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ARTICLE INFO ABSTRACT

Keywords: The urgent need to reduce our dependence on fossil fuels requires a massive transition toward renewable
Ammonia energy. Yet, directly using renewable electricity is challenging for heavy industries needing huge amounts
Hydr];’gen of heat and high process temperatures, conditions realistically achievable only through combustion. In this
Combustion

scenario, sustainable fuels offer a promising pathway for decarbonizing hard-to-abate sectors, and fuel mixtures
with varying compositions are expected to become the norm. To support this shift, fuel-flexible technologies
will be crucial to ensure steady operation without affecting efficiency and pollutant emissions. Among various
carbon-free fuels, ammonia has gained considerable attention as a hydrogen carrier due to its more favorable
storage requirements. However, its low reactivity and tendency to produce NO, and N,O requires tailored
fueling strategies to improve flame stability and limit emissions. Blending ammonia with hydrogen addresses
reactivity issues, while staged combustion may be effective for achieving low pollutants and high efficiency.
A novel burner design combining a stagnation-point reverse-flow (SPRF) chamber with air staging showed
promising low emissions in initial tests; therefore, further investigation on the performance of this combustor
prototype is needed. In this work, we tested such a novel design on a much wider operating space in terms
of equivalence ratio in the rich region, operating pressure and ammonia/hydrogen composition in the fuel.
Computation Fluid Dynamics (CFD) simulations were performed to characterize the combustor performance
over this operating space. A surrogate model based on Polynomial Chaos Expansions (PCE) was then developed
and trained on CFD data to capture the highly non-linear relationships between the operating parameters and
pollutant emissions. After validation, the PCE model was used to identify optimal regions for low-emission
combustion. The results demonstrated that the proposed combustor design is robust with stable NO, + N,O
emission below 100 ppm, at 16% O, over a wide range of input parameters, thereby offering the operational
flexibility needed to boost the use of green fuels in the industry.

Surrogate model

NO, emissions

Polynomial Chaos Expansion
Reynolds-averaged Navier—Stokes

1. Introduction steps compared to hydrogen, introducing complexity and efficiency

losses [3], in addition to its toxicity that explains the need to get rid of

In the search for clean combustion alternatives to fossil fuels, green
hydrogen and ammonia have gained significant attention due to their
potential for carbon-free energy production [1]. Hydrogen, which can
be directly produced from water via electrolysis, presents challenges in
storage and transportation owing to its low density, necessitating costly
measures such as compression or cryogenic cooling [2]. Ammonia, on
the other hand, offers a higher volumetric energy density, simplify-
ing storage and transport. However, its synthesis involves additional

unburned ammonia in the flue gases [4].

When used as fuels, hydrogen and ammonia face distinct combus-
tion challenges. Pure ammonia flames suffer from low stability, slow
reaction kinetics, and the risk of high NO, and N,O emissions [5,6].
In contrast, hydrogen’s high reactivity can cause either flashback in
premixed flames [7] or extremely high temperatures in non-premixed
flames, thus enhancing thermal NO, formation [8]. The ambitious
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goal of the research community is to tackle all these challenges, en-
suring that carbon-free fuels can rapidly replace fossil ones, thereby
accelerating the energy transition. In this transition, various fuels are
expected to contribute to the energy mix, bringing variability in com-
position. Among these, ammonia-hydrogen blends are likely to become
increasingly common. Therefore, fuel-flexible burners will be essen-
tial to maintain continuous operation, especially during periods of
fuel supply fluctuations, enabling the seamless integration of varying
fuel mixtures in industrial burners. Among the technologies available,
flameless combustion [6,9] and staged combustion [10-13] have shown
the most promise, providing high efficiency, fuel-flexibility, and low
pollutant emissions. However, even these advanced combustion sys-
tems can struggle to ensure proper and stable operation for varying
fuel mixtures. As such, numerical simulations are essential for devising
design improvements and identifying optimal operating conditions.

