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ARTICLE INFO ABSTRACT
Keywords: Ammonia has gained considerable interest from the combustion community as an alternative fuel. The chemical
Ammonia energy promises to remove carbon entirely from heating, power and propulsion processes without incurring in extensive
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infrastructure developments, an important parameter for isolated regions located far from electrical or natural
gas grids. As such, the work on ammonia combustion expands from fundamental analyses to giga-Watt practical

applications in power generation. However, experimental research usually lacks further information about
radical interactions, blends reactivity, emissions abatement, flame stability, and scalability parameters. There-
fore, numerical modelling via Computational Fluid Dynamics (CFD) not only offers detailed insights into these
combustion challenges using ammonia but also ensures that by applying novel methodologies ammonia reso-
lution is accurate, relevant and affordable for a topic with such a large impactful potential. Therefore, this review
addresses a large literature survey from researchers and technologist across the globe currently assessing
ammonia as an energy vector. The review approaches the current situation of ammonia continuing with a brief
description of the importance of CFD to analyse ammonia flames. After this section the review addresses relevant
CFD research on topics that progress from the most fundamental combustion parameters to innovative appli-
cations such as liquid injection, plasmas and porous media systems. Finally, major challenges and future de-
velopments are presented, with conclusions that address the versatility of studies and most interesting areas of
further research relevant to the use of CFD modelling in the resolution of fundamental parameters in ammonia
combustion systems. The novelty of the review lays on the discussion of the latest research, via computational
fluid dynamics, intended to delve new technologies such as small burners, liquid atomization, plasma systems
and porous media to deploy ammonia energy concepts to new fields that include medium heating, small

transport, domestic applications and even aerospace systems.
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1. Introduction
1.1. Towards the 2030 net-zero agenda

The energy demand is expected to surge in the coming years,
underscoring the need for sustainable energy sources. However, the
spurt in emissions is leading to climate change, with the potential to
cause irreversible harm to the environment as global temperatures are
estimated to rise continuously. The Intergovernmental Panel on Climate
Change (IPCC) has predicted that the global temperature rise could
exceed 1.5°C and could become irreversible at 2.0°C [1]. This would
have a profound impact on living standards and global economic per-
formance. Hence, novel energy generation techniques like wind, solar,
and marine energy are being explored. However, these renewable
sources face challenges related to intermittency and high deployment
costs, which need to be overcome through viable energy storage
solutions.

Important bodies, such as the Hydrogen Council, currently evaluate
the hydrogen case, which as the name implies, assesses the full hydrogen
chain, overseeing not only past tendencies, but also predicting future
scenarios for the production, storage, distribution and utilization of such
a molecule. In recent analyses, the Council released a document with
details of “about-to-emerge” hydrogen corridors (i.e. large scale distri-
bution routes) that will partially power the world [2]. It has been esti-
mated that ~180 Mton per year are required to stay on track with
current climate change targets (below 1.9 °C), with an introduction of
hydrogen in a multitude of sectors. However, the lack of infrastructure,
final investment decisions bound to uncertain scenarios, and macro-
economic challenges, have made the progress on the topic slower than
anticipated [2]. On those lines, it is expected that government support
(and carbon taxing) combined with deeper hydrogen introduction in the
domestic, commercial and industrial markets will enable the creation of
>30 active hydrogen corridors by 2035, all of which will enable a cost
reduction in hydrogen whilst also ensuring energy security, supply
diversification, and an inclusive transition, ideally for every social and
economic background, across nations towards the implementation of net
Zero concepts.

As such, out of the total hydrogen estimates of 180Mtons [3], it is
anticipated that 40Mtons will be transported by ships or pipelines over
long distances, Fig. 1. This scenario leads to the use of various de-
rivatives that include synthetic kerosene, methanol, liquid organic
hydrogen carriers (such as toluene), and ammonia.

Similarly, chemical storage via hydrogen presents an opportunity for
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the recovery of renewable resources with zero carbon content and high
gravimetric energy density. However, hydrogen has inherent limita-
tions, such as extremely high liquefaction pressure, high permeability,
and low controllability due to high reactivity, which pose issues for
storage, distribution, and infrastructure deployment [4]. The costs of
long-term hydrogen storage can be economically unviable for many
applications, as the molecule needs to be cooled to cryogenic conditions
below 20 K (—253°C). Hence, other molecules as those above
mentioned, offer a unique method of delivery with the potential of using
existing knowledge and infrastructure.

Ammonia, one of these solutions, being the second most commer-
cialized chemical in the world and with a trading history of >150 years,
will continue growing its share amongst hydrogen-deploying corridors.
Simultaneously, it will also see a continuous growth in market share for
its utilization as an energy vector.

Currently, the use of ammonia for energy has been mainly focused on
its use for cracking purposes. Ammonia, with three hydrogen atoms, has
more hydrogen than hydrogen itself, and without embedded carbon and
unique properties, the chemical becomes a great candidate for green
hydrogen transportation and storage, which are achieved at relatively
low pressures (~8 bar at 15 °C) or high temperatures (—33 °C compared
to —253 °C of hydrogen under atmospheric pressure). These character-
istics enable ammonia to be moved globally relatively easily, with
infrastructure that has served the fertilizing industry for decades. Hence,
ammonia can be decomposed to obtain its hydrogen atoms, thus serving
as hydrogen enabler. However, the decomposition or “cracking” process
requires energy, which can account up to 13% of the total energy con-
tent of the ammonia molecule [5]. Therefore, some applications will find
the use of direct ammonia simpler and more economic, thus positioning
ammonia as a cost-effective fuelling net-zero vector.

Ammonia has tremendous potential as a carbon-free fuel through
flexible infrastructure that can serve not only for fertilizing purposes but
also for fuel delivery, making it a promising and cost-effective solution
for power generation [6]. Furthermore, the mature infrastructure and
the possibility of producing ammonia through renewable energy sources
have spurred exploration of its transition as the next sustainable fuel
solution [4]. However, ammonia still has several limitations that need to
be overcome before it can be widely used in combustion devices, such as
poor ignition quality, low burning velocity, low energy density, narrow
flammability limits, and high nitrogen oxide (NOy) emissions. More
research is needed to overcome these limitations and promote ammonia
as a sustainable fuel solution. To overcome these issues, some of the
most interesting and impactful research currently takes place via
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Fig. 1. Global clean hydrogen and derivatives long-distance trade flows, 2035 (Reprint from Ref. [3] with permission).
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innovative modelling approaches, approaches that, due to their great
variety, require a coherent literature review for those working on the
subject or those interested in joining this research area.

Therefore, this review aims to cover the issues mentioned above by
exploring the combustion fundamentals of ammonia as a fuel and
emphasising the properties that influence its combustion performance
and mixtures. Particularly, the manuscript will delve into crucial pa-
rameters currently evaluated via advanced modelling techniques
through computational fluid dynamics that can provide valuable in-
sights for improving our understanding of ammonia as a fuel.

1.2. The critical role of CFD modelling in ammonia combustion

In an era where computational capabilities expand exponentially, it
is evident that CFD modelling would play an important role in the
development of novel systems through the fundamental understanding
of complex combustion processes. As computational capabilities in-
crease and models become more flexible and economically viable, the
use of CFD in areas such as ammonia energy will keep increasing, hence
giving pace to a revolution of high-efficient components capable of using
ammonia with high flame stability accompanied with ultra-low emis-
sions. From the analyses of fundamental parameters via DNS to the
development of large power stations operating at Gigawatts, CFD
modelling will preclude some of the most interesting advancements that
the community will see in the foreseeable future. Cost reductions,
automated improvements, safe parameter evaluation, and customized
implementations are just some of the great advantages that are now
reachable thanks to CFD modelling of ammonia combustion systems.

Throughout these developments, CFD will keep playing a crucial role
in understanding the complex physics of ammonia combustion, ranging
from the underlying kinetics studied in OD reactors to the turbulent
flame behaviour captured by LES and DNS. RANS with tabulated
chemistry will keep providing a pragmatic route for design-space search,
whilst LES using finite-rate chemistry will keep expanding to gain
insight into transient stability and emission mechanisms towards the
abatement of instabilities and polluting emissions profiles.

It is also emphasized that ongoing algorithmic and hardware pro-
gresses are necessary to further facilitate high-fidelity methodologies for
daily engineering designs. This includes leveraging emerging platforms
like open-sources that will expand global contributions on the subject.
By tackling current challenges (some of them described in the following
sections), the CFD community can fully unlock its potential to accelerate
the development of efficient, stable, and clean ammonia combustion
systems for a sustainable energy future.

Particularly to this review, the novelty presented in this work relates
to new ideas concerning concepts such as plasma system, liquid injection
and porous media, all innovative concepts that are under scrutiny by the
combustion community at the time of writing this manuscript. Without
leaving behind concepts such as kernel propagation, laminar flames and
turbulent burners, the review complements the work performed by
others [6-10], where a combination of experimental and numerical
findings are presented. Here, the review focuses mainly on numerical
approaches to characterise and understand the intricate phenomena
behind ammonia combustion. It is also emphasized that this review does
not approach reaction mechanism analyses, as these have been reviewed
elsewhere [11-15].

The scope of this review is therefore focused on CFD-based studies of
ammonia combustion rather than on all aspects of ammonia fuel uti-
lisation. The manuscript first discusses fundamental configurations,
including ignition kernels, laminar flames, and turbulent research
burners, because these studies provide the physical and chemical basis
for model assessment. It then considers liquid ammonia injection,
porous media combustion, and plasma-assisted combustion as emerging
CFD-intensive topics where additional modelling challenges arise from
multiphase flow, solid—gas heat transfer, radiation, or non-equilibrium
chemistry. In this way, the review keeps the fundamental combustion
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discussion while highlighting novel modelling directions that are
becoming increasingly relevant for ammonia power applications.

2. Fundamental combustion systems
2.1. Kernels

The fundamental study of ammonia combustion is heavily reliant on
the chemical kinetic models employed for the resolution of ammonia’s
complex chemistry. However, it is also critical to emphasize the crucial
role of the proper resolution of kernels, turbulence, curvature, in-
stabilities and other fundamental parameters that occur along the flame.
The adequate resolution leads to the improvement of methods that not
only deliver better simulations but can also provide necessary amend-
ments in the reaction mechanisms used with less highly computationally
intensive methods, hence delivering strategies, equations and methods
to make more efficient the modelling of complex ammonia combustion
systems.

In order to acknowledge recent analyses, Kernel studies around
small, immediately ignited volumes are addressed to identify some
combustion tendencies of ammonia blends. Mukundakumar and Bas-
tiaans [16], using 3D DNS analyses, showed the impact of hydrogen
addition in premixed turbulent ammonia-hydrogen kernels, Fig. 2. By
substituting 75, 50 and 25% ammonia at 0.8, 1.0 and 1.2 equivalence
ratios, their results showed how the addition of hydrogen increases
small-scale wrinkles, a phenomenon linked to the differential diffusion
effects of hydrogen. As the hydrogen addition was reduced, these
wrinkles diminished, as expected. However, an interesting effect was
observed in which at constant hydrogen values but different equivalence
ratios, with rich conditions denoting smoother profiles, an effect caused
by the reduction of points on the surface where the flame speed is higher
than the rest of the flame (in other words, less instabilities were
observed). The study, also addressing flame curvature effects on the
mixture’s chemistry, found that getting closer to stoichiometric condi-
tions would increase reactivity, with a critical effect caused by H radi-
cals. As expected and observed experimentally in other studies [17],
hydrogen reaches a point where reactivity changes and the molecule
take over the reaction due to hydrogen’s higher diffusivity and reac-
tivity. Gaucherand et al. [10] evaluated dispersion relations for
NH3/Hgy/air flames investigating a variety of blends with hydrogen ra-
tios ranging from 0.4 to 1.0 under atmospheric conditions and equiva-
lence ratios of ¢ = 0.4, 0.5, and 1.0, as well as at elevated pressure of p =
10 bar for ¢ = 0.5. Their results show a monotonic reduction in in-
stabilities with the reduction of hydrogen, a phenomenon caused by the
increase in ammonia concentration that leads to a reduced peak growth
rate, likely due to lower reactivity leading to a higher Zel’dovich num-
ber. However, their work also elucidates the impact of hydrogen pref-
erential diffusion under lean conditions (phenomenon that will be
described in more detailed later in this text). Some of these analyses
were correlated to experiments performed by groups like Tohoku [18]
and Orleans [19], where flame correlations and parameters such as the
Markstein length -parameter that correlates burnt gas features and
laminar flame thickness, quantifying a premixed flame's sensitivity to
curvature and stretch, hence its propensity to be influenced by in-
stabilities-, burning velocity and Lewis number were assessed. Although
some results were not fully in agreement between models and experi-
ments (as a consequence of the use of reduced mechanisms and removal
of effects such as Soret, described in the following sections), most of the
results fall within the observations of experimentalist groups, expanding
the understanding behind the fundamental correlations under a variety
of pressures, equivalence ratios and blends. For example, it was
observed that by changes in hydrogen concentration, the Markstein
number would increase, an indication of better resistance to intrinsic
instabilities [18], whilst Zitouni et al. [19] found that the
non-monotonic behaviour of the Markstein number is amplified when
the equivalence ratio decreases. The group, using various Lewis
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Fig. 2. Flame structures at different equivalence ratios and hydrogen contents (Reprint from Ref. [16] with permission).

correlations, demonstrated that a diffusional-based Lewis number would
capture the non-linear stretch behaviour as function of Hy addition
under lean conditions, whilst a heat release-based Lewis number resul-
ted in better agreement under richer conditions, thus reporting the
impact of thermodiffusional instabilities with respect to equivalence
ratio.

For more practical analyses, engine-relevant conditions have also
been assessed to determine the impact of turbulent, pressurised atmo-
spheres on the expansion and flame features of kernels in engine units.
Yang et al. [20] tested a variety of cases (9) using up to 15% ammonia at
initial pressures of 0.54 MPa and 445 K. Equivalence ratios at 0.9, 1.0
and 1.1 with turbulent fluctuations of 1 m/s were studied using 2D DNS
analyses (all in line with experimental studies conducted elsewhere
[21]). The results denote the impact caused by fuel content, with flame
fronts less wrinkled with higher equivalence ratios (an analysis con-
ducted using probability density functions). Similarly, higher heat
release rates (HHR) occur in concave regions of the flame front, with
convex zones showing the lower HHR, an effect that increases with
hydrogen addition. As a consequence, the higher NO formation also
increases within these concave zones. The work also addressed the
importance of NH; as a HHR marker. Finally, and as expected, hydrogen
addition not only showed higher laminar burning velocities, but also
thinner flame thicknesses.

Du et al. [22] expanded the work by imposing gravitational con-
straints (1 g) that initially rose and stretched the flame, ultimately
forming an inwardly curling vortex structure. By comparing the results
with zero-gravitational and no radiation cases, the group found that the
relationship between a density-weighted displacement speed (S*4q) and
the unstretched laminar speed had a direct impact on the propagation of
the flame, with those cases under lean conditions (0.7 and 0.8

equivalence ratio) showing discrepancies between the lower and upper
regions of the flame, hence leading to larger flame distortions. This
emphasized the impact of gravity at leaner conditions. As expected,
radiation pronounced this effect, but as a consequence of the reduced
propagation speed caused by lower flame temperatures. Overall, gravity
accelerates global flame propagation.

