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ARTICLE INFO ABSTRACT

Handling Editor: Mehran Rezaei Contemporary research into decarbonized fuels such as Hy/NHj3 has highlighted complex challenges with applied
combustion, with marked changes in thermochemical properties leading to significant issues such as limited
operational range, flashback, and instability, particularly when attempts are made to optimize emissions pro-
duction in conventional lean-premixed systems. Non-premixed configurations may address some of these issues

but often lead to elevated NOy production, particularly when ammonia is retained in the fuel mixture. Optimized
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Al};r:;ieiz fuel injection and blending strategies are essential to mitigate these challenges. This study investigates the
Combustion application of a 75 %/25 %mo Ha/NHj3 blend in a swirl-stabilized combustor, operated at elevated conditions of

inlet temperature (500 K) and ambient pressure (0.11-0.6 MPa). A complex, nonmonotonic relationship between
swirl number and increasing ambient combustor pressure is demonstrated, highlighting the intricate interplay
between swirling flow structures and reaction kinetics, which remains poorly understood. At medium swirl (SN
= 0.8) an increase in pressure initially reduces NO emissions, diminishing past ~0.3 MPa, with an opposing trend
evident for high swirl (SN = 2.0) as NO emissions fall rapidly when combustor pressure approaches 0.6 MPa.
High-fidelity numerical modeling is presented to elucidate these interactions in detail. Numerical data, generated
using Detached Eddy Simulations (DES), were validated against experimental results to demonstrate a change in
flame anchoring on the axial shear layer and marked change in recirculated flow structure, successfully capturing
the features of higher swirl number flows. Favorable comparisons are made with optical data and a reduction in
NO emissions with increasing pressure is demonstrated to replicate changes to the swirling flame chemical ki-
netics. Findings provide valuable insights into the combustion behavior of hydrogen-rich ammonia flames,
contributing to the development of cleaner combustion technologies.

1. Introduction

Hydrogen is increasingly recognized as a key component to achieve
decarbonized heat, power, and transport. However, there are opera-
tional challenges in delivery, flame stability and emissions production
that influence the flexibility and performance of gas turbines, particu-
larly in conventional dry-low emission systems [1]. While non-premixed
combustors can enhance stability, NOy production can increase, neces-
sitating flexible control strategies. Recent studies [2-5] propose
ammonia as a safe and efficient hydrogen carrier, that can be decom-
posed to form blends to mitigate reactivity/stability challenges.

Research into NHs/H; fuels is increasing significantly, highlighting
key strategies to influence kinetics and combustor performance [6,7].
For example, Valera-Medina et al. [8] found high NOyx emissions in a
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50/50 vol% NH3/H, mixture primarily due to excess OH and H radicals.
Mashruk et al. [9] showed that increasing ammonia concentration from
50 % to 90 % in lean premixed NHg/H, flames (Equivalence ratio, ® =
0.65) results in lower NO and NO, emissions due to changes in relevant
radicals, such as NH, OH, and NH,. Similarly, Khateeb et al. [10] found
that NO emissions in lean premixed NH3 and Hy flames (® = 0.5) are
primarily influenced by ® and NH3 concentration rather than pressure.
In contrast, Kim et al. [11] observed a reduction in OH and NO in-
tensities with increasing pressure, which correlated with the upstream
movement of the reaction zone and enhanced flame wrinkling. This
aligns with other works demonstrating a reduction in NO emissions with
an increase in ambient pressure for alternative combustor architectures
and configurations [12-14].

Despite considerable research in swirl-stabilized systems, there is
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limited information concerning the effects of recirculation and swirl
number on these blends under elevated pressure conditions. This in-
formation is particularly important for swirl-stabilized diffusion flames
commonplace in many gas turbine combustor architectures, as it can
enhance flame stability and ensure mixture uniformity, thereby mini-
mizing NOx emissions, as highlighted by Okafor et al. [15]. Pugh et al.
[16] identified a pronounced dependence of NO reduction on both
pressure and swirl number (SN) when examining NO production path-
ways in various NHs/Hy blends within a non-premixed variable swirl
burner.

In this context, it is essential to develop a comprehensive under-
standing of NH3/H; combustion in swirl-stabilized diffusion flames
under elevated conditions, which will ultimately increase its applica-
bility in gas turbines.