In this context, Computational Fluid Dynamics (CFD) represents a
valuable tool to analyze the burner behavior emissions-wise and find
appropriate improvement for reaching low NO,. Nevertheless, CFD
simulations are computationally intensive, particularly when investi-
gating a broad spectrum of operating conditions. To overcome this
limitation, reduced-order models (ROMs) have garnered attention for
their ability to provide rapid yet reliable approximations of complex
systems. Among these approaches, Chemical Reactor Networks (CRNs)
have been successfully applied to real combustion systems to estimate
pollutant emissions, emulating the actual combustor behavior through
interconnected ideal 0D/1D reactors [14-16]. Other ROM types are
those based on Gaussian Process Regression (GPR). These models have
been typically employed to build digital twins of actual combustion
systems by reconstructing the field of key quantities of interest over the
whole combustor volume [17,18]. Additionally, multi-fidelity frame-
works have recently emerged, combining costly high-fidelity data with
computationally inexpensive low-fidelity models to create ROMs that
leverage the advantages of both [19-22]. Among these surrogate mod-
eling techniques, Polynomial Chaos Expansion (PCE) [23-25] stands
out as a powerful approach for combustion applications. Beyond its
capability to efficiently approximate complex input-output relation-
ships, PCE enables the integration of uncertainty quantification (UQ)
and sensitivity analysis, providing valuable insights into the impact of
operating parameters on system performance. This makes it particularly
useful for identifying robust designs and optimal operating conditions
that minimize pollutant emissions. Despite their methodological differ-
ences, all these surrogate models share a common feature: they can be
trained on a limited set of operating points and then used to reconstruct
complex system behavior, allowing for rapid exploration of a wide
range of conditions. This is particularly important considering that NOy
and N,O emissions are highly sensitive to key operating parameters
such as equivalence ratio, fuel composition, and pressure [26,27].

In the present study, a staged combustor adapted for ammonia
combustion is investigated. A CFD model of the original combustor
geometry, named A-type design, was validated against experimental
data collected at the combustor’s outlet as presented in [13]. After
validation, two novel geometries were devised, resulting in the B-type
and C-type designs. The former consists of a reduction in the size of
the external diameter of the primary air nozzle, while the latter retains
this modification and includes four additional holes in the sleeve’s
wall, where the air is injected gradually. This is further explained in
Section 2. These combustor prototypes were tested on a few selected
operating points, showing promising results on the NO emissions,
therefore highlighting the need for further investigation. The aim of this
work is to conduct a systematic parametric analysis to assess pollutant
emissions on a much wider operating space, providing results that can
be generalized to other staged combustor designs. CFD simulations
are performed to characterize the combustor’s performance for varying
equivalence ratios, fuel composition, and operating pressure. Then, a
PCE-based surrogate model is developed to capture the highly non-
linear relationships between the operating parameters and NO, and
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N, O emissions, which, to the best of the author’s knowledge, has been
barely done in the literature. After validation, the surrogate model is
used to identify optimal regions for low-emission combustion. The re-
sults of this study will provide practical and techno-economic informa-
tion to design and operate next-generation combustors for fuel-flexible,
low-NOy and low-N,O ammonia/hydrogen oxidation.

The paper is structured as follows: Section 2 introduces the three
combustor geometries; Section 3 describes the CFD model, and val-
idates its accuracy. A single combustor type among those initially
presented is then selected based on preliminary performance results. In
Section 4, a CFD dataset comprising 175 RANS simulations is generated
for the chosen combustor design, covering a wide range of operating
conditions. Section 5 details the development and training of a PCE-
based surrogate model using the CFD dataset. Results are presented and
analyzed in Section 6, and conclusions are summarized in Section 7.

2. ULB modified stagnation-point reverse-flow combustor

The SPRF combustor developed at the Université Libre de Bruxelles,
first introduced in a study by Giuntini et al. [13], is considered in this
work and depicted in Fig. 1, with indications of the flow direction and
a detailed view of the modifications implemented in the B-type and
C-type cases. Initially designed for natural gas combustion in a single
fuel-lean stage with air injection for exhaust gas dilution, the original
combustor referred to as the A-type design was re-conceptualized for
staged, rich-lean, ammonia oxidation. This adaptation led to the devel-
opment of two additional configurations labeled as B-type and C-type
designs.

In comparison to the A-type, where the primary air is injected at
approximately 20 m/s, the B-type and C-type designs feature a reduced
diameter of the primary air nozzle, increasing the inlet velocity to
approximately 90 m/s. This modification allows for improving the mix-
ing within the first combustion stage. Additionally, the C-type design
incorporates a further modification with the introduction of four holes
in the wall separating the secondary air from the products of the first
stage. Through these holes, air is injected, resulting in the so-called
continuously-staged SPRF combustor [13].