An et [23] investigated liquid ammonia flames at different condi-
tions (temperature, droplet diameter, equivalence ratios, and ammonia
content) to determine state change impacts on propagation, curvature
and heat release. By using 2D LES analyses through OpenFOAM, the
team found that the ignition from liquid propagates slower than in the
gaseous form, a process caused by the heat losses of the evaporation
process. Similarly, the change in initial temperature has also impacted
on kernels, making more difficult to burn the chemical at lower tem-
perature values (as expected), with most cases quenching the flame after
ignition (at temperatures of 300 K vs 500 K). This process denotes the
competing effect between heat production and phase change heat ab-
sorption during ignition. Also, diameter, equivalence ratios and
ammonia fraction play important roles in the ignition process through
heat losses phenomena.

Taken together, ignition-kernel studies show that the predictive ac-
curacy of ammonia-kernel simulations is controlled by the competition
between chemical reactivity, transport-driven flame deformation, and
heat-loss processes. Hydrogen enrichment increases the availability of H
radicals and accelerates early heat release, but it also strengthens dif-
ferential diffusion effects, making local flame speed sensitive to curva-
ture, Lewis number, and equivalence ratio. Under lean or highly
stretched conditions, these transport effects can generate spatially non-
uniform burning rates and promote local extinction or enhanced NO
formation in curved regions of the flame front. In liquid-ammonia
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kernels, this competition becomes more complex because evaporation
cooling and phase change delay ignition and modify the local mixture
composition. Therefore, kernel simulations are not only useful for
reproducing ignition delay or flame radius, but also for identifying
which transport and chemical parameters must be retained when
reduced mechanisms or lower-cost CFD models are applied to larger
configurations.

2.2. Laminar flames

Laminar flames correspond to the simplest combustion regime,
where viscous forces dominate over inertial forces and the flow remains
orderly. In this regime, heat and mass transfer occur through molecular
diffusion, and the reactive zone remains spatially well defined, enabling
direct examination of chemical pathways, transport effects, and
pollutant formation mechanisms [24-26]. Because of their simplicity
and deterministic behavior, laminar flames are routinely used to vali-
date reaction mechanisms and quantify baseline flame properties for
ammonia-based fuels. For emerging carbon-free energy carriers such as
ammonia, these studies establish reference burning velocities, extinction
behavior, nitrogen chemistry pathways, and fuel-oxidizer interaction
characteristics prior to scaling toward turbulent or practical devices.

Laminar ammonia flames can be modeled numerically under one-
dimensional or multidimensional configurations. One-dimensional
flames are suited for mechanism development and parametric studies
of chemical pathways, whereas two-dimensional configurations intro-
duce geometric confinement, flame curvature, and wall effects. The
combination of both approaches provides the basis for constructing
predictive models for ammonia combustion.

2.2.1. One-Dimensional numerical studies

One-dimensional laminar flame simulations constitute the primary
tool for assessing chemical kinetic models and extracting canonical
flame properties. Depending on configuration, these flames may be
freely propagating or counterflow-stretched, enabling determination of
key quantities such as the laminar burning velocity (LBV), flame thick-
ness, and Markstein length. These parameters are essential inputs for
turbulent flame models and establish reference behavior for fuel blends
[24]. Stretch effects are typically investigated through counterflow
flames or spherically expanding flames, with the Markstein length
characterizing the flame response to curvature and strain.

In premixed one-dimensional flames, fuel and oxidizer are fully
mixed prior to entering the reaction zone. Freely propagating flames
allow direct computation of LBV and internal flame structure, while
counterflow flames quantify extinction strain rates. In non-premixed
one-dimensional configurations, fuel and oxidizer diffuse toward one
another prior to reaction, enabling assessment of transport-driven
ignition and evaporation phenomena [27].

Early studies quantified the laminar burning behavior of ammonia
and ammonia-containing mixtures. Hayakawa et al. [28] measured
unstretched burning velocities and Markstein lengths for NHg/air flames
up to 0.5 MPa using spherically propagating flames, showing that
ammonia has a significantly lower LBV than hydrocarbons and that its
reactivity decreases with pressure. They compared their measurements
with several detailed reaction mechanisms, including Miller et al. [29],
Lindstedt et al. [30], Konnov [31], and Tian et al. [32], demonstrating
substantial discrepancies in nitrogen chemistry predictions.

Subsequent mechanism development targeted improved prediction
accuracy. Nakamura et al. [33] developed a model optimized for weak
ammonia flames in micro-reactors. Da Rocha et al. [34] evaluated ten
mechanisms for NHs/Hy/air flames and reported significant sensitivity
of ignition delay and LBV to hydrogen addition. Okafor et al. [35]
extended GRI-Mech 3.0 [36] to incorporate ammonia pathways,
improving reproduction of burning velocity and NO formation, and later
proposed a reduced model validated at pressures up to 0.5 MPa. Stagni
et al. [37] introduced a comprehensive kinetic mechanism based on
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high-fidelity reactor experiments, covering a wide range of temperatures
relevant to industrial ammonia systems. More recent comparative
studies reinforced the variability of current models: Zhu et al. [38]
analyzed reaction pathways for NHs/Hy mixtures under engine-relevant
conditions; Girhe et al. [39] assessed 16 mechanisms using quantitative
similarity scores; Alnasif et al. [40] and a follow-up study [14] evaluated
>30 models for laminar flame speeds and N,O formation, respectively.

One-dimensional simulations have also been applied alongside ex-
periments to interpret flame structure and pollutant formation. Han
et al. [41] examined NHs/air and blended flames using the heat flux
method to obtain LBV and used numerical simulations to analyze radical
distributions inside the flame. Similar hybrids of experimental and nu-
merical studies continue to refine nitrogen sub-mechanisms, confirm
dominant NOx pathways, and identify the impact of hydrogen
enrichment.

Within the scope of laminar combustion, it is also important to
distinguish detailed kinetic studies from the CFD-oriented use of
reduced chemistry. The present review does not aim to provide a
detailed discussion of elementary ammonia reaction mechanism devel-
opment; however, laminar flame simulations remain essential because
they provide reference quantities for mechanism selection in CFD. Pa-
rameters such as laminar burning velocity, flame thickness, Markstein
length, extinction strain rate, ignition tendency, and NO/N,O/NHj
formation trends are commonly used to assess whether a reduced
mechanism is suitable for multidimensional simulations.

Recent developments in mechanism reduction illustrate the practical
realization of this modelling strategy. Nakamura et al. [42] generated a
simplified ammonia reaction model with 14 species and 45 reactions
using a genetic-algorithm approach and integrated it into CFD simula-
tions of a 1 MW boiler test facility. More recently, other examples appear
in the literature, such as the LTNGNH3 mechanism [43] or the work
from Pan et al. [44] where models were developed as intermediate-size
mechanisms for NH3/CH4/Hy combustion, comprising 52 species and
275 reactions and targeting CFD applications involving ammonia
blends. These and other studies show how reduced mechanisms [45],
stochastic/reactor-based approaches [46], tabulated chemistry [47],
and virtual-chemistry strategies are valuable for CFD when they pre-
serve the key laminar flame and emission characteristics relevant to the
operating range considered.

2.2.2. Two-Dimensional numerical studies

While experimental studies have substantially characterized laminar
ammonia flame behavior and one-dimensional simulations have
enabled comprehensive mechanism development, the number of two-
dimensional and three-dimensional numerical investigations remains
comparatively limited. These multidimensional simulations are essen-
tial for capturing effects such as flame curvature, differential diffusion,
flow recirculation, and wall interactions that cannot be represented in
one-dimensional frameworks.

Two-dimensional laminar flame simulations extend one-dimensional
models by resolving flame curvature, confinement, wall interaction, and
localized heat-loss effects. These configurations typically solve the
reacting Navier-Stokes equations under low-Mach or fully compressible
formulations with finite-rate chemistry, allowing explicit treatment of
differential diffusion and nitrogen pathways beyond the scope of 1D
analyses. The resulting data quantify stabilization mechanisms, strain-
induced extinction, and spatially resolved NO formation, phenomena
inherently absent from one-dimensional flames.

Early 2D studies on ammonia flames focused on confined micro-
combustors, using laminar finite-rate chemistry and detailed nitrogen
mechanisms to investigate heat loss and NO formation under channel
flows. Cai et al. [48] demonstrated that perforated plates inside
micro-combustors promote localized recirculation, extend residence
time, and modify NO generation pathways despite laminar flow condi-
tions (Re < 500). Fuel-related NO source terms dominated the overall
NO production, whereas contributions from thermal-NO pathways were
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negligible for pure ammonia, consistent with earlier conclusions from
one-dimensional studies. Their simulations showed that recirculation
pockets promote hot-spot formation and enhance flame stabilization,
while NO production occurs predominantly along the reaction zone,
modulated by local curvature rather than global equivalence ratio,
Fig. 3.

Efforts then shifted toward resolving intrinsically multidimensional
features (curvature, flame wrinkling, and differential diffusion) using
compressible direct numerical simulation (DNS). Netzer et al. [49]
investigated atmospheric-pressure premixed NHs/Hy/air flames, in
which flame wrinkling was induced by imposing a very weak turbulent
velocity field. The imposed turbulence primarily served to generate
flame-front curvature while maintaining an essentially laminar flame
structure. All relevant diffusive and reactive scales were resolved using a
grid spacing of 20 pm. Their results showed that hydrogen enrichment
reduces local extinction sensitivity and alters NO formation location.
Furthermore, it induces marked spatial separation between NO and OH
peaks with peak NO displaced toward regions of stronger positive cur-
vature and enhanced strain. This leads to non-uniform NO formation
along the flame front, even under nominally laminar inlet conditions,
Fig. 4. These DNS computations remain among the most resolved
ammonia-blend flame simulations available.

Studies of burner-stabilized flames confirmed the strong influence of
boundary conditions and wall temperature on flame structure. Da Rocha
et al. [50] and Chen et al. [51] used axisymmetric domains with
mixture-averaged transport to show that flame lift-off and NO emissions
depend on co-flow velocity, wall heat losses, and burner material. More
specifically, at elevated pressures, Rocha et al. [50] combined numerical
simulations and laser diagnostics to study NHs-CHs-air flames and
demonstrated pressure-dependent shifts in NO production pathways and
enhanced NH formation zones. Their results confirmed that the domi-
nant NO formation under pressure emerges as a dual-peak emissions
profile, which is due to the convective transport of NO from the up-
stream region near the burner, an effect more prominent in premixed
flames, a trend visible in the DNS-PLIF comparison, Fig. 5. Furthermore,
NO under pressure is also suppressed as a consequence of three-body
radical recombinations that impact on the radical formation in the
inner premixed flames.

Subsequent studies introduced additional external forcing terms to
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Fig. 3. Contours of temperature, streamlines, and OH mass fraction for varying
equivalence ratios (Reproduce from Ref. [48] with permission).
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alter flame structure. Gao et al. [52] used a finite-rate laminar model
with the detailed Okafor’s mechanism [35] and imposed a
temperature-dependent magnetic body force on the momentum equa-
tion. Their simulations revealed upstream flame displacement and
modification of the OH field under a magnetic gradient, establishing a
feedback mechanism between oxygen susceptibility and diffusion rates,
Fig. 6. In parallel, plasma-assisted ammonia flames were modelled using
additional transport equations for vibrational energy and
non-equilibrium effects, modifying radical pools and shifting stabiliza-
tion positions, consistent with earlier plasma-assisted methane studies
[53].

Wall-quenching investigations have shown that heat losses modulate
flame thickness and radical concentrations. Thomas et al. [54] employed
full multicomponent diffusion and compared various kinetic models,
finding that mixture-averaged diffusion overpredicts NO relative to
multicomponent transport. Their simulations accurately reproduced
measured NO distributions across hydrogen blending ratios, confirming
the critical role of differential diffusion, Fig. 7.

Wang et al. [55,56] analyzed hybrid CH4~NHj3 flames and demon-
strated noticeable gradients in temperature and species profiles near
cold walls, while Song et al. [56] reproduced flame-wall interactions for
NH3/H; jets impinging on horizontal plates, linking wall distance and
equivalence ratio to stabilization height. Tamadonfar et al. [57] simu-
lated sidewall quenching using detailed chemistry and refined meshes
near boundaries, reporting increased quenching distance with hydrogen
addition and confirming that Soret effects remain small except at lean
conditions. Recent studies by Zeng et al. [58] extended these insights to
inclined-wall configurations and validated numerical predictions
against experiments for flame impingement and pollutant emissions.

Across these studies, common observations can be identified: flame
stabilization depends sensitively on confinement geometry and heat
losses rather than global equivalence ratio; hydrogen modifies the onset
of instabilities and shifts NO formation peaks; and accurate nitrogen
chemistry requires kinetic mechanisms validated under multidimen-
sional transport. Two-dimensional laminar configurations thus provide
an essential intermediate tier between canonical 1D flames and turbu-
lent simulations, capturing effects that govern flame anchoring,
pollutant spatial distribution, and boundary-dominated behavior.

Most practical combustion applications operate under turbulent
conditions, the transition from laminar to turbulent combustion in-
troduces additional complexities including enhanced mixing, flame
wrinkling, local extinction and reignition events, and modified pollutant
formation pathways. For example, Karimkashi et al. [59] showed how
the change from laminar to turbulent conditions has a drastic impact on
the production of NOx emissions, an effect caused not by a change in
NO/HNO reaction pathways (main culprits of emissions formation), but
by the formation of curved shapes that benefit (or detriment) from the
differential diffusion of hydrogen and the depletion of important radi-
cals such as O and H. Similarly, Netzer et al. [49] showed how flame
topology has no impact on N2O formation. Contribution such as the
thermodiffusion and pressure have also been assessed separately to
observe their impact on various flames, with pressure reducing NO
overall but causing acute effects across the flame brush due to thermo-
diffusive instabilities [60]. These complexities require further analyses
to elucidate the discrepancies between cases and determine the impact
of turbulence on ammonia flames. Therefore, the following section ex-
amines turbulent ammonia flame investigations, building upon the
laminar flame fundamentals established here.

3. Turbulent combustion systems
3.1. Research burners
Compared to burners used in practical engineering applications,

laboratory-scale burners, despite having lower thermal loads and
simplified geometric configurations, offer valuable insights into
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turbulence-flame interactions that are crucial for optimizing the design
of industrial burners. For such small-scale burners, researchers can more
readily conduct detailed combustion diagnostics and comprehensive

numerical simulations. The synergy of these approaches facilitates a
deeper understanding of complex turbulence-combustion interactions
and provides key insights into the mechanisms governing various
emissions formation, stability profiles and transient phenomena. This
section provides a critical review of the current status of CFD modelling
for lab-scale ammonia combustion systems, based on a comprehensive
analysis of diverse studies, assessing the state of the art in modelling
whilst discussing outstanding validation issues and identifying funda-
mental barriers that need to be addressed before predictive simulation
capabilities can be achieved.

Tables 1 and 2 provide a structured overview of the CFD studies
reviewed in this section, classified by simulation methodology (DNS,
LES, or RANS), CFD solver, combustion sub-model, reaction mechanism,
and level of experimental validation. Table 1 summarises studies con-
ducted on research-scale single-stage burners, while Table 2 covers
multi-stage burner configurations.