1.1. Research aims

Previous work has demonstrated that at medium swirl increasing
ambient pressure led to a sharp reduction in NO before plateauing, with
the trend inverting for high swirl [16]. The aim of this study is to
thoroughly investigate the complex relationship between swirl and
flame thermochemistry for 75 %/25 %o Ha/NHg flames with pressure
(0.11-0.6 MPa). The Hz/NH3 ratio being selected to replicate highly
cracked ammonia. Behaviors evident in the experimental data are
further elucidated using Detached Eddy Simulations (DES), employing a
modified reaction mechanism developed to visualize intermediate rad-
icals prominent in NO formation chemistry. Work is performed in the
context of emissions reduction for gas turbine applications, to assist in
the development of cleaner and stable combustion technologies using
well-established optical diagnostic techniques.

2. Materials and methods
2.1. Experimental and diagnostic setup

Experimental data were collected using a well-documented [12,13]
geometrically generic swirl burner, designed and utilized at Cardiff
University’s Gas Turbine Research Center (GTRC).

2.1.1. Pressurized optical combustor

In this study the burner was setup in a non-premixed, co-annular
flow configuration. A schematic of both the burner and pressure casing is
presented in Fig. 1 with further detailed information on the setup
available in other works [16].

Medium and high swirl nozzles were employed in this work with
respective geometric swirl numbers equal to SN ~ 0.8 and SN ~ 2.0 as
shown in Fig. 2(b) overleaf. Swirl was imparted only on the oxidizer
stream, with fuel injected along the axial centerline immediately
downstream of the swirler vanes. The geometric swirl number (Sg) was
calculated as:

S, = (Anoz : rtan) / (Atan . rnoz)‘(an/Qtot)2

Swirler
Quartz Confinement

Fig. 1. Cross-sectional schematic of experimental burner and casing with
emissions sampling probe location.
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Fig. 2. Numerical burner domain [a] with comparison of swirler geometries
employed for this work [b].

Where A is the exit area of the burner exit nozzle, Atan is the area of
the tangential inlet, ry, is the effective radius of the tangential inlet, 0,
is the radius of the burner exit nozzle, Q4 is the tangential flow rate, and
Qqor is the total flow rate.

2.1.2. Emissions measurement

Gaseous emissions were captured from the combustor exhaust,
downstream of the quartz confinement using a nine-hole equal-area
probe as per Pugh et al. [16]. NO emissions were normalized to a
reference value of dry, 15 % O; in accordance with ISO 11042 [17].
Although it is recognized that this emission reporting method can
overstate pollutant concentrations for high hydrogen content fuels when
compared with hydrocarbons [18], the dry 15 % Oy method was
considered appropriate since this study does not focus on fuel switching.

Typical uncertainties of approximately +5 % of measurement ac-
count for analyzer specifications, linearization, and accuracy in span gas
certification.

2.1.3. Chemiluminescence

Changes in flame structure were characterized via high-speed OH*
chemiluminescence focusing on the well-known A%2s* — X2I1 OH* sys-
tem [19]. Information on this high-speed imaging setup can be found in
other works [12,16,20].

Chemiluminescence data were acquired at 4 kHz via a 315 nm (£15
nm FWHM) narrow bandpass filter. Each dataset was temporally aver-
aged over 2000 instantaneous images. The resulting averaged images
were processed using a modified Abel inversion algorithm to generate a
planar representation of the three-dimensional flame brush [12,16]. The
Abel inversion assumes axisymmetry, which is an approximation in this
study given the nine-bladed swirler geometry and the resulting slight
flame asymmetry. To minimize associated uncertainty, the same side of
the flame was consistently analyzed when presenting half-flame re-
constructions. While this introduces a small deviation from perfect
axisymmetry, the approach provides a reasonable representation of the
global flame structure and allows meaningful comparison across
conditions.

2.2. Numerical setup

Preliminary simulations employed Reynolds-Averaged Navier—
Stokes (RANS) modeling, which accurately predicted NO reduction at
elevated pressures for the SN0.8 cases but failed to capture the behavior
of the SN2.0 cases, primarily due to insufficient turbulence resolution.
To address this limitation, Spalart-Allmaras DES was implemented in
STAR-CCM+ (version 2302). The DES framework applies Large Eddy
Simulation (LES) in the core-flow regions and RANS in the near-wall
regions, thereby enabling higher-fidelity predictions with substantially
fewer computational cells compared to a full LES. The following
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subsections detail the DES setup and validation. Due to the need for
high-fidelity models, subsets of the experimental data representing the
most extreme cases were chosen, as detailed in Section 2.2.3.