3. CFD model

Reynolds-Averaged Navier-Stokes (RANS) simulations were carried
out using Ansys Fluent v22.1 with a pressure-based solver. Turbulence
was modeled using the Realizable k — ¢ approach with enhanced wall
treatment [13]. The reacting source term was closed using the Partially
Stirred Reactor (PaSR) model with the integral-based formulation for
the mixing time, setting C,;, = 0.1 [13]. The chemical time scale
was determined based on the slowest reacting species among O,, H,O,
N,, H,, and NHj, as outlined in [28]. The Shrestha mechanism [29]
was selected to model NH3/H, oxidation [13]. Radiation effects were
modeled using the Discrete Ordinate (DO) model, coupled with the
Weighted-Sum of Gray Gases (WSGG) model for gas properties. A User-
Defined Function (UDF) was used to adjust the WSGG band coefficients
based on the work of Bordbar et al. [30] to account for the absence of
methane in the fuel, for which the model was initially developed in
Fluent, and to adapt the model to different fuel compositions.

A 2D axisymmetric mesh comprising 53,000 quadrilateral and tri-
angular cells was employed. This mesh ensured a y* < 1 across all
surfaces. Simulation convergence was verified by monitoring residuals,
the heat balance, and the stability of NO, emissions at the outlet. The
computational time to achieve convergence in each simulation was
about 7 days on 20 CPUs.
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Fig. 1. 2D axisymmetric representation of the ULB modified SPRF combustor. The modifications made to the original geometry (Case A) are indicated as Case B and Case C,
respectively. The arrows highlight the flow directions, red dotted lines indicate the sampling zones (S1 = first stage, S2 = second stage, and S3 = outlet).

Source: Adapted from [13].
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Fig. 2. Performance of the CFD model in predicting experimental data collected on the A-type design: (a) NO emissions (left) and outlet temperature (right) at different rich
equivalence ratios (¢,), and (b) NO emissions along the radial direction of the burner at ¢, = 0.98 and ¢, = 1.67.

Source: Adapted from [13].

3.1. Model validation

The availability of experimental data on flue gas composition and
temperature for the A-type geometry facilitated the validation of the
CFD model described above. A comprehensive validation, including the
determination of the optimal C,,;, value of 0.1 for the PaSR combustion
model, the selection of the Realizable k — ¢ turbulence model, and
the adoption of the Shrestha kinetic mechanism, is detailed in [13].
However, for the reader’s convenience, a complete excerpt from this
validation is also presented in Fig. 2 to demonstrate the CFD model’s
ability to predict experimental data of NO and temperature at the com-
bustor’s outlet. In Fig. 2(a), the model shows relatively good agreement
with experimental NO emissions across different operating conditions,
with an average relative error of 9%. For the exhaust gas temperature,
the average relative error goes down to 0.57%, across the entire range
of first-stage equivalence ratios (¢,) investigated. Additionally, for the
two extreme conditions, i.e., ¢; = 0.98 and ¢, = 1.67, experimental
NO emissions were also collected at the exit pipe along the radial
direction, with y/R = 0 indicating the combustor axis and y/R =1 the
pipe’s wall. As visible in Figure Fig. 2(b), the CFD model can capture
both the absolute NO value and the relatively flat radial distribution of
experimental NO at the outlet.

3.2. Combustor performance assessment

Initially, 56 RANS-CFD simulations were conducted with the objec-
tive of evaluating and identifying the optimal configuration between
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the B-type and C-type cases.! The simulations covered a range of opera-
tional conditions, with fuel compositions set as either pure ammonia or
a 70/30 mol% ammonia/hydrogen blend. Operating pressures of 1 bar
(atmospheric pressure) and 2 bar were considered, and the equivalence
ratio in the first fuel-rich stage (¢,) was varied between 1 and 1.6.

A thermal power input of 20 kW was used for simulations at 1 bar,
while the power was scaled to 40 kW for simulations at 2 bar. Scaling
the power, and consequently, the mass flows, ensured consistent jet
velocities within the combustor across different pressures, maintaining
optimal fluid-dynamics conditions and isolating the effect of pressure
on pollutant emissions. Further details are provided in Section 4.