The choice of CFD methodology represents a constant compromise
between computational cost and predictive fidelity. Reynolds-Averaged
Navier-Stokes (RANS) models are widely used as the pillar of industry
design for their low computational cost. Studies by Fiizesi et al. [61],
Geng et al. [61], and Zhao et al. [62,63] have shown that RANS is able to
reasonably predict time-averaged flow fields and global flame structure
in small turbulent burners, the dominant recirculation zones, mean ve-
locity fields, and overall reaction zones can still be represented when the
flame remains statistically steady. For example, Fiizesi et al. [64,65]
showed that steady-state RANS was able to reasonably predict outlet
values, however the model could not describe the large amplitude os-
cillations and the transient behaviour observed at high ammonia shares,
since these oscillations were associated with unsteady heat-release
fluctuations and combustor-scale flow-flame coupling that are
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averaged out in steady RANS. Similarly, Geng et al. [61] employed
RANS for optimization of a double-swirl staged combustor, presenting
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an optimal configuration resulting in minimum NOx. However, they
reported seeing over-estimations caused by using adiabatic wall



S. Het al

Table 1

Literature research on numerical simulation articles on turbulent combustion phenomena of ammonia fuel in research-scale burners.
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Ref. Fuels Method Dim.  Software Model Mechanism Validation level
[61] NH;3;—CH4 LES 3D OpenFOAM FGM Okafor-59-368 Exp. (NOy, T)
[62] NH3—CH4—H; RANS 3D Fluent EDC GRI-49-277 Exp. (NOy)
[63] NH3;—CHy4 RANS 3D Fluent EDC Okafor-59-356 Exp. (species)
[64] NH3;—CH4 LES 3D OpenFOAM DTF Okafor-59-356 Exp. (T, species)
[65] NH3—-CHy4 LES 3D OpenFOAM DTF Xiao-31-243 Exp. (NOy, T)
[65] NH3;-—CHy4 RANS 3D Fluent FGM Okafor-42-130 Exp. (NOy, T)
[66] NH;3;—CHy4/Hz RANS 3D Fluent EDC GRI3.0-53-325 Exp. (NOy, T)
[67] NH3—Hy LES 3D OpenFOAM DTF Okafor-42-130; Zhang- Exp. (OH-PLIF)
44-251
[69] NH3 LES 3D OpenFOAM FGM Stagni-31-203 Exp. (NOy emissions)
[70] NH3—Hy LES 3D OpenFOAM DTF Okafor-42-130 Exp. (velocity, T)
[71] NH3 LES 3D OpenFOAM PaSR Han-35-177 Exp. (OH-PLIF, T)
[72] NH3—Hy LES 3D AVBP MEF-TFLES ARC-15-211 Exp. (OH-PLIF, NO,)
[73] NH3;—H, LES 3D OpenFOAM DTF Stagni-31-203 Exp. (NOy, T)
[74] NH3—CH4 LES 3D OpenFOAM LK / Zuo combined Okafor-59-356 Exp. (velocity, T)
[75] NH3;—CHy4 LES 3D OpenFOAM CCM Okafor-59-356 Exp. (NOx, stability)
[76] NH3;—CH4 LES 3D OpenFOAM NA-FGM SanDiego-70-321 Exp. (flame structure)
[771 NH3—CH,4 LES 3D OpenFOAM DTF Okafor-42-130 Exp. (OH-PLIF, T)
[77] NH3—CH4 LES 3D OpenFOAM PaSR Okafor-42-130 Exp. (OH, T, NOy)
[80] NHj3 LES 3D OpenFOAM PaSR Tian-84-703 Exp. (T, species)
[80] NH3 LES 3D OpenFOAM PaSR SanDiego-70-321 Exp. (OH, NOy)
[81] NHs—Hy LES 3D Fluent DTF CRECK-27-154 Exp. (T, NOy)
[83] NH;—Hj, DNS 3D S3D / in-house Direct finite-rate chem.; mixture-averaged transport UC-San Diego Numerical only
[84] NH3;-—CHy4 RANS 3D Fluent EDC Tian-84-703 Exp. (NOy, velocity)
[86] NH3—Hy RANS 3D Fluent EDC Okafor-19-63 Exp. (NOy)
[93] NH;—H, DNS 3D AVBP Direct finite-rate chem.; multicomponent transport CRECK-21-88 Exp. (LIF / OH-PLIF)
(Soret)
[103] NH3—Hy DNS 2D PARCOMB Direct finite-rate chem.; mixture-averaged transport Otomo-32-204 Numerical only
[105] NH3—H, DNS 3D S3D Direct finite-rate chem.; mixture-averaged transport SanDiego-38-84 Exp. (PLIF
comparison)
Table 2

Literature research on numerical simulation articles on turbulent combustion phenomena of ammonia fuel in multi-stage burners.

Ref. Fuels Method Dim.  Software Model Mechanism Validation level
[69] NHj3 LES 3D Fluent EDC Stagni-31-203 Exp. (NOy, T)
[77] NH;3—CH4 LES 3D OpenFOAM PaSR Okafor-42-130 Exp. (OH-PLIF, NO,)
[89] NH3-CH4 LES 3D OpenFOAM DTF Okafor-42-130 Exp. (NOx)
[87] NH;3 RANS 3D OpenFOAM EDC / FGM Shrestha- Exp. (NO/NHj3 air-staged)
33-253
[88] NH3 RANS 3D OpenFOAM EDC Shrestha- Exp. (MILD-like flame)
33-253
[104] NH3—H, DNS 3D S3D Direct finite-rate chem.; mixture-averaged SanDiego-38-84 Numerical only (staged DNS reference
transport dataset)
[139] NH3 RANS 3D Fluent EDC Wang-188-1604 Exp. (flue-gas data)
[144] NH3—H, RANS 3D Fluent EDC SanDiego-21-64 Exp. (NO/NHj3, bluff-body + swirl)

assumptions, because neglecting wall heat transfer artificially retained
higher gas temperatures, thereby promoting stronger ammonia oxida-
tion and thermal/fuel-NO formation than observed experimentally.
RANS models using EDC or FGM have showed acceptable global trends
but failed to capture unsteady dynamics, such as lean blow-off or
flashback, due to steady-state turbulence-chemistry assumptions. This is
because lean blow-off, flashback, local extinction, and re-ignition are
governed by instantaneous energy dissipation, vortex breakdown, flame
stretch, and local radical depletion, whereas conventional RANS only
resolves their averaged effects rather than the actual transient events.
Similarly, Klimanek et al. [66] used RANS - EDC modelling, and by
employing a modified San Diego mechanism, they showed significant
over predictions in flame speed calculations, leading to inaccurate flame
quenching behaviour unless radiation and heat losses were modified.
This indicates that the predicted extinction boundary was not controlled
by turbulence modelling alone, but also by the kinetic mechanism and
thermal boundary condition used to determine the local flame temper-
ature and radical pool. Practically the same issues were reported by
Davies et al. [67] and Liu et al. [68] whose RANS-FGM analyses did not
capture either local extinction nor re-ignition profiles through stratified
flows, because tabulated chemistry approaches may not preserve the full

dependence of ammonia oxidation and NOx chemistry on mixture
fraction, enthalpy loss, scalar dissipation, and local residence time. The
capability to model unsteady dynamics related to lean blow-out or flame
attachment, mainly in swirling or stratified combustors, in turn was
limited by RANS assumptions of a steady-state chemistry-turbulence
interaction [69]. Therefore, the controlling limitation of RANS is not
simply low spatial resolution, but the loss of instantaneous coupling
among coherent vortices, flame stretch, heat release, and nitrogen
chemistry. In contrast, Large Eddy Simulation (LES) resolves the large,
energy-containing turbulent structures and models only the sub-grid
scales, making it far superior for capturing unsteady flame dynamics
as those observed in these turbulent systems. As demonstrated by
Mazzotta et al. [70], Wei et al. [71], Bioche et al. [72] and Lu et al. [73],
LES approaches have been found superior to RANS in capturing tran-
sient turbulence-flame interactions and combustion instabilities in
laboratory-scale burners, because the resolved flow field can describe
the periodic formation, convection, and breakdown of vortical struc-
tures that modulate flame surface area, local strain rate, and heat-release
fluctuations. The work of Wang et al. [74-76] with LES showed the
crucial role of wall heat loss, equivalence ratios and combustor shapes,
demonstrating that adiabatic predictions significantly overestimate NO,
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while a proper cooling model might yield an undesirable compromise by
increasing N2O. Mechanistically, this occurs because high-temperature
adiabatic zones favour rapid NHj3 oxidation and NO formation,
whereas cooling suppresses NO-producing pathways but may shift ni-
trogen chemistry toward incomplete oxidation products such as N,O
under specific temperature-residence-time windows. Somarathne et al.
[77-79] have used LES to show that swirling flows are able to stabilize
pure ammonia and air flames, although strong pressure analyses have
limited NO and NHj slip by reducing OH radicals. This suggests that
pressure, heat release, and radical chemistry are coupled: changes in
pressure and temperature alter the OH pool, which then affects both
NH3 consumption and NO-forming pathways. Furthermore, Wei et al.
[80] applied LES to reveal the stabilization mechanism for a 10%
hydrogen concentration mixture by modifying flame structure and
increasing the small-scale wrinkling, thereby preventing blow-off. The
added hydrogen therefore did not merely increase the global heating
value; it enhanced local reactivity and flame-surface density, allowing
the flame to better resist stretch-induced extinction. Several studies,
including those previously raised, confirmed that LES better resolves
transient flame propagation and NOx emissions than RANS, achieving
<10% average NO prediction error compared to RANS’s 35% underes-
timation. However, this accuracy comes with a computational cost
exceeding 40,000 CPU hours, compared to only 5000 for RANS simu-
lations. The primary barrier to LES is its computational expense, often
requiring more resources in orders of magnitude than RANS, as quan-
tified by Mazzotta et al. [81] and Jojka et al. [82]. For instance, Bioche
et al. [72] reported that detailed chemistry LES required >22,000 core
hours and exhibited sensitivity to mesh refinement between 5 M and 15
M cells.

Finally, DNS studies further elucidate the limitations of FGM for
ammonia combustion. DNS results for a single-stage combustor [83]
reveal a marked disparity between the distribution of heat release rate
(HRR) versus the reaction progress variable c in turbulent ammonia
flames and the corresponding laminar flame structure: the peak HRR
under turbulent conditions is approximately double that observed
laminarly. In contrast, for methane combustion, the HRR distributions of
turbulent and laminar flames exhibit close agreement. This comparison
indicates that ammonia flame structure is more strongly altered by
turbulence than methane flame structure, because the slower chemistry
and thicker reaction zone allow turbulent strain, curvature, and differ-
ential diffusion to modify the local HRR—progress-variable relationship.
Therefore, an FGM table generated from laminar flamelets may become
unreliable when applied to highly strained ammonia flames, unless
additional dimensions such as enthalpy loss, scalar dissipation, curva-
ture, or local extinction effects are included.

The comparison between RANS, LES, and DNS studies indicates that
the dominant modelling limitation is not only the choice of turbulence
closure, but the ability of each approach to preserve the coupling be-
tween local mixing, heat release, and nitrogen chemistry. RANS-based
EDC or FGM approaches can reproduce time-averaged flame position
and global emissions when the flame is statistically steady, but their
predictive capability decreases when blow-off, flashback, local extinc-
tion, or re-ignition are governed by coherent vortical structures and
transient scalar dissipation. LES improves the description of these un-
steady mechanisms because large-scale turbulent structures and flame
wrinkling are resolved, but its accuracy remains dependent on the sub-
grid combustion model, heat-loss treatment, and the reduced kinetic
mechanism used for NOx, N,O, and NHj slip. DNS provides the clearest
mechanistic information by resolving flame curvature, differential
diffusion, and local radical pools, but its cost confines it to canonical or
laboratory-scale configurations. Therefore, the key bottleneck for tur-
bulent ammonia CFD is the transfer of DNS-level mechanistic insight
into reduced, validated closures that remain affordable for burner and
device-scale simulations.

Accurately predicting emissions, particularly NOx and N2O, remains
the most significant hurdle. The problem is twofold. First, the formation
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pathways are highly non-linear and sensitive to local conditions. As
Zhang et al. [84] illustrated, NO emissions are extremely sensitive to
wall heat loss where changing the wall thermal boundary condition
modified the local temperature field, which then altered the balance
between NHj3 oxidation, NO formation, and N3O survival. They also
found that increased cooling air flow reduced NO but caused a dramatic
increase in N3O. This trade-off occurs because stronger cooling sup-
presses high-temperature NO-forming reactions but may preserve in-
termediate nitrogen species and favour N3O accumulation before
complete conversion to N». Similarly, Kovaleva et al. [85] and Somar-
athne et al. [79] identified an optimal, slightly rich equivalence ratio
window (~1.1-1.3) that simultaneously minimizes NO and unburnt
NHg, a delicate balance that models must capture precisely. This oper-
ating window is chemically important because leaner mixtures may
provide excess O/OH radicals that promote NO formation, whereas
overly rich mixtures may suppress NO but leave insufficient oxidizing
capacity for complete NH3 consumption. This sensitivity exposes reac-
tion mechanism uncertainties. Chemical kinetic mechanisms constitute
a critical component in the numerical simulation of ammonia combus-
tion. However, the mechanisms employed across the surveyed literature
of this review exceed 80 in number (i.e. with many variations of stan-
dard mechanisms being developed over the last 5 years), exhibiting
remarkably broad distributions [15]. Mashruk et al. [86], in a study of a
humidified RQL combustor, found significant discrepancies in NO and
NH; predictions across five different mechanisms, underscoring the lack
of a universal standard. The common practice of using reduced mech-
anisms for computational tractability, while necessary, inevitably in-
troduces further uncertainty. This is because reduced mechanisms may
remove or lump minor species that become important under cooled,
diluted, high-pressure, or fuel-rich zones, especially where N»O, HNO,
NO reburning, and NHj slip are controlled by slow post-flame chemistry.
Following the same tendency, several researchers have highlighted that
accuracy strongly depends on the chosen mechanism.

Due to the low reactivity of ammonia, flame stabilization is a
prominent issue, as previously raised in the fundamental section. The
DNS by Wiseman et al. [83] made basic contributions to the stability
mechanism. Specifically, the DNS indicates that ammonia flames cannot
be treated as methane-like flamelets because turbulence modifies the
HRR-progress-variable relationship and changes the local balance be-
tween heat release, radical production, and extinction tendency. With
respect to the combustor, Wei et al. [80] employed CFD to demonstrate
that blow-off for NHs/air flames is a product of the combined effects of
flame stretch and heat release rate with more flame area that leads to a
narrower stabilization limit and a larger extinguishing trend, Fig. 8.
Srinivasarao et al. [87,88] experimentally and numerically established a
new multi-stage burner stabilization concept for pure ammonia over an
extended operability range. They attributed the unit’s success to
enhanced mixing in combination with internal NO reburning by NH;
radicals. Although LES can account for these effects, RANS models are
often unable to resolve transient vortex breakdown and local extinction
processes which precede blow-off. Owing to the significantly larger
laminar flame thickness of ammonia premixed flames (8, NH3~ 1.5
mm) compared to methane flames (5, CH4 ~ 0.5 mm), coupled with its
considerably lower laminar flame speed (SL, NH3 ~ 7 cm/s vs. SL, CH4 ~
49 cm/s), the Ka number for ammonia combustion under identical
turbulence intensity is approximately 21 times higher than that for
methane combustion (as calculated). This implies that the structure of
ammonia flames is more susceptible to turbulent perturbations, pre-
senting a significantly elevated risk of local extinction difficult to resolve
in RANS but viable via LES.

