig.  10. The atomic N flux from NH3
to N2 follows three different pathways, shown with different colors in 
Fig.  10 [24]. The pollutant and the N2H2 path contribute to the bulk 
of the N flux to N2 for both operation modes. However, the N2H2 path 
has a higher net share for the non-premixed (54%) operation compared 
to the premixed (46%) operation. In the Stagni mechanism, this share 
changes to 42% and 44% for non-premixed and premixed operation 
respectively. As shown in [24], under rich premixed conditions, the 
importance of this path for De-NO𝑥 increases. Here, although the non-
premixed burner is operated under globally lean conditions, the locally 
rich regions producing hydrogen activate this pathway, leading to over-
all lower NO𝑥 emissions. However, the N2H2 path is less pronounced 
for the non-premixed operation in the Stagni mechanism, where the 
N2O→N2 path contributes equal N flux to N2. Negligible N2O emission 
is calculated for both mechanisms as shown in Fig.  6. The major path 
for pollutant formation is HNO ←←←←←←←←←←←←←←←←←→ NO, where the normalized N flux 
in premixed operation is twice that of non-premixed. The important 
reactions leading to the production of NO are H + HNO ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← H2 +
NO, HNO ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← H + NO, and HNO + NH2 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← NH3 + NO. The 
classical NOx (Zel’dovich) pathway has a minimal contribution to the 
NO production for both operations. However, relatively higher peak 
gas temperatures in the premixed operation could also accelerate NO 
production. The share of the Zel’dovich pathway is more active and the 
share of the major HNO ←←←←←←←←←←←←←←←←←→ NO path reduces in the Stagni mechanism 
for premixed operation. However, a higher share (15%) is calculated for 
the non-premixed operation as compared to the NUIG mechanism. The 
reactions NH+NO ←←←←←←←←←←←←←←←←←⇀ H+N O, N+NO ←←←←←←←←←←←←←←←←←⇀ N +O, and NH+NO ←←←←←←←←←←←←←←←←←⇀
↽←←←←←←←←←←←←←←←←← 2 ↽←←←←←←←←←←←←←←←←← 2 ↽←←←←←←←←←←←←←←←←←
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Fig. 10. Global space and time integrated NO pathways for 𝛷𝑔 = 0.9, 𝑃 =
0.51 MWm−2 visualized through N fluxes calculated using the NUIG mecha-
nism in VAS. The thickness of the arrows indicates the normalized N flux (see 
legend above).

N2 + OH are responsible for the consumption of NO in both reaction 
mechanisms, where the reaction NH+NO ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← H+N2O is more active 
in the Stagni mechanism. The net production rate of NO for the non-
premixed operation is 0.017 kgm−3s−1 as compared to 0.047 kgm−3s−1

for premixed combustion. The net NO production rates predicted by 
the Stagni mechanism are ≈ 30% lower for both operations. These net 
NO production rates explain the emissions reported in Fig.  6. Higher 
ammonia dehydrogenation improves the combustion characteristics 
for lean non-premixed ammonia/air operation and assists in reducing 
emissions. We note that ammonia combustion chemistry remains a 
significant source of uncertainty for quantitative NOx predictions, so 
the results presented here should be interpreted in the context of the 
underlying kinetic mechanism.

4. Conclusions

This study presents a systematic investigation of spatially-distrib-
uted, non-premixed combustion of ammonia in porous inert media. A 
broad matrix of stable operating points for pure NH3/air combustion 
was identified, and the corresponding temperatures within the porous 
media, as well as the global emissions of NOx, NH3, N2O, and H2 were 
quantified. The main findings are:

• This study presents, to the best of our knowledge, the first demon-
stration of spatially-distributed, non-premixed NH3/air combus-
tion in porous inert media, enhancing flame stabilization via 
thermal NH3 cracking and reducing NO𝑥 emissions by avoiding 
fuel-bound NOx formation pathways.

• Stable NH3/air flames are sustained without external preheating 
or fuel enrichment across a wide operating window, 0.7 ≤ 𝛷𝑔 ≤
1.3 and 0.25 ≤ 𝑃 ≤ 0.76 MWm−2, with an extended lean stability 
limit in non-premixed operation down to 𝛷𝑔 = 0.7, compared to 
𝛷𝑔 = 0.8 in premixed operation. This operating window could be 
further expanded by reducing relative heat losses.

• Relative to premixed operation, NOx emissions are significantly 
reduced by approximately one order of magnitude, whereas un-
burned NH3 in the present non-optimized setup increases slightly 
and N O remains at moderate levels of up to ≈ 40 ppmv.
2
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• In contrast to premixed operation, the lowest emissions in non-
premixed operation occur predominantly under globally fuel-
lean conditions, making this strategy particularly attractive for 
industrial applications with compact, non-staged operation.

• Numerical predictions of exhaust gas composition at the medium 
power setting are in good qualitative and partially quantitative 
agreement with the experimental results and capture the ob-
served trends. However, deviations in the predicted NOx levels 
between the utilized reaction mechanisms are observed, with all 
mechanisms underpredicting the measured N2O emissions.

• Global reaction pathway analysis conducted on the VAS data 
shows that under nominally lean operating conditions, the N2H2
De-NO𝑥 path is more active in the non-premixed compared to the 
premixed case. This is typical for rich premixed operation, show-
ing that the hydrogen produced in rich zones of the non-premixed 
burner adds to overall De-NO𝑥.

Overall, this study demonstrates spatially-distributed, non-premixed 
combustion in porous inert media as a promising concept for low 
pollutant operation and provides valuable information for optimizing 
flame stability and emission control in future ammonia-fueled systems. 
Further reductions in NH3 slip should be attainable through improved 
mixing in the downstream foam sections, increased residence times, 
and temperature control.
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