In all cases, air was preheated to 900 K, and the global equivalence
ratio was set to achieve an outlet temperature of 1200 K. For the
C-type design, the amount of secondary air evenly injected through
the four holes is such to guarantee stoichiometric conditions at the
last (i.e., fourth) hole, ensuring that the ammonia/hydrogen mixture
coming from the first, fuel-rich, stage is completely converted under
rich-to-stoichiometric conditions. As reported in Tables 1 and 2, an in-
crease in pressure is associated with a reduction in emissions across all
cases. Fig. 3 illustrates the trends for both designs. The N,O emissions
exhibit a monotonic increase with ¢,, with the C-type design demon-
strating lower emissions than the B-type design for all conditions.
Instead, the NO, emission exhibits a V-shaped trend with respect to ¢,,
with the minimum that shifts depending on the operating condition. It
is noteworthy that the minimum of the emissions occurs at a lower ¢,
for pure ammonia cases (i.e., ¢, = 1.15 for case B at 1 and 2 bar, and
¢, = 1.15/1.2 for case C at 1 and 2 bar, respectively) in comparison to

! Following the findings of [13], the original combustor, referred to as
the A-type design, was found to be not optimized for ammonia combustion,
therefore shifting the attention only to the B- and C-type geometries.
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NO, emissions (in ppm,, dry-basis, sampling zone S3) at 16% O, for Cases B and C as a function of the equivalence ratio in the first region
(¢)). Data are presented for operating pressures of 1 and 2 bar, with fuel compositions of 0% H, (pure NH;) and 30% H,.

CASE B CASE C

0% H, 30% H, 0% H, 30% H,
¢, 1 bar 2 bar 1 bar 2 bar 1 bar 2 bar 1 bar 2 bar
1 1033 873 1428 828 1033 873 1428 828
1.15 74 70 240 112 60 78 267 282

NO, 1.2 269 102 76 83 79 46 92 94
1.25 510 283 226 118 175 91 57 39
1.3 898 466 460 375 304 148 84 62
1.45 1545 926 1147 892 606 277 368 159
1.6 1847 1196 1718 1291 650 315 474 210
Table 2

N,O emissions (in ppm,, dry-basis, sampling zone S3) at 16% O, for Cases B and C as a function of the equivalence ratio in the first region
(¢,). Data are presented for operating pressures of 1 and 2 bar, with fuel compositions of 0% H, (pure NH;) and 30% H,.

CASE B CASE C

0% H, 30% H, 0% H, 30% H,
¢, 1 bar 2 bar 1 bar 2 bar 1 bar 2 bar 1 bar 2 bar
1 0 0 0 828 0 0 0 0
1.15 0 0 0 0 0 0 0 0

N,0 1.2 4 0 0 0 0 0 0 0

1.25 16 0 0 0 0 0 0 0
1.3 28 0 5 6 6 0 0 0
1.45 107 26 29 32 29 2 6 0
1.6 205 67 74 81 38 2 0 0

cases with 30% H, in the fuel (i.e., ¢; = 1.2 for case B at 1 and 2 bar,
and ¢, = 1.25 for case C at 1 and 2 bar). Thus, with the addition of
hydrogen to the fuel mixture, the NO, minimum shifts toward higher
equivalence ratios. To explain this behavior, we must remind that,
in staged combustors, total NO, emissions result from the combined
contributions of all combustion stages, and the minimum occurs when
overall NO, production is minimized. Moreover, it is crucial to remind
that ammonia plays a dual role in NO, chemistry: it reduces NO, under
fuel-rich conditions but promotes NO, formation under fuel-lean condi-
tions. Therefore, in the first, fuel-rich stage, a higher availability of NHs
is desirable to enhance NO, reduction. In contrast, in the second, fuel-
lean stage, minimizing NH; availability helps suppress NO, formation.
However, these two effects are inherently linked. Indeed, operating the
first stage at a highly fuel-rich condition minimizes NO, production but
results in significant NH; slip to the second stage, where it subsequently
promotes NO, formation. On the other hand, operating the first stage
at low NHj slips (i.e., by either operating with ¢, close to 1 or by
increasing the H, share at the expense of NHj in the fuel mixture) leads
to substantial NO, formation in that stage but ensures nearly complete
NH; consumption, minimizing NO, formation in the second stage.
Overall, the NOy minimum is achieved by balancing NO, formation
in both stages. This optimization involves finding a balance where the
first stage produces sufficiently low NO, while also ensuring that the
second stage receives minimal NH;, thereby preventing excessive NOy
formation in that stage. Consequently, with the addition of hydrogen
to the fuel mixture (for instance, from 0%H, to 30%H, as shown in
Fig. 3), as the availability of NH; in the first stage reduces, the first-
stage equivalence ratio must increase to maintain this balance, thereby
shifting the NOy minimum toward higher ¢, values.