2.2.1. Geometry

The construction of the numerical domain is shown in Fig. 2(a), The
combustion chamber and expansion sections were modeled to allow
emissions sampling downstream of the burner face, aligning with the
experimental configuration. Apart from physical differences between
the mid (SN0.8) and high (SN2.0) swirlers, shown in Fig. 2(b), the
domain remained unchanged, consistent with the experimental setup.

2.2.2. Meshing

To generate refined DES meshes, the integral length scale (Lo), as
defined in Eq. (1), was applied to preliminary RANS simulations, with
adequate cell sizes established via Eq. (2) [21].

Lo = k3?2 /e 8]

Aprox cell size = Ly /5 (2)

Prism layers were applied to surfaces of interest with first cell heights
varied across different faces to achieve an average y© ~ 1. The total
height and number of prism layers was adjusted to ensure a smooth
transition to the core mesh. The final DES meshes (Fig. 3) comprised
~16 x 10% and ~31 x 10° elements for the SN0.8 and SN2.0 cases
respectively.

2.2.3. Physics setup and flows

A time-step of 1.25 x 10~ s was chosen for all cases to maintain a
Courant number (Co) of ~1 in the flame region. The time step was
determined from preliminary RANS simulations by applying a field
function of the reordered Co formulation, providing the time required
for Co = 1 within the flame region. Each time-step employed 20 inner
iterations using the SIMPLEC segregated flow implicit scheme to aid
convergence. Simulations ran for 2000 time-steps before initiating time-
averaging which was performed for a maximum of 5000 time-steps.

The Otomo-2018 [22] reaction mechanism was utilized incorpo-
rating NH* and NHy* species from Konnov [23,24], an approach
equivalent to other works [25]. Segregated flow enthalpy was selected
in conjunction with the Complex Chemistry model.

The fine mesh resolution needed to accurately capture both SN0.8
and SN2.0 domains using DES, coupled with the computational demands
of Complex Chemistry and a species-rich reaction mechanism, resulted
in highly resource-intensive simulations. As a result, even when utilizing
560 cores distributed over 14 nodes on the Hawk supercomputer,
insufficient flow-through times were achieved to enable emissions
measurement at the burner exhaust, in the equivalent location to where
experimental measurements were taken. Instead, emissions data were
sampled nearer to the flame, potentially leading to an offset in reported
values. However, as discussed in Section 3.3, equivalent trends to the
experimental results were observed, with the underlying mechanisms
therefore representative. A reduced mechanism would ease computa-
tional burden at the potential expense of kinetic fidelity.

Inlet fuel and air mass flow rates, along with temperatures, were set
to match experimental conditions, as summarized in Table 1 — note flow
is scaled with pressure to maintain quasi-constant nozzle velocities (full
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Fig. 3. SNO.8 [top] and SN2.0 [bottom] DES meshes.
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Table 1

Mass flow and temperature inlet conditions for all simulations.
Pcombustor (MPa) SNO0.8 SN2.0

0.11 0.6 0.11 0.6

Fuel (g/s) 0.277 1.493 0.277 1.533
Air (g/s) 6.8 37.11 6.8 37.73
Truel (K) 350
Tair (K) 500

dataset available in supplemental material). Swirler nozzle and com-
bustion wall temperatures were determined from thermocouple data
collected during the experimental campaign.

Whilst both fuel and air inlet temperatures were maintained constant
with pressure throughout the experimental campaign, the numerical
fuel inlet temperature was prescribed as 350 K instead of the ambient
delivery temperature of 300 K observed experimentally. This adjustment
was based on heat transfer RANS simulations [26], which predicted fuel
preheat of 50 K due to unavoidable thermal interaction with the heated
airline, concentrically aligned with the fuel delivery line.

3. Results and discussion
3.1. Experimental data

Non-premixed NH3 and Hy/NHj3 flames have been observed to
exhibit greater reductions in NO emissions with increasing pressure [12,
13,27]. This trend was previously confirmed by Pugh et al. [16]. Addi-
tionally, variations in swirl number were found to significantly influence
NO reduction. A complex, non-monotonic relationship between swirl
number and increasing ambient combustor pressure was demonstrated
for the specified 75 %/25 %mo] Ho/NH3 mixture/condition, as illustrated
in Fig. 4.