Very recently, Wang et al. [89] used Large Eddy Simulation with a
dynamic thickened flame (DTF) model to study an axially staged
ammonia methane RQL combustor. Through temperature-mixture
fraction scatter plots and modified flame index analysis, they showed
that the secondary flame operates in a diffusion dominated mode,
deviating from the intended lean premixed combustion. This recently
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Fig. 8. The comparison of flame structure of NHz/air flame and CH4/air flame. Up: instantaneous OH; down: mean OH (Reprint from Ref. [80] with permission).

reported finding reveals that highly reactive Hy and CO from rich pri-
mary products cause premature ignition, preventing sufficient premix-
ing with secondary air. The work from these authors support further
evaluations of more industrially representative burners, which deserve a
review on their own right. However, it is important to raise some critical
aspects of the use of some of these models and the boundary conditions
imposed to properly resolve more complex, turbulence cases. For
example, an important restriction to the method using Large Eddy
Simulations was pointed out by Honzawa et al. [90] who found that the
standard adiabatic FGM fails to predict emissions, hence making
necessary the use of non-adiabatic FGM (NA-FGM) approaches which
included heat loss effects on NO and CO. The reason is that adiabatic
FGM assumes that the flame chemistry evolves along a high-enthalpy
manifold, whereas practical ammonia flames experience wall cooling,
dilution, and incomplete post-flame conversion that shift the local state
away from the adiabatic table. These were important components in the
use of ammonia firing, as the heat loss effect has a critical impact on the
formation of species. For example, higher temperature profiles across
the combustor layers directly reflect on higher ammonia oxidation,
hence marking a drastic consumption of the chemical whilst boosting
NO formation, an effect not recorded experimentally. Third body re-
actions and post-combustion recombinations also add to these com-
plexities, thus making necessary the introduction of complex heat loss
assumptions that reflect practical phenomena more realistically. Due to
ammonia’s high Karlovitz number (Ka), the applicability of
reduced-order models like FGM becomes limited, particularly in lean or
highly strained conditions, a problem that increases with the study of
transient phenomena such as unstable flame behaviour.

3.2. Instabilities

When using ammonia blended with various chemicals, instabilities
tend to appear along the flame that can impact on the stability of the
system and the combustion process. At the flame front, instabilities such
as diffusive-thermal instabilities (caused by different rates of heat and
mass diffusion) and hydrodynamic instabilities (driven by gas expansion
and fluid dynamics) can play important roles in the stability of the flame
under a variety of conditions, while phenomena such as flame flashback
and blow-off promote scenarios that can lead from bad combustion ef-
ficiencies to dangerous situations capable of triggering safety protocols.

Recent works performed by Ma et al. [91] depict, through Schlieren
analyses and CHEMKIN-Pro studies, the impact of having hydrogen at
various concentrations (0 to 40%), equivalence ratios and atmospheric
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conditions in ammonia blends. Their results show that at higher
equivalence ratios, the flame will be more stable, whilst higher
hydrogen content enhances wrinkling. They evaluated a critical Peclet
Number (which can be correlated to a critical flame radius at which
stability changes), showing how the addition of hydrogen leads to
smaller critical flame radius. The process is believed to be caused by a
reduction in the effective Lewis number and flame thickness, whilst
stability increases with equivalence ratio. This effect can be correlated to
this critical Peclet Number. Flame thickness, another important vari-
able, also suffers due to the increase in hydrogen and temperature, with
a reduction in flame thickness. The combined effect will weaken the
thermal diffusion effect of the flame, enhancing hydrodynamic in-
stabilities. Under pressure (0.2 Mbar) the analysis focused on lean (0.8)
and stoichiometric (1.0) conditions, with results that showed the
instability dependance on equivalence ratio. As for 0.8 values, there is
an opposite trend between flame thickness and thermal expansion ratio,
which in turn promotes hydrodynamic instabilities. Under these same
conditions, the reduction in effective Lewis number amplifies these in-
stabilities, whilst at 1.0 the higher effective Lewis number no longer
plays an important role in this phenomenon. As for ammonia blends
without hydrogen, the minor changes in effective Lewis number lead to
a decrease in both expansion ratio and flame thickness, hence sup-
pressing hydrodynamic instabilities through thermal diffusion effects
that smooth the flame surface.

Instabilities and curvature effects have also been observed through
various CFD strategies proposed by many groups. For example, the work
produced by Netzer et al. [49] revealed the impact of curvature on NO
formation caused by equivalence ratio variations and the interaction
between NO, H and O radicals whilst using 2D ammonia/hy-
drogen/nitrogen/air planar flames via DNS. The group also observed
that thermo-diffusive effects linked to the differential diffusion of
hydrogen have critical effects on nitrogen oxide formation.
Concave-shaped curvatures lead to a local increase in equivalence ratio,
which in turn can either generate more (under lean conditions) or less
(under rich conditions) NO emissions. Local radical pools, concave (Ha
depleted) and convex (H; enriched) shaped portions have all a critical
impact on emissions formation due to a change in reactivity caused by
flame curvature. Rieth et al. [92] expanded the analysis by studying the
curvature effects on the burning rates of various hydrogen/ammonia/air
flames at 1 and 10 atmospheres. The results showed the critical impact
of hydrogen on the chemistry caused by the changes in flame curvature
and pressure, which in turn impacts on the Hjy diffusion through
increased spatial gradients, resulting in localized equivalence-ratio
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enrichment and super-adiabatic conditions that accelerate and
strengthen the flame front, hence generating drastic changes between
conditions, as illustrated between heat release rates at 1 and 10 atmo-
spheres, respectively, Fig. 9.

Rieth et al. [93] continued with the work using DNS analyses of
various ammonia/hydrogen blends, finding that a progress variable
based on H50 is suited to parametrize the combustion of these mixtures,
emphasizing in the study the impact of the preferential diffusion (i.e.
differences in diffusion characteristics between different species) of
hydrogen radicals and their impacts on thermo-diffusive effects with
changes in curvature. Chakraborty et al. [94] performed DNS analyses of
two NH3/Hy/Ny blends under lean conditions (0.8 equivalence ratio)
with a reduced mechanism consisting of 25 species and 175 reactions
and a database generated using the KARFS (KAUST Adaptive Reactive
Flows Solver) code. The results show that differential diffusion affects
the flame by generating either stoichiometric or fuel-rich pockets that
enable localised diffusion burning modes, which in turn unbalance the
flame, hence impacting on strain rates. Additional work [95] investi-
gated the influence of differential and preferential diffusion effects,
showing how the contributions of H, OH, Oy, NH3 and H5O directly
impact on Lewis numbers. These changes impact on the diffusion of
deficient reactants into the reaction zone in comparison to thermal
diffusion effects, hence affecting burning rates per unit area in com-
parison to their corresponding unstretched laminar premixed flame.
Damkohler hypotheses were evaluated, showing their potential for
prediction of parameters in premixed NH3/H, flames.

Xu et al. [96] studied the behaviour of cracked ammonia blends
using a 1D simulation analysis in a counterflow twin flame burner with
Han’s mechanism [97]. Preferential diffusion and effective Lewis num-
ber were assessed to determine the extinction strain rates of various
blends with different cracking ratios. The preferential diffusion effect
was separated from the effective Lewis number, hence showing the
impacts of each parameter both separately and together. It was found
that a dimensionless extinction strain rate (defined by the strain rate,
flame thickness, and laminar burning velocity) reaches a peak at inter-
mediate ammonia cracking ratios (~0.18), with the preferential diffu-
sion primarily driving this effect, a phenomenon linked to the shift in
hydrogen consumption, with H radicals being produced more upstream
by the earlier consumption of Hy, which in turn shifts flame position and
enhance strain-induced extinction. By evaluating the impact of the
effective Lewis number, minor effects are observed, whilst the removal
of the preferential diffusion leads to a significant decrease of the flame
thickness. Interestingly, the study showed that the preferential diffusion
effect is the main component in the non-monotonic behaviour of the
studied flames.

Kinuta et al. [98] performed 3D DNS studies on Hy and a NH3/Hj,
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blend (10/90 mol%) to determine fundamental parameters and emis-
sions production during boundary flashback events under lean condi-
tions. The results denote how the addition of ammonia substantially
improves flashback resistance, an effect caused not only by the reduced
laminar burning velocity but also by an increase in the quenching dis-
tance and a change in curvature effects, Fig. 10. Similarly, the group
observed how NOx and N,O formation close to the wall are heavily
impacted by heat loss and flame curvature, hence impacting on chemical
kinetics and preferential diffusion, as previously raised in the previously
discussed studies. It is at this stage where groups like Wu et al. have
started exploring the use of deep learning to improve combustion
chemistry of dual fuels, demonstrating improvements of up to 30 times
for chemical calculations acceleration (from 11.51 to 0.38 s) and 10
times faster overall resolution, a study that shows the potential of ma-
chine learning to support these fundamental studies [99].

Additional works have looked at the intrinsic instabilities of using
ammonia/hydrogen blends. The work from D’Alessio et al. [60,100]
shows the impact of thermodiffusive effects and pressurised conditions
on a 50-50 (vol%), high-temperature (500 K) hydrogen/ammonia lean
blend. The Soret Effect and pressure increase denote a promotion of
onset of intrinsic instabilities. The Soret Effect is only accounted for light
species (Hy, H) when included in the analyses. Comparisons with other
studies showed that the increase in temperature led to stabilization of
the flame (defined by cut-off wavelengths related to intrinsic flame in-
stabilities), whilst the addition of the Soret Effect had direct impacts on
dispersion relations, cut-off wavelenghs, and growth rates, all confirm-
ing that by neglecting these effects in high hydrogen-content flames
there is a risk of large deviations from real flame phenomena.

Looking into more detail, Lehmann et al. [101] performed DNS
simulations that showed how blends with 40% Hj molar content present
strongest instabilities due to a joint effect between Lewis and Zeldovich
numbers. The effect becomes non-monotonic under lean conditions,
banishing at fuel rich mixtures. This process seems to be caused initially
by the weaking of the flame through an imbalance between heat and
species diffusion, which at rich fuel conditions denotes a Lewis number
close or above unit, making the influence of thermodiffusive instabilities
negligible. Additionally, and for the first time known by the authors,
non-monotonic trends were observed as a consequence of HO, path-
ways, which change due to ammonia addition. These findings support
experimental findings where blends with >40% hydrogen content
behave differently to those with lower Hy concentrations [10]. Their
work also delivered a sensitivity analysis for the Zeldovich number to
link micro and macroscopic effects caused on ammonia/hydrogen
flames where reactivity is coupled to chemical kinetics to derive effects
caused by the interaction between species such as NHy with the chain
propagating effect of HO5 The results show the reduction of influence of
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NH3/H,. Right) Emissions and distribution from the wall (y) for the NH3/H, blend (Reprint from Ref. [98] with permission).

H+02(+M)=HO2(+M) at pressure, reaction that plays an important
role in these types of instabilities.

Additional studies have also evaluated more practical cases. From
the study of the evaporation of ammonia-based droplets [102] and
auto-igniting mixing layers of NHs/Hj under engine relevant conditions
[103], to staged combustion [104] and rich-quench-lean (RQL) pres-
surised cases [105], fundamental findings on NO production, reactivity,
heat release, variations in volatility, and turbulence intensity impacts,
are all addressed mainly by using Direct Numerical Simulations that
delve into fundamental insights of all these complex phenomena.

A recurring theme across all studies is the critical lack of compre-
hensive experimental data for validation. While global emissions and
velocity fields are commonly measured, there is a severe scarcity of data
for validating transient phenomena and localized species concentra-
tions. Reviewing a great variety of experimental measurement studies
on ammonia turbulent combustion, it is possible to detect a notable gap:
the measurement techniques employed are relatively limited, primarily
encompassing Particle Image Velocimetry (PIV), OH-PLIF, NO-PLIF, and
outlet flue gas analysis. To date, quantitative measurements of internal
flow field species concentrations and temperatures (e.g., via Raman
scattering techniques) have not been reported. Such data are essential
for the quantitative assessment of the accuracy of turbulent combustion
models and reaction mechanisms. This validation gap between available
experiments and computations was emphasized by several groups [69,
73,80] who noted that insufficient experimental data across equivalence
ratios and pressures constrain CFD model accuracy. High-fidelity LES or
DNS simulations thus remain speculative without detailed validation
datasets encompassing velocity, species, and temperature fields. This
lack of validation leads modelers to use validated mechanisms with
small datasets, increasing uncertainty that propagates into predictions
for systems of interest. The work of Hayakawa et al. [106] clearly
highlighted this challenge, finding mechanisms that performed well for
laminar flame speed could not accurately predict NO and NH3 in product
gases suggesting a disconnect that can only be addressed by focused
experimental data. While the benchmark flame library provided by the
International Workshop on Measurement and Computation of Turbulent
Non-premixed Flames (TNF) includes methane benchmark flames, a
benchmark flame for ammonia combustion remains absent. It is antici-
pated that this situation may improve at the forthcoming 17th TNF
Workshop, planned for 2026 [107].

3.3. Liquid injection

Ammonia injection using vapour phase has been the ruling technique
over the last few years, as this method enables better, more efficient
combustion of ammonia as the fuel is relatively ready for oxidation.
However, there is a novel concept (with <4 years of conception after the
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resurrection of the ammonia combustion notion in the 2000s) that em-
ploys liquid ammonia injection. Although the use of this technique is
still in its infancy, it is obvious that mastering it would lead to great
advantages in the implementation of ammonia systems. For example,
ammonia liquid injection presents several challenges such as higher NOx
emissions, NyO production and higher unburned ammonia concentra-
tions. However, advantages such as high flow rates (hence power out-
puts), removal of evaporation systems, and direct injection with fewer
components could overcome the challenges previously stated [108].
Along those lines, ammonia liquid injection and sprays have been in the
scope of recent studies for their utilization in combustion systems.

Table 3 provides a structured overview of the liquid-ammonia in-
jection CFD studies reviewed in this section, classified by simulation
methodology, CFD solver, spray and combustion sub-models, and level
of experimental validation.

For liquid-ammonia injection, the controlling parameters differ from
gaseous-fuel combustion because atomization, flash boiling, evapora-
tion cooling, and local mixture formation directly determine the sub-
sequent ignition and emission behaviour. Ambient pressure and
temperature control whether the jet remains non-flashing or enters a
flashing regime, while injection pressure, nozzle geometry, droplet size,
and heat of vaporisation govern penetration, vapour formation, and
local equivalence ratio. These processes explain why models can
reproduce global penetration length or spray angle while still showing
larger uncertainty in droplet-size distribution, vapour mass fraction, and
near-nozzle phase change. The main modelling bottleneck is therefore
the coupling between in-nozzle flow, thermodynamic non-equilibrium,
breakup, evaporation, and finite-rate chemistry. This coupling is
particularly important because evaporation cooling can delay ignition
and shift the balance between complete NH3 oxidation, NOx formation,
N>0 production, and unburned NHj slip.