In the majority of the examined conditions, the C-type configuration
exhibits lower values of emissions with respect to the B-type, with the
minimum of NOy at 38 ppm,, at ¢, = 1.25, p, = 2 bar, 30% H, in the
fuel for C-type, and 70 ppm, at ¢, = 1.15, p, = 2 bar, pure ammonia
for B-type, respectively. Overall, the C-type combustor exhibits lower
emissions across a broader range of conditions in comparison to the B-
type, thereby affording greater flexibility in the selection of operating
conditions. This results in a more robust, stable, and suitable design
for industrial applications. Consequently, the C-case is selected for the
subsequent parametric analysis.
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4. CFD data generation

For the selected C-case configuration, a systematic parametric anal-
ysis was conducted to evaluate the impact of three key operating
parameters on NO, and N,O (also denoted as N,O,) emissions: the
equivalence ratio in the first stage (¢,), the hydrogen mole fraction in
the fuel mixture (xy;,), and the system’s operating pressure (p, in bar).

To ensure proper operation of the SPRF combustor, internal veloci-
ties were held constant as pressure varied. This was achieved by scaling
the mass flow rates proportionally with pressure, following the relation:
;= 1’;—(:) m? For instance, the fuel flow rate in [kg/s] was calculated
as:

€8]

with PO = 20 kW at p) = 1 bar, and LHV,,, which depends on the
lower heating value of the fuel mixture. The air mass flow rate in the
first, fuel-rich, stage (denoted as ;. ;) was calculated based on the
equivalence ratio ¢, as follows:

- 0. .0 0 0
mfue/ = pl?/pg : mfuel = po/po : P,h/LHVmix

air,1

mair,l = ¢1 . (F/A)st : mfuel (2)

where is the stoichiometric fuel-to-air ratio, which depends on
the fuel consfposition.

Regarding the air injected through the holes in the sleeve wall
(between surfaces S1 and S2 in Fig. 1) and denoted as 1, ,, this flow
was evenly distributed across the four holes to achieve an equivalence
ratio of 1 at the final (fourth) hole, as already mentioned in the previous
section and detailed in [13]. We remind that this is a key feature of
the C-type design, as it ensures that ammonia is continuously oxidized
under rich conditions, which is crucial to mitigate pollutant formation.
The total air flow rate (s, ,,,) was determined through a global energy
balance to maintain an outlet temperature of 1200 K in each simulation,
ensuring consistent thermal conditions across all cases, as discussed
in [13]. Finally, the remaining air injected in the third region (between
surface S2 and S3 in Fig. 1) was computed as:

Mair3 = Mgjrtot — Maip] — M (3)

air,2

Initially, the multivariate joint distribution of the three input param-
eters, assuming a uniform distribution for each of them, was sampled
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Fig. 3. NOy (top) and N,O (bottom) emissions (in ppm,, dry-basis, sampling zone S3) at 16% O, as a function of rich equivalence ratio (¢,) for Case B (a,c) and Case C (b,d),

respectively.

using Latin Hypercube Sampling (LHS), resulting in 70 evaluation
points on which CFD simulations were then conducted. A uniform
distribution was chosen for the input parameters to ensure each value
within the specified range had an equal probability of being selected,
allowing for uniform sampling across the entire operational range.
Indeed, since the input parameters are not inherently uncertain, the
uniform distribution represents a methodological choice to systemati-
cally explore the parameter space. The lower and upper bounds of the
three operating parameters were defined as:

¢, €[1,1.6], p,<[1,3], )

To further refine the design space, additional points were added using
a two-step approach: first, to take advantage of the 28 simulations
already performed in Section 3.2 for the C-type design, they were
added with 6 additional points at the design space corners, resulting
in a total of 34 new points. Next, an adaptive sampling algorithm
was implemented to focus sampling on critical regions requiring fur-
ther refinement. For this analysis, only NO, were considered for the
output. This algorithm first scales the input coordinates x;, and the
corresponding outputs Y; between 0 and 1, as follows:

xy, €10,0.75]

min

L = min
N R (d S 5)
ik~ xz:ax _ x;(nin ’ i, Yymax _ ymin

where, i indexes the sample points from 1 to n, while k iterates over
the three operating parameters. The normalized Euclidean distance
between two consecutive sample points was then computed as r;; and
used to calculate the gradient between their corresponding output
values:

©
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The minimum and maximum of the Euclidean distance and the gradient
were then retained for setting a threshold on both quantities:

T'threshold = Tmin T Ar(rmax - rmin)’ 8ihreshold = 8min T Ag(gmax - gmin)’ (7)

where 4,, 1, are user-defined coefficients determining the strictness
of the threshold, ranging between 0 (threshold = minimum value)
and 1 (threshold = maximum value). Finally, new samples X% were
generated midway between existing x; and x; points, subject to the
threshold conditions. This approach ensured that new points were
added in regions with higher gradients while maintaining sufficient
distance between samples to prevent overlap. The design space was
then updated, and new CFD simulations were iteratively performed
until a satisfactory degree of approximation (indicated by 4, and 4,)
of the system response surface was achieved. In total, the final design
space comprised 175 CFD simulations for the selected C-type design, as
shown in Fig. 4. Such a high number of sampling points was necessary
because of the large dimension of the design space and the highly
non-linear nature of the NO, and N,O emissions response to the input
parameters.

5. Polynomial chaos expansion surrogate model

The 175 RANS-CFD simulations conducted across varying ¢;, p,
and xy, values served as high-fidelity data to train and validate a
surrogate model based on Polynomial Chaos Expansion (PCE). The goal
of the PCE model was used to efficiently reconstruct a response surface
for NO, emissions at the combustor’s outlet, with the three operating
parameters as inputs. This was further extended for N,O emissions, as
it is a greenhouse gas with an important global warming potential [31].
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LHS
Arbitrary

Fig. 4. Three-dimensional grid of the 175 CFD simulations conducted in this work, col-
ored by the different sampling methods employed (LHS = Latin Hypercubic Sampling,
Arbitrary = boundary samples + Section 3.2 simulations, AS = Adaptive Sampling). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

In the PCE framework, the output quantity of interest Y is decomposed
into many (potentially infinite) deterministic terms:

Y=Y a¥ ()

keN

(€))

For practical application the infinite-dimensional representation is trun-
cated to a smaller number of coefficients, where p, is set as small as
possible while maintaining a sufficiently good approximation.

P
Y & Y (%)

k=0

©)]

where g, are coefficients that must be estimated during the PCE train-
ing, ¥, represents the multivariate orthogonal polynomials of degree k,
while x = (x,x,,x3) are the input parameters [24]. The convergence
of the model was assessed by comparing the mean of the observation
to the order zero coefficient.

To facilitate the training process, input and output data were scaled
between 0 and 1, as reported in Eq. (5). The full dataset was split into
training and test samples by using a train/test split ratio of 80/20%
(i.e., 140/35 CFD points). Due to the rather large dimension of the
design space, to ensure effective training of the surrogate model, certain
critical points, specifically the most isolated ones, were intentionally
retained within the training dataset and excluded from testing. In this
regard, an isolation score based on the Euclidean distance between the
points was calculated and assigned to each sample, and those showing
the highest scores were retained within the training set to maximize
coverage and avoid extrapolation. The corresponding points are shown
in Fig. 5.

As for the PCE order, it was selected to achieve a satisfactory R?
score value to effectively fit both the training dataset and the unseen
test points. After validation, the PCE model was employed for global
sensitivity analysis using Sobol indices for the NO, and N,O models.
Both first-order and total-order Sobol indices were computed. The
first-order index measures the direct effect of each individual input
parameter on the output response as follows:

V(B (Y00 %)

- , 10
! V(Y (x)) a0
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Isolated points

e  Remaining points

Fig. 5. Three-dimensional grid representing the 175 CFD simulations conducted in
this study, colored according to their isolation score. The red points, accounting for
40% of the total, represent the most isolated samples, while the remaining 60% are
shown in blue. Test points are selected from the blue samples. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

where x_; represents the set of all input parameters except x;, Y(x) is
the model response, V(Y (x)) is the total variance of the output, and
Vi (E,_ (Y(®) | x) is the variance of the expected response when x;
changes, considering the other inputs fixed.