At medium swirl (SN = 0.8), Fig. 4 shows that increasing pressure
initially reduces NO emissions, which then plateau beyond ~0.3 MPa,
with only minor variations thereafter. An opposing trend is evident for
high swirl (SN = 2.0) as NO emissions fall rapidly when combustor
pressure increases further. The greater radial momentum imparted by
the high-swirl insert is therefore likely to play a significant role. At lower
pressures, enhanced mixing may dominate, producing behavior more
akin to a premixed system. At higher pressures, however, density-related
effects may dampen the radial momentum, leading to more comparable
performance between the two swirl inserts.

3.2. Numerical validation — flame behavior

Validation and investigations into the impact of pressure and SN on
flame stabilization mechanisms and locations was performed against the
experimental Abel transformed OH* chemiluminescence images
captured 5 mm downstream of the nozzle exit over a 100 x 100 mm
area. The colourmap for both numerical and experimental datasets was
based on an image maximum normalization. For brevity, only half-flame
profiles are presented, with the same half shown consistently for

PR

—- W

NO - ppm, (Dry 15% O,)
AR
-

0.11 0.2 03 0.4 0.5 0.6
Combustor Pressure (MPa)

Fig. 4. Experimental changes in normalized NO with varying pressure and SN.
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comparison. Results are collected in Fig. 5.

From Fig. 5, the numerical data can be seen to not exactly match the
experimental results. This is expected, as the numerical data provides a
direct cross-section of the flame, whereas the Abel-transformed data
represents a reconstructed cross-section based on an axisymmetric
assumption applied to line-of-sight integrated measurements [28].

Nevertheless, the numerical simulations successfully capture the
changes in flame topology between SN0.8 and SN2.0, including the
radial outward shift and flame thickening with increasing pressure. To
further ascertain the numerical agreement with experimental flame
shape variations in Fig. 5, the area of each half-flame exceeding a
threshold of 0.4 was calculated. For the SN0.8 cases, numerical and
experimental half-flames exhibited ~70 % and ~72 % increase in the
area above this threshold with increasing pressure, respectively. Simi-
larly, for SN2.0, numerical and experimental area increases were ~126
% and ~175 %, respectively. These results provide assurance that the
numerical model suitably captures the observed experimental trends.
Overall, the strong correlation between numerical and experimental
data provides confidence for further investigations.

A key insight from the numerical results is the substantial shift in
flame anchoring between the SN0.8 and SN2.0 cases. The 0-velocity iso-
surface overlay reveals that, in SN0.8 flames, anchoring occurs within
the axial shear layer, whereas in SN2.0 flames, it shifts to the outer
recirculation zone, aligning with the shear layer. This significant shift
suggests changes in both the fuel consumption process and the location
of NO formation, which will be examined in detail in Sections 3.3 and
3.4, respectively.

3.3. NO emissions

As previously described, numerical emissions data were collected by
performing surface averages of a 100 x 100 mm constrained plane
located 5 mm downstream of the nozzle tip. Although this approach
does not allow for a direct comparison with the experimental data, the
underlying trends can still be assessed. On average, the numerical in-
flame NO predictions were approximately 100 % higher than the
experimental measurements when corrected to 15 % Os. This likely
results from variance in the sampling location between numerical and
experimental datasets (suggested from previous CRN modelling with
NH3/H; blends [13]) alongside other kinetic limitations specific to the
reaction mechanism, and the effects of local heat loss [29].

Despite magnitude discrepancies, a strong overall correlation was
present when examining relative changes as shown in Fig. 6 where both
the numerical and experimental emissions datasets were normalized by
their respective maximum values to enable direct comparison.

Fig. 6 shows that, for the SN0.8 cases, experimental and numerical
results captured a ~33 % and ~25 % reduction in emissions respectively
with increasing pressure. Swirler-induced variations at atmospheric

0.11 MPa 0.6 MPa
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Swirler

Fig. 6. Comparison of experimental (exhaust) and numerical (in-flame) NO
emissions. Normalization based on the maximum in each SN dataset.

pressure also showed good agreement, with emissions increasing by
~75 % experimentally and ~57 % numerically when transitioning from
SNO.8 to SN2.0. However, pressure-induced changes in the SN2.0 cases
were less pronounced in the numerical results compared to the experi-
mental data. The numerical results were consistent with experimental
observations in indicating a stronger influence of pressure on NO
reduction for SN2.0 compared with SNO.8. However, the experimentally
measured reduction in emissions for SN2.0 relative to SN0.8 was
approximately an order of magnitude greater than that predicted
numerically.