Before addressing current numerical investigations on the subject, it
is important to provide some preliminaries on the different aspects of
using ammonia liquid injection in various systems. For industrial heat
and power generation, burners designed with liquid injection features
produce stationary flames that couple liquid fuel spray processes (such
as jet breakdown and atomization) with fluid dynamics, making this
interaction a key component in defining the overall efficiency of the
injection process and emissions production stages, Fig. 11. Similarly,
other applications such as propulsion systems (e.g. reciprocating en-
gines) require the formation of a two-phase mixture through which the
flame propagates. Therefore, liquid injectors and their design play a
critical role in the efficiency of the atomization process, thus creating
patterns that enable the introduction of ammonia immediately before or
directly into the combustion system. Finally, it is important to consider
the implications of retrofitting using existing infrastructure. This is an
important example for the case of propane in marine systems (i.e. likely



S. Hetal

Applications in Energy and Combustion Science 27 (2026) 100550

Table 3
Literature research on numerical simulation articles on turbulent combustion phenomena of liquid-ammonia injection.
Ref. Fuels Method Dim.  Software Model Mechanism
[23] Liq. NH3 LES 3D n.r. Euler-Lagrange; evaporation + ignition Exp. (ignition delay, droplet evaporation)
[102]  Liq. NH3 LES 2D OpenFOAM Euler-Lagrange; flash-boiling evaporation Exp. (flame propagation speed)
[112] Liq. NH3 RANS 3D CONVERGE k-epsilon + KH-RT breakup; AMR Exp. (Schlieren, SMD, vapour boundary)
v3.0
[113]  Lig. NH3 RANS 3D n.r. Spray penetration sub-model Exp. (spray penetration and angle)
[114] Liq. NH3 LES 3D CONVERGE KH-RT breakup; nozzle geometry effects Exp. (penetration, angle, area; high-speed
v3.0 photography)
[116]  Liq. NHs LES 3D OpenFOAM v7 Smagorinsky SGS; Rayleigh-Plesset bubble growth + Exp. (spray morphology, drag coeff.,
flash-boiling evaporation rate)
[117] Liq. NH3 RANS 3D n.r. KH-RT + variable discharge coeff.; vaporisation- Exp. (spray breakup pattern)
induced resistance
[118]  Lig. NH3 RANS 3D n.r. Rp-based flash boiling; nozzle + aerodynamic breakup Exp. (transitional and flashing regime
penetration)
[119]  Liq. NH3 RANS 3D n.r. Multi-bubble flash boiling (Rayleigh-Plesset + Exp. (spray angle, penetration)
nucleation)
[120]  Liq. NH3 DNS 3D n.r. Full DNS; phase change, bubble growth and collapse Numerical only (bubble dynamics near
nozzle)
[121]  Lig. NH3 RANS 3D OpenFOAM v6 Euler-Lagrange + Lee condensation; liquid particle Exp. (condensation mass, multi-hole
tracking injector)
[122] Liq. NH;3 + diesel RANS 3D CONVERGE SAGE + KH-RT + NTC + wall film Exp. (Schlieren, dual-fuel spray,
penetration)
[123]  Liq. NH3 + pilot RANS+1D 3D n.r. FGM tabulated manifold; 1D pre-analysis Numerical only (exploratory)
diesel
[126] Liq. NH3 / DNS 3D OpenFOAM cp-DNS; Euler-Lagrange; Okafor mechanism (Ref. [34])  Exp. (OH-PLIF + Mie scattering; HRR
NH3—CH4 profiles)
[128] Liq. NH3 LES 3D OpenFOAM Extended flamelet manifold; Euler-Lagrange Exp. (flame curvature, droplet-flame
interaction)
[129] Liq. NH3 LES 3D n.r. Swirl burner; wall cooling model; spray evaporation Exp. (NOx, N0, unburned NHj3 vs. wall heat
loss)
[130] Liq. NH;3 (bulk RANS 3D n.r. SST k-omega + Lee evaporation-condensation; two- Exp. (12 m3 tank release; vapour plume,
release) phase interfacial area phase fraction)
[131] NHs-kerosene RANS 3D n.r. Dual-fuel injection; convective cooling model Numerical (specific thrust, thermal
(scramjet) protection)
in temperature with the change of pressure) leads to phase variations
Single droplet that are not present in most conventional fuels. In essence, the ther-
R E—— modynamically unstable jet release that involves the metastable liquid
mechanisms C :’ : jet is a combination of a transition between liquid and gaseous states

Dense spray Dilute spray and flame

Fig. 11. Schematic representation of liquid fuel spray combustion (Reprint
from Ref. [109] with permission).

to be the first to be replaced by ammonia, as previously described), as
both fuels share many commonalities (e.g. feeding systems, evaporator
components, storage materials, etc.). Therefore, liquid ammonia injec-
tion deserves its own analysis in terms of current progress through CFD
modelling, not only for its critical role in future systems, but also for its
interesting features and complex nature, which can only be resolved
using computational fluid dynamics.

Compared to other conventional fuels, ammonia’s vapour pressure
creates additional complexities that need to be considered during at-
omization. As explained previously, atomization and breakup patterns
are already complex, with the latter being a recurrent issue for model-
ling purposes due to the intricate phenomena that cause the rippling and
final breakup of the liquid jet. However, and different to other fuels,
ammonia’s vapour pressure and boiling properties make it exceptionally
difficult at low pressures and/or high ambient temperatures. Further,
the higher Joule-Thomson effect of ammonia (i.e. related to the change
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across the spray profile [109,110]. Therefore, depending on ambient
system conditions, the use of ammonia liquid injection could lead to
“flashing” phenomena, effects observed with low boiling point fuels.
This effect causes three main states: a) vapour; b) non-flashing liquid; c)
flashing liquid [111]. As the complexity of such environments is
extremely difficult to capture experimentally, numerical computational
methods have been used to develop models capable of supporting
transient and nano-scale effects through the various fields of these spray
and jet fields.

Recent studies produced by Zembi et al. [112] employed CONVERGE
v3.0 by incorporating standard k-¢ turbulence model resolution and
adaptive mesh refinement. Detailed simulations of the complexities of
flashing and non-flashing sprays were presented with experimental
validation (up to 15 bar) using Schlieren imaging and non-intrusive laser
diffraction methods in a rig that enabled the determination of vapour
boundaries and Sauter Mean Diameters (SMD), respectively. The good
validation of the global spray characteristics confirmed the appropriate
numerical approach, which included the blob model for injection and
the breakup approach upon parcels introduction following the
competing Kelvin-Helmholtz and Rayleigh-Taylor (KH-RT) models.
Although the temporal and spatial resolution of droplet sizes and vapour
mass fraction were more challenging, the results evidenced the flashing
patterns under low ambient pressure, with a plume that enters the three
previously mentioned stages. Of particular interest is the end of the
spray, which, from vapour, turns into liquid droplets as a consequence of
the rapid expansion and large heat of vaporisation, hence cooling
ammonia for its reconversion back to liquid, Fig. 12.

The results compared the SMD values between cases, and predictions
confirmed a reduction in SMD from 40 to 10 pm between non-flashing
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Fig. 12. Simulation showing vapour and droplet formation under flashing and non-flashing conditions (Reprint from Ref. [112] with permission).

and flashing conditions. The change impacts on the type of spray mode
(i.e. from diffusion to premixed propagation). Giles et al. considered this
phenomenon to be an advantage in the use of ammonia liquid injection
for reciprocating engines, as this would lead to an increase in overall
efficiency consequence of greater compression ratios [109]. Additional
experiments and simulations from Chen et al. [113] showed a similar
high-pressure, engine-like conditions, that the spray exhibits three
stages along its central axis: a) constant, b) logarithmic, and c) linear
growth, thus impacting the vapor-phase mass fraction that alters the
penetration intensity of the jet. Interestingly, and in line with works
described below, the logarithmic growing region appears to be the best
for ignition under diffusion combustion modes. Meanwhile, the varia-
tion in pressure showed a change in size of all regions, with a decrease in
the first stage under higher pressures that leads to an enhanced second

100 mm

D

Base grid = 1 mm

stage region. The group expanded their research and proposed an
empirical formula for spray penetration and angle, showing with their
experiments and simulations good correlation for more immediate
analyses.

Yang et al. [114] approached the analysis of liquid ammonia injec-
tion via spray diffusion combustion modes. By using a constant volume
vessel and high-speed photography, they evaluated the impacts of
nozzle diameter on atomization and ignition characteristics of such an
injection mode, paying particular attention to the barely studied mixing
characteristics of gaseous ammonia. After experimental validation, the
numerical results conducted using CONVERGE v3.0 and LES showed the
impact at various ambient conditions under engine representative con-
ditions. Findings highlight the critical influence of the nozzle diameter
on parameters such as spray penetration, angle and area, with faster
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Fig. 13. Numerical model setup. (a) Calculation domain, (b) Grid methods, (c) Definition of spray edge. The colour bar indicates the ammonia mass fraction (Reprint

from Ref. [114] with permission).
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penetrations, larger angles and increased areas proportional to the
diameter. However, as the conditions of operation were changed and
taken to engine-like conditions, it was evident that only a fraction of the
spray would develop characteristics for good ignition. Additional ana-
lyses revealed some geometrical changes that could enhance the ignition
profiles for the engine of interest, Fig. 13.

More fundamental studies have been performed to determine
expanding features in flame propagating studies. An et al. [23] observed
the evolution of ammonia dispersed in a droplet field, comparing liquid
ammonia sprays to their gaseous equivalent. Through the use of
Eulerian-Lagrangian frameworks to capture phase variations, it was
concluded that the liquid phase reduced flame propagation speeds and
heat release under flash boiling conditions. Preheating appeared to be a
method to improve this phenomenon, particularly for the ignition of
liquid ammonia droplets difficult (or impossible) to ignite under con-
ventional operating conditions. These results, validated in other works,
denote the energy competition between the chemical reaction and the
heat absorption of ammonia that combined critically impact on the
ignition of the chemical [115].

Finally, smaller droplets seemed to evaporate quickly, thus
increasing mixture fraction. Equivalence ratios and heat fractions
appeared to be dependent on the proportion of liquid ammonia and local
evaporation rates, with conditions out of stoichiometric parameters
predicted to be more efficient for ignition purposes. To expand these
studies, similar research has explored the use of sub-models to maximise
numerical modelling capabilities. Zhang et al. [116] postulated some
sub-models to include the effects of finite viscosity, droplet distortion,
flash-boiling atomization and thermal breakup processes representative
of ammonia sprays. Additionally, bubble growth rates in liquid droplets
were also included in the Smagorinsky turbulence model adopted in
their LES approach using OpenFoam v7. After good validation, the
group found that their model, which predicts lower drag coefficients and
higher evaporation rates, is more accurate to experiments. This
appeared to be a consequence of including the effect of droplet defor-
mation accounting for its influence on heat and mass transfer processes.

A recent study performed by Hu et al. [117] addressed the issue of
spray breakup by using a formula of variable discharge coefficient that
accounted for the impact of spray resistance caused by the vaporization
effect of ammonia within the nozzle at various flashing conditions. The
work approached the analysis by assessing the Kelvin-Helmholtz and
Raleigh-Taylor (KH-RT) breakup model (which state interface in-
stabilities caused by momentum and densities gradients), which showed
better performance than conventional approaches. This exemplifies the
importance of instabilities caused at the interface of the ammonia spray
and the production of atomization patterns across the flows. Jin et al.
[118] conducted numerical models of the breakup mechanism by
adoption of a definition based on a dimensionless number Rp that
quantifies the superheated degree of the ammonia blend using the ratio
of the ambient and the saturated vapour pressures under liquid tem-
perature remaining at 303 K with 11.6 bar saturated vapor pressure. In
order to keep the nozzle at 303 K, circulating cooling water was used for
the experiments. The Rp parameter showed three stages depending on
its value (i.e. normal evaporation, Rp>1.0; external flash boiling,
1.0<Rp<0.3; transitional and fully flash boiling, Rp<0.3). Nozzle ef-
fects, thermal breakup, and secondary aerodynamic breakup were
considered in the study. With good validation, the approach was
compared with the typical aerodynamic breakup model, showing the
superior performance of the approach for predicting transitional and
flashing regimes. Further, it was found that flash boiling plays an
important role in primary atomization by generating smaller droplets,
while the spray expansion and air resistance lead to transitional pene-
tration of the spray.

Simultaneously, Song et al. [119] evaluated some of the breakup
models to verify their relevance in the use of ammonia injection through
the creation of smaller droplets. Their study proposed the use of a flash
boiling breakup model based on thermal growth of multi-bubbles
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(which are modelled using the Rayleigh-Plesset equation with nucle-
ation theory and droplet velocity corrections). Their results show good
correlation under low-pressure injection cases, hence showing bubbles
growth driven by flash boiling effects under lower ambient pressures.
This effect, as previously addressed, impacts on spray penetration,
decreasing this parameter whilst increasing spray angle. Additional
works on the subject [120] showed by Direct Numerical Simulation that
bubbles initially form upstream, near the entrance wall of the nozzle.
These bubbles in combination with the phase change and temperature
reduction lead to the formation of more irregular bubbles which collapse
into smaller entities further downstream the nozzle tip. The effect,
caused by the growth, breakup and collision of these bubbles increases
turbulence and generates large pressure fluctuations, both critical in the
flashing effect observed in liquid ammonia injection.

Condensation characteristics are also of critical importance in un-
derstanding liquid ammonia atomization. As pointed out, the large
latent heat of evaporation of ammonia and its high Joule-Thomson effect
present important challenges in the use of ammonia direct atomization
as a consequence of the cooling effect that this causes. To address un-
knowns and expand our knowledge on the subject, Yi et al. [121] used
RANS and Liquid Particle Tracking methods to unravel the complexities
of the cooling phenomenon via OpenFoam v6. The team employed
Euler-Lagrange simulations coupled with condensation models that
were experimentally validated. Results and further analyses on
multi-hole injectors indicated that the geometry of the injector (i.e. with
various number of holes) was critical in the process with a direct pro-
portion of condensed mass. Transient effects were observed as a
consequence of instantaneous evaporation, particularly under
engine-line conditions. However, it was proposed that the use of smaller
nozzles with hotter fuels, lower injection pressures and higher ambient
temperatures produce more condensation during the transient stages of
the spray. Once the spray evolves into quasi-steady conditions, the
condensation moves away from the nozzle. The study also addressed the
case of supercritical injection. The fast changes in phase transition lead
to substantial condensation at the nozzle, added to the impacts that
heating and turbulence have on this phenomenon, Fig. 14.