Overall, the experimentally observed trends were replicated
numerically, with some discrepancies noted for the 0.6 MPa SN2.0 case.
Enhanced performance achieved through the DES simulations compared
to RANS, suggests that LES may provide improved results.

3.4. Change in fuel burn

The concentrations of both Hy and NH3 within the swirler nozzle and
combustion chamber were assessed by using surface-averaged section
planes positioned perpendicular to the burner. These planes were axially
spaced, extending from the nozzle exit (defined as the axial datum) both
downstream into the combustion chamber (+ve) and upstream into the
burner nozzle (-ve). Results for both swirlers, along with variations in
the overall equivalence ratio (®) within the combustion chamber, are
presented in Fig. 7.

From Fig. 7 it is evident that fuel consumption accelerates with
increasing pressure across both swirlers, as also indicated by the
enhanced heat release at higher pressures in Fig. 5. However, a notable
difference in fuel concentrations within the swirler nozzle and com-
bustion chamber is observed between the two swirlers. The increased
swirl and enhanced mixing induced by SN2.0 result in higher Hy and

0.11 MPa

0.6 MPa

Wik

Fig. 5. For each condition: experimental Abel transformed OH* results [right] and numerical OH* values with white overlay of the 0-velocity iso-surface [left].
Colourmap normalized to image maximum for both experimental and numerical data.
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Fig. 7. Fuel concentration changes as both mole fractions and ® at different
surface-averaged axial points perpendicular to the burner. 0 corresponds to the
nozzle tip.

NHj concentrations within the swirler nozzle and the first ~50 mm of
the combustion chamber. Furthermore, fuel mole fractions within the
combustion chamber exhibit a significantly steeper decline compared to
the SNO.8 cases, a trend that will be further elucidated by examining ®
variations.

Both swirlers show a rapid @ decline within the first 20 mm of the
combustion chamber as the fuel jet loses momentum and mixes with the
swirling air. Due to the stronger swirl induced by SN2.0, fuel-air mixing
occurs earlier, with most fuel consumed beyond 150 mm from the nozzle
exit. In contrast, SN0.8 cases retain fuel even 180 mm from the nozzle
exit, with @ values between 100 and 180 mm averaging ~4.3 times
higher than those in SN2.0 cases.

The greater fuel consumption facilitated by the flame anchoring in
the outer recirculation zone, with improved mixing for SN2.0 supports
the higher NO emissions observed for this swirler compared to SN0.8 at
atmospheric pressure. However, since fuel is consumed even more
rapidly at higher pressures, additional mechanisms must be responsible
for the reduction in NO observed experimentally for the SN2.0 case at
0.6 MPa.

3.5. NO vs NHy*, NH* and OH*

The changes in flame anchoring with varying SN discussed in Section
3.2 underscored the necessity for further investigation into potential
shifts in NO formation locations. Fig. 8 presents global-maximum
normalized NO values captured 5 mm downstream of the nozzle exit
over a 100 x 100 mm area, along with iso-surface overlays of global-
maximum normalized NHo*. NHy* is selected as a representative
marker for heat release with NH3 flames [30], with ground state ami-
dogen influential in NO chemistry [12,13]. For brevity, only half-flame
profiles are shown, with the same half consistently displayed, and the
0.6 MPa cases vertically mirrored for easier comparison.

Fig. 8 illustrates a significant variation in peak NO formation
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Fig. 8. Numerical molar NO with iso-surface overlay of NH2*. Both normalized
based on the respective global maximus.

locations between the SNO.8 and SN2.0 cases. In the SN0.8 cases, NO is
primarily generated within the inner recirculation zones, closely align-
ing with peak heat release regions observed in Fig. 5. Conversely, in the
SN2.0 cases, peak NO production occurs outside the central recircula-
tion zones, near the combustion chamber walls with little to no over-
lapping with peak heat release locations. This distinction implies
notable differences in residence times, with the SN0.8 cases exhibiting
longer NO residence due to its presence within the central recirculation
zones.