As the technology keeps progressing, the study of ammonia in liquid
form gains more adepts on the field of engine retrofitting — a coherent
move in line with current commercial patterns previously described in
the introduction section. As could be expected, ammonia-blends with
conventional fuels have been on the scope of research groups to evaluate
the variety of characteristics and phenomena occurring when ammonia
is mixed under reciprocating engine conditions. The greater difficulties
encountered when optically accessing these fields make CFD modelling
an ideal solution for detailed analyses of these regimes. For example,
Xian et al. [122] evaluated the characteristic of high-pressure liquid
ammonia sprays in dual-fuel engines. The systems of interest operated
under a High-Pressure Direct Injection mode. By using Schlieren optical
diagnostics, the experimental characteristics of ammonia-diesel sprays
were obtained for numerical validation. Once validated for their oper-
ational conditions, the team performed CFD evaluations employing
Converge in combination with the SAGE chemical reaction solver,
KH-RT, negative temperature coefficient (NTC), and wall film models.
Observations were based on the microscopic dynamics between various
ammonia and diesel tests. The results revealed that liquid ammonia
sprays are highly sensitive to temperature, as postulated in the previous
studies, although at higher temperatures the ammonia profile is closer to
high-density gas injection with a small fraction of the blend in liquid
phase. Furthermore, high-temperature high-pressure conditions deno-
ted shorter penetrations than diesel (up to 60%), an inconvenient for
flame propagation. The research team expanded their assessment to
evaluate parameters for improvement, finding out that the longitudinal
spacing between fuels could be a critical parameter to enhance ignition
effects within the stable ignition zone. Larger systems are now under
scope of research groups. For example, Di-Matteo et al. [123] explored
the potential of ammonia in a marine-like combustion chamber by using
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Fig. 14. Competition factors for determining condensation (Reprint from Ref. [121] with permission).

a flamelet tabulated manifold (FGM) combined with 1D and 3D studies.
Their results, exploratory in nature and without any experimental
validation (due to the lack of experiments using large marine engines at
the moment), show certain conditions at which ammonia would ignite,
particularly those when a pilot diesel is aimed along the combustion
chamber reaching the ammonia spray at the nozzle.

Another interesting area that has started to gain importance across
the scientific community is the analysis of droplets-flame interactions,
which are still barely understood and in their infancy for computational
numerical modelling resolution. The lack of studies is appropriately
emphasized by Ryoichi et al. [124] and Rousselle et al. [125], who
present current works conducted on the field of ammonia atomization
for combustion processes. However, Ryoichi et al. have expanded this
area with several contributions. Recent works [126] evaluate combus-
tion characteristics of liquid ammonia injection via carrier phase
(cp)-DNS modelling, exploring droplet/flame interactions. The experi-
mental setup, based on a co-firing flame formed by a centrally injected
ammonia/air blend surrounded by a methane flame, was evaluated to
determine penetration of liquid ammonia into the methane flame and
the interaction between phases, Fig. 15.

The governing equations for droplet position, velocity and temper-
ature are solved using equations R1 — R3.

d;;"" =uy (R1)

duy; _ fi

& o (w; —ug;) + & (R2)
dr, d

me, 3! = f2hAd(Te ~ Ta) - d—”:hv (R3)

Where the droplet dynamics are characterized by position xq4;;, ve-
locity uq;, temperature Ty, and mass mg, with the drag force

Fig. 15. Digital image of the liquid ammonia jet from experiments using MIE
scattering (Reprint from Ref. [127] with permission).

17

incorporating the Stokes correction factor f;. Supplying the liquid
ammonia at 4.0 MPa, the injection into a low-pressure environment will
superheat the liquid ammonia quickly, enabling the analysis of flash/no-
flash conditions across the various regimes of the flashing phenomenon.
The grid resolution of the study is fine enough to resolve the Kolmogorov
scale and the flame thickness. Okafor’s mechanism [35] was used with
OpenFoam.

After evaluation of experimental results obtained using OH-PLIF, Mie
Scattering and the numerical model, it was found that there is a pro-
nounced radical accumulation within the inner layer of the flame, with
minimal penetration of the liquid droplets beyond the flame front.
Further analyses denote the complex heat release rate (HRR) profiles,
with intensified, extinction and island-like zones, Fig. 16. It was clear
that liquid droplets would have impacts on heat losses due to phase
changes.

In order to assess various parameters that could elucidate more in-
formation of this interaction, the work focused on the curvature of the
flame, which was used to determine the various droplet-flame interac-
tion modes. It was observed that the interaction between droplet and
flame led to large negative curvatures, Fig. 17. Further, the existence of
more droplets wrinkles the flame front, which in turn allows some
penetration into the burned region, creating zones of higher ammonia
concentrations. However, the full interaction between droplets and
flame remains unsolved, as most of the droplet did not interact with the
flame regime (as they evaporated well before reaching the flame front,
mixing and burning with the surrounding air). This work, an extension
of previous analyses done by the group using other modelling strategies
(e.g. extended flamelet manifolds) [128] just confirms the complex na-
ture of ammonia droplets under combustion regimes.

Recent studies conducted by Chen et al. [129] considered the impact
of heat loss at the wall of combustion chambers fuelled with liquid
ammonia. Although the injection regime differs from their previous
setup, the effect on emissions and reduced evaporation persists with the
use of liquid ammonia sprays. The study also addresses component
impacts in engines such as gas turbines. The investigation focused on the
effect using a swirl burner whilst comparing results with gaseous
ammonia combustion. As wall-cooling increased from 0 to 0.8 kW,
overall emissions of unburned NH3 and N3O increased, a phenomenon
likely caused by flame quenching and further recombination of H'
species along the boundaries of the combustion region. Secondary stage
combustion appeared to be a reliable method to mitigate this effect by
finishing the reaction of both molecules further downstream.

Expanding on the impact of CFD modelling for ammonia sprays,
Molkov et al. [130] performed multiphase flow analyses to show the
effect of a sudden release from a bulk liquid ammonia container. The
analysis replicated a potential sudden release to the atmosphere from a
pressurised tank (at ~0.5 MPa). Using validated experiments from a
12m? tank study, the analysis conducted evaluated the impacts on liquid
and gaseous phases. Simulations use Lee’s evaporation-condensation
model (which considers heat transfer processes from various compo-
nents of the field of study). An addition to the model, resolved using
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Fig. 16. Instantaneous distribution of a) temperature; b) ammonia mass fraction; ¢) NO mass fraction, and d) heat release rate. Droplets are shown as white dots

(Reprint from Ref. [126] with permission).
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Fig. 17. Time evolution of the flame front during its interaction with ammonia
droplets (Reprint from Ref. [126] with permission).

RANS SST k- turbulence model, was the inclusion of a phase change
mechanism that made possible evaluating the transient nature of the
plume with the surface areas between dispersed liquid and the gaseous
phase. The results showed that an increase in the volume fraction of
vapour within a two-phase mixture leads to an increase in interfacial
area density and, consequently, a higher mass transfer rate between the
phases, an effect mainly observed in piping rather than in storage sys-
tems due to the high velocity flows observed in the piping lines. The
model is suggested as a precedent for additional studies that can lead to
ammonia bunkering protocols for several applications.

Not surprisingly, and as addressed in many of the previous sections,
numerical modelling opens a great variety of concepts for the use of
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ammonia fuelling. One is the analysis of novel methods such as the use of
liquid ammonia injection for aerospace applications. Li et al. [131]
proposed the use of ammonia for hypersonic vehicles, with ammonia
convective cooling being employed to improve fluid and thermal pro-
tection methods of these heavy-duty units, Fig. 18. Ammonia is pre-
sented as a blend with kerosene for dual fuel injection for a scramjet.
Various models were also compared to show the potential of ammonia,
kerosene, hydrogen and water as coolant working flows, assessing their
potential to cool down structural walls whilst recovering heat for pro-
pulsion improvement. Results show the highest specific thrust
(>42.75%) and total increased efficiency of the ammonia-kerosene
blend compared to higher hydrocarbons (>CjoHaz2), with an optimal
thermal protection second only to liquid hydrogen. It must be empha-
sized this is also consequence of the step increase in fuel consumption.
Overall, the findings show that by improving cooling effects of the
system, heat exchanger overall areas are decreased substantially in up to
60% compared to the base case due to the high chemical heat sink that
ammonia provides.

These works are evidence of current efforts to unlock the challenges
of liquid ammonia injection modelling, which can be summarised as a
combination of phenomena that go from complex breakup effects to
challenging multi-phase conditions during transitional stages across the
jet and the flame. Recent findings show that there is a region of relax-
ation that is the most prone for combustion, whilst flashing effects are
linked to changes in density and potential onset of micro-bubbles,
changing the dynamics from those known in conventional fuel sprays.
Wall interactions combined with condensation have triggered new
research activities on the field of solid-liquid-gaseous interactions, with
the evolution of these scenarios in engines and even aerospace appli-
cations only successfully evaluated via computational fluid dynamics.