NH, is recognized as being crucial for enhancing NO consumption
through the chain-carrying reaction NH,+NO<NNH + OH, and the
terminating reaction NHy4+NO<H;0 + Ny [13]. OH and O are also
important for the oxidation of NH and NHy to NO via HNO and the re-
action HNO + OH<NO + H30 [31]. A positive correlation between
ground state and excited species [12] suggests that the increase in NHy*
and reduction in regions of OH*, both analyzed in this study, contribute
to a decrease in NO concentrations. As shown in the NHy* overlays in
Fig. 8, higher molar concentrations of NHy* were recorded for the SN2.0
case at 0.6 MPa, with a significant increase compared to the atmospheric
case. In contrast, for the SNO.8 cases, little change in NHy* concentration
was observed as pressure increased.

A more quantitative assessment of NHy*, NH*, and OH* molar
concentrations was conducted by averaging their values within a con-
strained 100 x 100 mm combustion chamber section, positioned 5 mm
downstream of the burner exit. Pressure-induced percentage changes
relative to the 0.11 MPa cases for each swirler are collected in Fig. 9.

From Fig. 9, pressure-induced changes in OH* fractions can be seen
to be consistent across both swirlers with reductions of ~80 % for SN0.8
and ~72 % for SN2.0 as pressure increased from 0.11 to 0.6 MPa. In
contrast, NHy* and NH* exhibited order-of-magnitude increases for
SN2.0 compared to SNO.8. Specifically, for SN0.8, NH* saw no pressure
sensitivity and NHy* increased by ~17 %. For SN2.0 however, NH* and
NHy* molar concentrations increased by ~102 % and 170 %, respec-
tively, under elevated pressure conditions.

[CJon LN ]

SN w9
S S o
N

254

[N
(S
S wn o
L

~754

Pressure-Induced Change in
Molar Concentrations (%)
w1
g 3

r ;
SNO.8 SN2.0
Swirler

Fig. 9. Pressure-induced percentage changes in in-flame molar concentration
of OH*, NH,* and NH* normalized against atmospheric values for each swir-
ler dataset.
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Overall, consistent with Kim et al. [11], at SN = 2.0 we observe a
reduction in OH* and NO with increasing pressure, whereas at SN = 0.8
the NO response is comparatively weak, in line with the pressur-
e-insensitive behavior reported by Khateeb et al. [10]. These findings
demonstrate that swirl intensity plays a crucial role in determining NO
formation locations and excited species distributions. Additionally, the
significant increase in NHy* and NH* concentrations at elevated pres-
sure for SN2.0, contrasted with minimal changes for SN0.8, suggests an
enhanced role of NHy-mediated NO reduction in high-swirl conditions at
elevated pressures, particularly in the outer recirculating flow.

4. Conclusions

This study presents an experimental and numerical investigation of
swirl number on flame stabilization and pressure-induced changes in NO
production pathways, in a non-premixed variable swirl burner with 75
%/25 %mol Ha/NHj3 flames. These numerical results provide insight into
the mechanisms behind pressure-dependent NO production differences,
particularly at high swirl, as observed experimentally. The model suc-
cessfully captured the overall trends in flame shape and NO reduction.

The main conclusions are as follows.

e Change from medium (SN0.8) to high (SN2.0) swirl provided a
change in flame anchoring location, providing a marked change in
emissions production.

Significant changes in fuel concentrations were observed between
the swirlers. SN2.0 induced faster fuel consumption due to enhanced
mixing, leading to higher Ho and NHj concentrations within the
swirler nozzle and the first ~50 mm of the combustion chamber. This
resulted in a steeper decline in fuel fractions in the combustion
chamber compared to SN0.8, quantifying the influence of swirl in-
tensity on fuel consumption.

e A marked difference in both peak NO and OH* formation locations
was observed between SNO.8 and SN2.0. In SNO.8 cases, OH* for-
mation and peak heat release concentrated along the inner shear
layer, whereas in SN2.0, it shifted outward, aligning with the outer
recirculation zone. In SN0.8, NO formed within the inner recircula-
tion zones, while in SN2.0, peak NO production occurred in the outer
flow regions, near the combustion chamber walls.

Pressure increased NHy* and NH* concentrations by an order of
magnitude for SN2.0, while OH* concentrations showed similar re-
ductions for both swirlers. This indicates a stronger role of NHy-
mediated NO reduction under high-swirl, high-pressure conditions,
leading to enhanced NO consumption in the outer flow.
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