S. Hetal Applications in Energy and Combustion Science 27 (2026) 100550

Aero-heating K x N Radiant heat loss
—_—

~~~~~~~~~~~~~~ € -,21_Fuel tank

—t e s == 2

2
_Cooling channel Pump ‘—

|

|

|

|
i i
| |
| |
| | |
: = | |
I Air — I i 2 i |
| = | | \F | |

I 1 |
l | ! | [
’ — i ——
| | : , : |
| | | ! | [
: : | | : :
| .

: Forebody | Airinlet | Isolator ! fombystion i Nozzle i
I i I ! chamber I !
10 11 12 13 14 19

h 14
235 23 32
137
21 19
E air (lu' gas
I ] cf_:l)é)l ant B
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Table 4
Literature research on numerical simulation articles on turbulent combustion phenomena of porous-media and plasma-assisted combustion.

Ref. Fuels Method Dim. Code  Software Mechanism Validation level Ref.

[132] Porous media NH3;—CHy4 RANS 3D nr. Finite-rate; porosity and phi Okafor-59-356 Numerical optimisation only
(mesoscale) optimisation

[133] Porous media NH3—H, RANS 2D nr. Finite-rate; thermal conductivity nr. Exp. (T profile, NOx vs.

parametric conductivity and phi)

[134] Porous media (SiC NH3;—H, RANS 3D nr. Finite-rate; stability and efficiency nr. Exp. (stability limits,
foam) combustion efficiency, NOx)

[135]  Porous media NH3—H, RANS 3D n.r. Finite-rate; varying pore diameter n.r. Numerical (stability, NOx,
(variable porosity) flame thickness trends)

[136] Porous media NH;—CH4 RANS 3D ANSYS Finite-rate; entropy / exergy n.r Exp. (literature validation; T,
(entropy / exergy) Fluent analysis emissions)

[137] Porous media (wavy NH;—H, RANS 3D nr. Finite-rate; wall-T uniformity n.r. Numerical (NOx, T wall
micro-comb.) uniformity vs. geometry)

[138] Porous media + bluff NH;3;-H, RANS 3D nr. Finite-rate; radiation model nr. Exp. (T wall, radiation power,
body stability)

[139] Porous media (two- NH; / LPG RANS 3D nr. Finite-rate; two-stage porous foam nr. Exp. (NO, NH3, CO outlet;
stage burner) flame structure)

[146] Plasma-assisted NSD NHj; / air 1D 1D n.r. Finite-rate + plasma energy source; Plasma- Exp. (LBV enhancement)
(1D) flame enhancement combustion mech.

[150]  Plasma-assisted NSD NH; / air 0D 0D n.r. Boltzmann eq. + thermochem. Plasma- Exp. (ignition delay)
(0D) ODE ODEs; constant-V reactor combustion mech.

[154] Plasma-assisted NSD NH3;—H, / 0D 0D nr. Boltzmann eq. + plasma kinetics; Plasma- Exp. (ignition delay, radical
(0D) air ODE ignition study combustion mech. generation)

[155] Plasma-assisted NSD NH3 / air 1D 1D nr. Finite-rate + NSD; freely Plasma- Exp. (flame speed,
(1D) propagating flame combustion mech. flammability)

[157] Plasma-assisted NSD NH3;—H, / 0D 0D n.r. Plasma-assisted low-T oxidation Plasma- Exp. (species, low-T oxidation)
(0D) air ODE kinetics combustion mech.

[159] Plasma-assisted NSD NH; / air 0D 0D nr. Non-equilibrium NyO/NOx Plasma- Exp. (N2O/NOx)
(0D) ODE chemistry, low-T NH;3 oxidation combustion mech.

[161] Plasma-assisted NSD NH3;—H, / DNS 3D nr Full DNS + plasma coupling; Plasma- Numerical (NOx, HRR, flame
(DNS) air turbulence-plasma-flame combustion mech. isosurface)

[162] Plasma-assisted NSD NH; / air 1D 1D n.r. Finite-rate + NSD; pulse and Plasma- Exp. (LBV vs. pulse settings)
(1D) mixture sensitivity combustion mech.

[164]  Plasma-assisted NSD NH; / air 1D 1D n.r. Plasma-assisted MILD combustion; Plasma- Exp. (MILD regime stability)
(1D) reactor + 1D combustion mech.

[165] Plasma-assisted NSD NH; / air DNS 3D n.r. DNS comparison of plasma vs. Plasma- Numerical (flame structure,

(DNS)

preheating

combustion mech.

NOx)
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3.4. Porous media

Porous media is another technique that has been considered and
recently evaluated for the consumption of ammonia blends. The
concept, which comes from works conducted on the combustion of
syngases and engines employing porous composites, can be a method for
efficient ammonia consumption at higher than adiabatic temperatures.
The effect, called super adiabatic temperature, is caused by the addi-
tional heat that hot porous media emits back to the flame, hence
increasing its temperature (a subject of current research interest).
Porous media burners (PMB) improve internal heat recirculation
through radiation and conduction, leading to preheating of reactants,
hence extending the lean flammability limits and flame stabilization.
Porous media combustion allows stable, very lean flames across various
mass flux rates and pressures, resulting in reduced pollutant emissions.
However, how effective the process is for ammonia combustion is a
standing research question.

Mechanistically, porous-media combustion changes ammonia con-
version by redistributing heat and residence time rather than only by
increasing the mean temperature. Radiation and conduction within the
solid matrix preheat the incoming mixture and can extend the lean
stability limit, while the pore size, porosity, thermal conductivity, and
flow velocity determine the location of the reaction zone and the degree
of post-flame NO reduction. This explains why porous inserts can
simultaneously improve flame stabilization and reduce NO/NHj3 emis-
sions in some configurations, but may also increase pollutant formation
if super-adiabatic temperatures promote excessive NH3 oxidation. The
main modelling challenge is thus the coupled treatment of gas-phase
finite-rate chemistry, solid—gas heat transfer, radiation, and residence-
time distribution inside complex porous geometries.

Table 4 provides a structured overview of the porous-media and
plasma-assisted combustion CFD studies reviewed in Sections 3.3 and
3.4, classified by system type, simulation methodology, combustion
chemistry model, reaction mechanism, and level of experimental
validation.

As expected, the subject is also under evaluation at modelling level.
A numerical investigation was conducted by Tolouei and Gharehghani
[132] who proposed the combustion of NH3/CH,4 blends for CO, and
NOx abatement through an optimization process numerically assessed.
The parameters considered included ammonia fraction, porosity, and
equivalence ratio which ranged between 0.8 to 1.0. The porous media
was a SiC based foam in a 0.6 m reactor. Simulations were performed
using Okafor’s mechanism [35] through three-dimensional simulations.
The results showed that by applying a porosity of 0.63 with 90%
ammonia at stoichiometric conditions would lead to the most optimum
combustion profile (low emissions and full conversion) from the ana-
lysed cases. Methane-ammonia could play as a good substitute for
methane in porous media burners, with elevated wall temperatures
compared to those without porous media. In comparison to a CH4/O5
case, CO4 emissions were reduced in 75% whilst NOx were mitigated in
10%.

Chen et al. [133] evaluated the impact of hydrogen in ammonia
blends numerically and experimentally using porous media. A 2D model
was presented to theoretically describe the process and the de-
pendencies between temperature, products, flame characteristics,
equivalence ratio, hydrogen content and gas velocity. The study evalu-
ated the influence of the thermal conductivity of the porous matrix (set
at 60, 100, 120 and 150 W/mK) with a gas velocity of 3 m/s. Results
showed that the increase of thermal conductivity led to a decrease in
maximum temperature of the flow, a factor caused by the increased heat
transfer from the porous media to the surroundings. Similarly, the in-
crease in thermal conductivity also shifts the flame front, with a higher
thermal conductivity causing a movement of the high temperature zone
closer to the inlet of the burner array. Also, and as expected, the use of
high equivalence ratio blends above stoichiometric values led to a
drastic reduction of NOx, with values under rich conditions close to
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0.009% (in volume).

Nozari et al. [134] performed analyses on a novel porous burner
where ammonia/hydrogen/air blends were evaluated experimentally
and numerically to determine stability, combustion efficiency and NOx
emission. The burner was designed using SiC porous composite. Exper-
iments were conducted using a wide variety of ammonia content be-
tween 60-90 vol% at equivalence ratios between 0.9-1.5 and gas flow
rates of 4 to 18 m/s. As expected, the use of pure ammonia was unstable.
However, as ammonia was displaced and hydrogen injected, the sta-
bility limits of the combustion process expanded. It was documented
that the combustion efficiency in this porous media exceeded 95%.
Further, it was observed that the flame could be retained more easily
with the porous media, improving resistance to blowoff in ~40%. It was
found that the porous media heat transfer improved the anchoring ef-
fect, providing additional heat to the blend, hence improving its reac-
tivity. It was also found that the burner size had important implications
in the ability of the system to sustain stable, high efficiency combustion,
a factor related to the power density that the unit was capable of
delivering.

The change in porosity was also studied by Hashemi et al. [135].
Using a numerical model, flame stability and pollutant emissions were
analysed when a porous burner with varying porosity operated using
ammonia/hydrogen blends. The results showed that stability increases
with equivalence ratio regardless the ammonia content, although higher
ammonia in the blend led to reduced stability and increase in NO
emissions. Thermal flame thickness, an important parameter in porous
media burners, was also determined, with thicknesses drastically being
reduced close to stoichiometric values and lower ammonia content,
whilst NO showed similar trends as in previous works, with a decay
under rich fuel conditions. Further, flame stability limits also increase as
the pore diameter increases, a parameter correlated to the ability of the
system to deliver higher power densities.

The work from Rong et al. [136] calculates the changes in entropy
and exergy in chambers operating with ammonia/methane blends in the
presence and absence of porous media using ANSYS Fluent 2022.
Three-dimensional models were developed and validated using experi-
mental data from the literature by evaluating a system with a single
inlet/double channel outlet configuration under laminar conditions. The
results showed details on the changes of the combustion process across
different equivalence ratios, inlet gas velocities, mixing ratios and
porosity of the porous media. It was found that, compared to a com-
bustion system without a porous medium, the use of the latter signifi-
cantly improved the thermal characteristics of the process, reducing
emissions and improving combustion characteristics, a trend previously
observed by works previously addressed. However, as for entropy,
higher porosity resulted in lower entropy within the porous structure.
Additionally, exergy efficiency is inversely proportional to equivalence
ratio, with a lower oxygen content leading to lower efficiencies.

A 3D model was developed by Han et al. [137] who assessed the
characteristics of a novel wavy micro-combustion chamber and the
impact caused by temperature distribution on the outer walls of the
reaction chamber. A “wavy” variation in the profile of the walls was
employed as it was found that this change is more effective to improve
temperature uniformity at gas velocities above 12 m/s. The analysis is
performed by comparing the effects of these waves with a conventional
chamber for its use in thermos-voltaic applications. The wavy profile
showed that the limit of NOx emissions was reduced in ~21%, an effect
caused by an improved temperature distribution during the reaction of
the ammonia/hydrogen blends.

Fu et al. [138] studied numerically and experimentally the com-
bustion characteristics and thermal performance of a porous media
burner with a bluff body fuelled with ammonia/hydrogen. Small addi-
tions of ammonia appear to significantly influence the flame, leading to
an increase of thermal performance. Furthermore, the porous media
enhanced stability whilst higher wall temperatures can be achieved
when ammonia additions reach 20%, an effect caused by enhanced
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radiation, thus increasing the temperature of the former by ~120 K
above the mean wall temperature of the porous media burner. Conse-
quently, the maximum radiation power (35.65 W) was achieved when
burning a blend containing 20% NHjs in the presence of a porous
medium.

Finally, experimental and numerical investigation of ammonia
flames under the influence of hot flue gases in a novel two-stage porous
burner were assessed by Udaybhanu et al. [139]. Initially, experiments
were conducted with premixed LPG/air supplied to the first stage of the
burner, without porous foams, at thermal inputs of 7.5 kW, 10 kW, 12.5
kW, and 15 kW. At lower inputs, the flame stabilized at the bottom of the
first stage, but when the thermal input exceeded 12.5 kW, the flame
extended into the NHj injection chamber. Introducing porous foams
allowed for higher thermal inputs, stabilizing the flame below the foams.
This resulted in a significant reduction in CO emissions, from 320 ppm
without porous foams to <10 ppm with porous foams at the burner exit.
However, considerable NO emissions were still observed at higher
thermal inputs in both configurations.

Further, ammonia was injected into the burner under both condi-
tions, with and without porous foams, at thermal inputs of 8.45 kW,
10.85 kW, and 13.35 kW. In cases where the LPG thermal input was
lower (10 kW) and the NHj3 input exceeded 8.45 kW without porous
foams, a significant increase in NH3; emissions was observed at the
burner’s exit. However, when porous foams were used in all tested cases,
there was a notable reduction in both NO and NH3 emissions, with
maximum recorded values of 377 ppm for NO and 15 ppm for NHs,
respectively. The results can be traced back to some of the simulations,
Fig. 19, where the unburned ammonia at the outlet of the second stage is
at a higher concentration with porous media. This unburned ammonia
enables the decomposition of NO at the post-combustion zone, hence
mitigating both emissions. In comparison, the reaction without the
porous foam is faster and less controlled, hence rapidly oxidizing NH3
and other radicals, as observed in the higher OH presence. The phe-
nomenon leads to higher emissions. Although temperatures in the pro-
cess are relatively the same, Fig. 20, it is clear how the porous media has
led to a significant impact on emissions abatement.

In summary, porous media can be used as a method to control the
reaction of ammonia along the combustor, particularly when small units
are operated. However, the enhanced radiation product of the porous
media and super-adiabatic phenomena can also increase emissions,
hence making the use of geometrical changes, equivalence ratios and
porosity ratios critical in the control of emissions and higher combus-
tion/exergy efficiency needed to compete with fossil fuels. This is an
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active area of research that is gaining pace as the use of ammonia con-
tinues to infiltrate in various applications at both medium and small
scales.

3.5. Plasma-assisted ammonia combustion

The reactivity of ammonia is considerably lower than that of con-
ventional hydrocarbon fuels, hampering ammonia transition in energy
systems. Several studies have focused on addressing this challenge via
well-established methods, including preheating and blending ammonia
with more reactive fuels [17,140-143]. Whilst proven effective, using
these methods incurs a high percentage of hydrocarbon fuel and sub-
stantial deployment of heat to the mixture [108,144,145], compro-
mising the ammonia potential for decarbonisation. Given these
limitations, an alternative method based on the concept of
plasma-assisted combustion has recently been introduced to enhance
ammonia reactivity [146].

A Plasma discharge modifies combustion through different pro-
cesses. It can produce energised electrons, ions, and excited molecules,
which subsequently generate active radicals and dissociate large fuel
molecules [147]. These changes in the mixture composition create new
chain-initiation and branching pathways, which accelerate chemical
reactions. Plasma can also increase the local mixture temperature
through the energy transfer between energised electrons and molecules
[147,148]. Another effect of plasma on reacting flows is the modifica-
tion of the local flow velocity through Coulomb and Lorentz forces [147,
148]. The influence of such changes in the flow velocity on the flame is
generally negligible, unless plasma is discharged near the flame front,
where variations in the flow velocity can modify the local flame wrin-
kling. The significance of the effects mentioned above is highly depen-
dent on the plasma regime, which can be classified into equilibrium and
non-equilibrium [148]. In equilibrium plasma, electrons, ions, and
neutral molecules are in thermodynamic equilibrium, and plasma alters
a mixture directly via temperature augmentation [148]. On the con-
trary, in the non-equilibrium regime, the plasma energy is transferred
into activation of non-thermal chemical pathways, including excitation
and ionisation reactions to generate active radicals and dissociate the
fuel, rather than heating the ions and neutral molecules [148,149].
Given this, ions and neutral molecules are significantly colder than the
electrons [150]. Previous studies have demonstrated that
non-equilibrium plasma is more energy efficient than equilibrium
plasma, particularly when operated at nanosecond pulse widths [147,
148]. This technique allows efficient utilisation of plasma energy to
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Fig. 19. NH3, NH3—OH, OH distribution in the second stage of the burner (a) without, and (b) with porous media (Reprint from Ref. [139] with permission).
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conditions (Reprint from Ref. [139] with permission).

generate active radicals over a very short time discharge, which is
subsequently used by the thermochemistry between two consecutive
discharges to assist combustion [151,152]. Given this potential, this
novel technique has recently attracted considerable interest and has
been the subject of an increasing number of numerical studies.

Path Flux

OH-+NH,

Considering this,

In non-equilibrium nanosecond plasma-assisted ammonia combus-
tion, the characteristic time scale of plasma chemistry is generally
smaller than that of thermochemistry and turbulent flow [153].

reduced-order modelling excluding the turbulence

effects has recently gained attention for resolving two-way interactions
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Fig. 21. Main plasma chemical pathways consuming the plasma energy (dashed arrows) and those generating active radicals (arrows) in stoichiometric ammonia/air
combustion initially at 850 K, assisted by 20 NSDs with the repetition frequency of 50 kHz and reduced electric field of 100 Td (blue), 350 Td (black), and 700 Td
(red). (Reprint from Ref. [162] with permission).
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between plasma discharge and ammonia combustion [154-162]. This
includes zero-dimensional modelling of plasma chemistry and thermo-
chemistry in constant-volume reactors to evaluate the efficacy of
non-equilibrium nanosecond plasma discharges (NSD) to assist
ammonia combustion in applications such as internal combustion en-
gines. This is usually achieved through the coupled solution of the
Boltzmann equation and thermochemistry ODEs [161,162].
Zero-dimensional simulations have highlighted how the plasma energy
is converted into active radical generation [162]. Fig. 21 illustrates the
main plasma chemical pathways consuming the plasma energy and the
corresponding pathways to generate radicals for a stoichiometric
ammonia/air mixture initially at 850 K, assisted by 20-nanosecond
plasma discharges with a repetition frequency of 50 kHz and different
reduced electric field values [162]. According to Fig. 21, the distribution
of plasma energy into different pathways is highly dependent on the
plasma setting [155,157,162], while the main pathways producing
radicals are nearly similar [162]. Zero-dimensional simulations have
also shown that these chemical modifications reduce the ammonia
ignition delay time by up to five orders of magnitude [154,156,
160-162].

Similar low-order modelling in one-dimensional computational do-
mains has been employed to assess NSD in unstained and strained flames
aimed at evaluating the technique under the prevailing conditions in gas
turbines [154,161-164]. These investigations have highlighted that
NSD is capable of increasing ammonia flame speed by up to an order of
magnitude [154,161,162] and extending the flammability limits [164].
These efforts have revealed that NSD is substantially more effective than
well-established techniques for enhancing ammonia reactivity,
including preheating and hydrogen-assisted ammonia flames [162].
Fig. 22 shows the laminar flame speed of a stoichiometric ammonia
flame assisted by preheating, hydrogen, and NSD [161]. The flame speed
of the methane-air flame is also shown as a baseline. This result reveals
that discharging 20 NSDs with a pulse energy density of 9 mJ cm™ raises
the ammonia flame speed by a factor of 2.3 [161]. To achieve the same
flame speed enhancement, either 33.7% of hydrogen by mole fraction in
the fuel or 271 K preheating would be required, underscoring the po-
tential of NSD in assisting ammonia combustion [161].

For plasma-assisted ammonia combustion, the controlling parame-
ters are the plasma settings and mixture properties, including discharge
energy, pulse repetition frequency, reduced electric field, electron-
energy distribution, equivalence ratio, pressure, and the timing/loca-
tion of plasma deposition relative to the flame front. These parameters
determine whether plasma primarily enhances combustion through
thermal heating or radical production. In plasma-assisted combustion,
the modelling difficulty arises because plasma chemistry involves
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Fig. 22. Laminar flame speed of ammonia as a function of NSD pulse energy
density (E,) and mole fraction of hydrogen in the fuel (Xj;), colour-coded with
temperature (AT). (Reprint from Ref. [161] with permission).
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significantly shorter time scales than those of a turbulent reacting flow.
Given this, the two-way interactions between plasma arc and turbulence
are usually neglected in turbulent plasma-assisted combustion.
Although previous studies have shown that this approach is accurate in
ammonia combustion [160,161], further studies are required to quan-
tify such effects. A key bottleneck is therefore the development of a
cost-effective CFD code capable of resolving both plasma and turbulent
reacting flow characteristics.

Recently, multiway interactions between plasma, combustion, and
turbulence have been assessed through Direct Numerical Simulations
[153,165]. According to these studies and as shown in Fig. 23, turbu-
lence has pronounced effects on key reaction pathways that contribute
to heat release [153]. Under laminar condition, HNO+H<>NO-+H,,
OH+Hy<>H+H50 release most of the heat, while turbulence shifts the
pathways to NH2+NO<>N3+H50 [153]. This emphasises the impor-
tance of turbulence in plasma-assisted ammonia combustion, even
though the characteristic time scale of turbulence is usually larger than
that of NSD. These investigations have also shown that NSD is more
effective than preheating and hydrogen-assisted methods in enhancing
turbulent ammonia flames [153,165].

When compared to preheating, NSD increases the laminar burning
velocity of turbulent flames by 31% and 26% under lean and rich con-
ditions, respectively, for a given input energy of preheating and NSD.
These flames are shown in Fig. 24, where the flame fronts are illustrated
by an isosurface of progress variable colour-coded by the flame
displacement speed. According to these studies, plasma-assisted flames
are more reactive than preheated flames and exhibit less local extinc-
tion. Additionally, using NSD results in a more distributed turbulent
flame than preheating and hydrogen blends. Another notable finding
that has drawn attention is that plasma-assisted turbulent ammonia
flame produces up to 19% and 35% lower NOx emissions than preheated
and hydrogen-assisted ammonia flames, respectively. These findings
have positioned NSD as a novel alternative to address the reactivity
limitation of ammonia, facilitating the ammonia transition for the next
generation of energy systems.

4. Major challenges and way forward

As learned from all the previous sections, ammonia combustion
modelling has reached all corners of the combustion field from funda-
mental to large industrial scale. However, major challenges still remain
to keep progressing with the concept, thus delivering modelling strate-
gies that can be used for faster implementation and evaluation of con-
cepts whilst reducing time consumption and deployment costs.

These challenges stem from the multi-parametric nature of ammonia
combustion: the accuracy of CFD predictions is simultaneously governed
by several coupled controlling parameters. Equivalence ratio, pressure,
temperature, residence time, and fuel blending determine the global
reactivity of the mixture and the balance between NH3 oxidation, NO
formation, NO reduction by NHi radicals, and N,O production [166,
167]. Transport-related parameters, including Lewis number, preferen-
tial diffusion, differential diffusion, Soret transport, flame curvature,
flame stretch, and Karlovitz-number effects, further modify local reac-
tion rates by changing radical availability and local mixture composition
along curved or strained flame fronts [59,168]. These effects are
particularly important in NH3/Hp flames, where the addition of
hydrogen typically increases reactivity but also strengthens transport
sensitivity, affecting instabilities onset [93].

Thermal and flow-related parameters introduce additional modelling
challenges. Wall heat loss, radiation, porous-media heat recirculation,
and liquid-ammonia evaporation cooling can alter flame location, local
extinction, and pollutant formation [51,76]. For example, recent works
performed by Di et al. [169] through 3D analyses compare how spectral
differences affect flame evolution and propagation, with results denot-
ing large variations across stages in the injection and combustion pro-
cess of ammonia liquid injection. The results point out differences



S.Hetal

Laminar (0.43NH,/0.57H,)
----- Taminar (0,72NH3/0.28H2/’NST))

Applications in Energy and Combustion Science 27 (2026) 100550

Turbulent (0.43NH,/0.57H,)
Turbulent (0.72NI11,/0.2811,/NSD)

40 ; ‘ . 100 . , . 40 : : -
HNO + H <> NO + H, NHj + NO <> N, + H,0 NH, + OH <> NH + H,0
SO F=mmae oS 20
0 . ; Sy 0 . e
10 T T 20
NH +NO > NpO +H__aevn N
5 R AL LR
A ---—_'—'—_‘-’ = N‘\ ‘u 10
E 0 RN 4.;.‘
\
E] 5 i | f W 0 n A . o
e, 40 P T T T
%- N,O + H e Ny + OH | 0 K
iy
20 A3
g 20 j -20 | 20H < O + H,0
- o
0 L ! ! 0 I L ! N 40 1 L 1
-60 [ '
-80 FH + 03 <> 0 + OH
-100 1 i L

1.0 0.2 0.4

Su[ms]

Fig. 24. Turbulent flame front in (a) preheated lean, (b) preheated rich, (c) plasma-assisted lean, and (d) plasma-assisted rich ammonia flames colour-coded with the

flame displacement speed (Reprint from Ref. [165] with permission).

between four models, with some (e.g. grey-gas model) overpredicting
absorption patterns, whilst others showed greater accuracy but with
higher computational demand (e.g. explicit treatment of fuel spectral
properties and nongray radiation through various combustion stages).

Similarly, turbulence intensity and coherent flow structures affect
flame wrinkling, blow-off, flashback, and local reignition, which are
difficult to capture with steady RANS closures but can be better resolved
by LES or DNS at higher computational cost [170,171]. Therefore, the
main modelling bottlenecks are not limited to chemical kinetics; they
also include transport modelling, boundary-condition specification,
heat-transfer assumptions, turbulence-chemistry interaction, and the
scarcity of spatially resolved validation data for temperature, radicals,
and nitrogen-containing species.

Fundamental combustion concepts still need to resolve the com-
plexities behind the thermo-chemical phenomena occurring within
various ammonia-based blends. As observed, most studied cases have
approached finite ammonia blends under very particular conditions,
hence leaving space to study other fuel combinations under a variety of
temperature/pressure conditions. The impact of curvature on critical
radicals such as H has not only revealed the critical play of such pa-
rameters on reactivity and stability but also opens the possibility of
using such phenomenon for the control of emissions and instabilities,
with equivalence ratios and hydrogen/fossil-based-fuels contents play-
ing as soothing/exciting agents. Similarly, the transition from atmo-
spheric to pressurised cases raises the question about the effects behind
the drastic changes in flame behaviour, hence requiring more analyses
for pressures in-between analysed conditions. Flashback and blow-off
appear to be driven not only by chemical effects but also by flame
shape and heat losses. However, transient analyses are required on this
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front to fully acknowledge the impact on flame stability during start-up,
ramping up and shutting down, amongst others, hence delivering
fundamental insights in the changes within the flame and thermo-
chemical effects that will be critical for applications in the power,
heating and propulsion sectors.

Several areas within laminar ammonia flame simulations remain
underexplored and merit further investigation. One opportunity con-
cerns the numerical reproduction of spherically expanding flame con-
figurations. These configurations are widely employed in experimental
facilities to measure unstretched burning velocities, yet corresponding
multidimensional simulations remain scarce. Two-dimensional axisym-
metric or three-dimensional computations of outwardly propagating
flames would permit direct comparison with optical diagnostics and
high-speed imaging data, thereby providing an independent validation
route for kinetic mechanisms under transient stretch conditions distinct
from those encountered in steady counterflow or burner-stabilized
flames. A second priority involves extending canonical two-
dimensional flame configurations to elevated pressures and initial
temperatures. The majority of existing multidimensional laminar sim-
ulations have been performed at atmospheric conditions, whereas
practical ammonia combustion in gas turbines and reciprocating engines
occurs at pressures reaching 30 atm and preheat temperatures exceeding
500 K. Counterflow flames, slot burner flames, and confined jet con-
figurations should be computed across these extended operating ranges
to quantify pressure-dependent variations in nitrogen chemistry path-
ways and to identify conditions where current mechanisms exhibit the
largest predictive discrepancies.

As for ammonia sprays, the current state of CFD modelling is sum-
marized for liquid ammonia injection and combustion, underscoring the
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predominant adoption of the Eulerian-Lagrangian framework. The ac-
curacy of these simulations relies critically on physical sub-models,
particularly for evaporation and flash-boiling processes. Key insights
from numerical studies have elucidated fundamental characteristics of
ammonia spray behaviour, mixture formation, ignition, and combus-
tion. These findings provide a deep understanding of combustion per-
formance, offering valuable guidance for practical design and
optimization. The Eulerian-Lagrangian framework, augmented by
advanced turbulence modelling and sophisticated sub-models for
breakup, evaporation, and dispersion, has established itself as a robust
and versatile tool for simulating ammonia sprays across a broad spec-
trum of applications. The unique challenges of ammonia, particularly its
tendency to flash boil and its high latent heat of vaporization, have
driven the advancement of specialized numerical models that will keep
evolving to resolve the complex interactions occurring during the
breakup process, various physical states, and flame phenomena. Notable
examples include the multi-bubble flash boiling breakup model and
hybrid evaporation approaches. These advancements will continue
progressing to substantially enhance the predictive capability of CFD for
ammonia spray systems.

Although substantial progress has been made in understanding
nanosecond plasma discharge (NSD) assistance in ammonia combustion,
several key research directions remain critical for advancing this tech-
nology toward practical deployment. Foremost, there is a strong need for
comprehensive experimental datasets capturing plasma-assisted flame
behaviour, including time-resolved temperature fields, species concen-
trations, radical production, and flame dynamics under both plasma-on
and plasma-off conditions. These measurements will serve as essential
benchmarks for validating models across laminar, strained, and turbu-
lent flow configurations. Modelling efforts must also evolve. Current
plasma simulations largely rely on steady-state Boltzmann equation
solutions, which are unable to represent the highly transient evolution of
the electron energy distribution function (EEDF) during nanosecond
pulses. Developing time-dependent EEDF solvers and improved de-
scriptions of energy transfer to excited states and radicals is therefore a
priority. In parallel, future work should focus on creating robust, fully
coupled frameworks that integrate electron kinetics, plasma chemistry,
fluid dynamics, and thermochemistry with high numerical stability.
These developments should be tightly linked to dedicated validation
datasets. Another critical need is the development of reduced and
skeletal plasma-combustion mechanisms specifically tailored for
ammonia-air systems. Current detailed plasma mechanisms are too
computationally expensive for multidimensional CFD. Generating
reduced mechanisms capable of accurately capturing key excitation,
ionisation, and radical-generation pathways—while remaining efficient
enough for large-scale simulations—will be essential for practical en-
gineering design. Finally, targeted experiments are required to clarify
the three-way coupling between turbulence, flame chemistry, and
plasma discharge, as turbulence strongly reshapes plasma-enhanced
reaction pathways and heat-release dynamics.

Porous media burners have opened an alternative for the use of the
chemical in small power generation devices, even presenting a solution
for domestic applications. Complex interactions between fluid and solids
could be combined through the adequate handling of radical formation
and material coatings, hence delivering ultra-low emission combustion
profiles using porous media devices. However, the topic is still in its
infancy, with the requirements of further computational analyses that
can be adequately validated using experimental methods. Radiation
processes at super-adiabatic conditions will present a real challenge for
modellers for the complex nature of the phenomenon and the difficulties
of punctual measurements needed to calibrate numerical models whilst
avoiding intrusive interactions.

The fundamental and laboratory-scale CFD studies reviewed
throughout this manuscript collectively define the chemical, transport,
and thermal modelling parameters that must be preserved when
extending ammonia combustion simulation toward practical devices —
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including gas turbines, boilers, reciprocating engines, and marine power
systems. Laminar and DNS studies provide validated reference data for
the development of reduced chemistry and tabulated manifolds, while
RANS and LES investigations at research-burner scale identify the gov-
erning roles of heat loss, residence time, swirl intensity, staging strategy,
and fuel blending in flame stabilization and emissions control.

Foreseeing a path towards implementation of these systems and their
relevance in the current and future use of ammonia, the authors of this
manuscript believe that small burner units could be implemented, via
accurate, high quality CFD modelling in devices relevant to the small
and medium heating sector, where burners of small capacity between
0.5-10 kW could be incorporated within radiating tubes, small heating
applications for food production, sanitation, cracking or chemical
treatment. Similarly, the cases of liquid injection offer a clear path to-
wards delivery of novel technology capable of using ammonia blends in
mobile applications. The reduction in both evaporation systems and
additional auxiliaries make ammonia a feasible solution for current units
in the transport and maritime sectors using liquid injection. Although
these concepts require further health & safety and public perception
assessments, it is evident that by using liquid ammonia under high
combustion efficiencies -properly understood with the help of CFD
modelling- could be a path towards fossil replacement in such sectors.
Plasmas could also become a critical method for the use of the molecule,
not only in the previously mentioned scenarios, but also in aerospace,
where the lack of space and the need of high reactivity are critically
needed to enhance the delivery of species for continuous propulsion
requirements. Finally, porous media have the potential of opening a new
door for the solution of replacing natural gas in domestic and com-
mercial applications. By combining various materials, the ignition,
combustion, and emissions abatement of using ammonia fuelling could
be all performed in a single device, reason because the proposed
approach appears novel and intriguing to pursue such a delicate task.

Scaling these modelling approaches to industrial systems, however,
requires a set of additional assumptions that introduce uncertainty.
Practical-scale simulations typically rely on simplified or prescribed
geometries, wall-temperature and conjugate heat-transfer models,
reduced or tabulated chemistry, and turbulence-chemistry interaction
closures such as EDC, PaSR, or flamelet-based approaches. While these
assumptions render large-scale simulations computationally tractable,
they carry inherent predictive uncertainty — particularly for NOx, N0,
unburned NHs, flashback, and lean blow-off — quantities whose for-
mation is highly sensitive to local temperature, residence time, and
chemistry-turbulence coupling. A detailed review of industrial-scale
ammonia combustion systems, including gas turbines and marine en-
gines operating at elevated pressure and thermal load, is beyond the
scope of the present manuscript and will be addressed in a companion
paper currently under preparation. The fundamental CFD studies sum-
marised here should therefore be regarded as the essential modelling
foundation for practical design, provided that operating pressure, tem-
perature, residence time, heat-loss level, and fuel-blending range remain
consistent with the intended application.

5. Conclusions

Ammonia combustion modelling is expected to keep growing not
only in number of publications but also in impact for the understanding
of fundamental concepts, delivery of improved modelling techniques
and support for industrial implementation of ammonia as an energy
vector. International conglomerates keep expanding to establish corri-
dors and industrial hubs capable of using ammonia efficiently for
climate abatement and energy resilience. Behind many of these expan-
sions, CFD modelling has and will keep playing a critical role, thus
making evident the importance of the concept and the need for a review
like the one presented.

Fundamental parameters such ammonia ignition, flame shapes,
thermo-chemical effects, and reactivity impacts caused by ammonia at
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different concentrations and conditions have been studied, delivering
data that can be implemented in improved models to increase quality
whilst reducing computational times. Analyses on fundamentals such as
laminar burning velocity, curvature, heat losses, diffusivity effects, etc.
are amongst the many causing changes on the chemistry, stability and
emission profiles observed when using the chemical, hence requiring
further support and expansion to acknowledge the drastic changes in
blend compositions and atmospheric conditions that, different to other
molecules, have perplexed the combustion community over decades.

Laminar flame studies have allowed for a better understanding
necessary for ammonia combustion research. While one-dimensional
simulations have proven essential for validating chemical kinetic
mechanisms and determining parameters, two-dimensional simulations
extend this work by capturing phenomena inaccessible to one-
dimensional frameworks, including flame curvature, preferential diffu-
sion, wall interactions, and spatially resolved pollutant formation. Re-
sults demonstrate that flame stabilization depends more on confinement
geometry and heat losses than on global equivalence ratio and that
hydrogen enrichment alters preferential diffusion and shifts NO forma-
tion peaks toward regions of positive curvature. Studies of micro-
combustors, burner-stabilized flames, and wall-quenching configura-
tions have confirmed that fuel-bound NO pathways dominate over
thermal routes for pure ammonia flames, with this balance shifting at
elevated pressures or with fuel blending. Laminar flame investigations
establish the validated reference behaviour and mechanistic under-
standing required before scaling ammonia combustion toward turbulent
regimes and practical applications. Therefore, novel models with lower
computational cost are always required, hence opening the opportunity
to develop bespoke strategies for complex fluid-chemistry resolution
that can be extended to more complex scenarios.

CFD simulations highlight that flash boiling predominantly governs
spray morphology, while evaporative cooling substantially affects igni-
tion and combustion stability. Moreover, ammonia ignition is funda-
mentally mixing-limited in practical systems, often requiring the
strategic use of pilot fuels or other ignition-assisting measures. CFD has
also yielded deep insights into the complex trade-offs involved in con-
trolling emissions such as NOx, N2O, and unburned NH3 when ammonia
is injected directly in liquid form. Despite considerable progress, chal-
lenges persist, pointing toward critical future research directions.
Continued refinement of physics-based flash boiling models is required,
particularly for capturing intra-nozzle phenomena and the transition
between flashing and non-flashing regimes with greater accuracy. The
development and broader adoption of hybrid VOF-EL methods hold
significant promise for seamlessly coupling high-fidelity near-nozzle
resolution with computationally efficient far-field spray calculation.

Plasma-assisted combustion offers a powerful means to overcome
ammonia’s inherent reactivity limitations, significantly accelerating
ignition, enhancing flame speed, extending flammability limits, and
reducing NOx compared with preheating or hydrogen addition. While
further advances in diagnostics, modelling, and reduced mechanisms are
needed, current findings position NSD as a highly promising route for
enabling efficient, low-emission ammonia utilisation in future carbon-
free energy systems.

Finally, porous media studies are still required to consolidate a
strong background of the processes occurring within the different porous
layers, reaction kinetics and fluid dynamics involved in superadiabatic
conditions, third body reactions and recombination of species in limited
spaces. The resolution of these unknowns could deliver novel concept
with potential of implementation not only in the industrial sector but
domestic appliances with high potential of global decarbonisation.
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