The total-order index considers the full effect of the input parame-
ters on the output as follows:

5 = E, VXY |x.)
T V(Y (x))
where V, ¥ (%) | x.;) is the variance of the response with respect to

x;, holding the other parameters fixed, and E, , denotes the expected
value over all values of the other input parameters.

) an

6. Techno-economic analysis

Afterwards, the PCE-based model was utilized to evaluate the oper-
ating cost of the combustor in relation to the level of emitted pollutants.
This approach aims to provide a tool for conducting a simplified techno-
economic analysis of the current burner, which can also be extended to
other combustor geometries. To do this, a cost function was defined, as
the sum of two terms: the pressure-related cost, which accounts for the
energy required by the air compressor to increase the pressure from
1 bar to a specified level above the atmospheric pressure, and the fuel-
related cost, representing the expense of the fuel mixture (hydrogen
and ammonia). For a better generalization to other combustors, both
costs were normalized by the thermal power input of the burner, P,;, =
iy - LHV,,, expressed in kW. For the former, the power required by
the compressor was adapted from [32] and can be expressed as:

1 mair,tr)t : Cair . T'air r=L
Cp=ng | —————= ) (7 —1) Caec /-1 a2)
Py Hcomp
where 1y, ., kg/s is the total mass flow rate of air compressed and fed

to the combustor, c;‘ir = 1005 J/(kg - K) is the specific heat capacity of
air, Ti"[‘li" = 300K is the inlet air temperature, Neomp = 0.8 is the efficiency
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of the compressor assumed constant® [32]; # is the compression ratio
defined as § = p,,,/p;, with p;, = 1 bar; y = 1.4 is the adiabatic index,
Eelee = 0.28€/kWh is the price of the electricity required to power the
compressor [33], f = ﬁ kWh/Wh is a conversion factor, and ¢ = 3600
s that corresponds to 1 h of operation.

For the fuel cost, prices per kilogram from the literature are used:
for ammonia, S\, = 0852 €/kg [34], and for hydrogen, Sy, =
6.21€/kg [35]. The fuel cost is calculated as:

Titgye]

P

13

Cryel = (MH2XH25H2 + My, XNy, fNH3> ot

where i) is the molar flow rate of the fuel in kmol/s, M; is the molar
mass of species i in kg/kmol, and x; is its molar fraction in the fuel.

We invite the reader to refer to the supplementary materials at-
tached to the main manuscript, where a sensitivity analysis on fuel
price variability is included. This analysis consists of three additional
scenarios: (1) a 50% increase in H, price and a 50% decrease in NHj
price, (2) a 50% decrease in H, price and a 50% increase in NH; price,
and (3) similar increase/decrease for both H, and NHj at the same
time.

7. Results and discussion

This section presents the results. First, the CFD-predicted NO, and
N, O emissions were evaluated as functions of the unreacted hydrogen-
to-ammonia ratio in the combustion products from the first stage.
Controlling this ratio is crucial to limiting emissions. Such analysis
was carried out for both the B- and C-case designs, to compare the
performance of different combustors. Subsequently, the PCE model was
used to reconstruct the field of NO, and N, O emissions across the whole
range of operating conditions, before proposing the techno-economic
analysis. All emissions in this study were normalized to the reference
16% O, content (typical for staged combustion applications) in the
dried flue gases and expressed in ppm,,.

7.1. Preliminary considerations to minimize pollutant emissions

To minimize outlet emissions, it is crucial to suppress pollutant
formation across all combustion stages. This task is generally straight-
forward in the first combustion zone, as pollutant formation is strongly
reduced under fuel-rich conditions for ammonia-hydrogen blends. Typ-
ically, ¢, values above 1.15, when only ammonia is present in the
fuel, are sufficient to ensure low NO, and N,O formation in the first
stage, although this value may vary slightly (+0.05) depending on the
burner configuration. Furthermore, since ammonia is the key species
for reducing pollutants under fuel-rich conditions, ammonia-hydrogen
blends generally require higher ¢, values to achieve similar outcomes.

Regarding the subsequent combustion zone(s), the formation of NOy
and N,O depends on the amount of unreacted ammonia slipping from
the first stage and the equivalence ratio in the secondary combustion
zone(s), i.e., ¢; with i > 1. Indeed, a higher ammonia concentration in
the first-stage flue gases increases the likelihood of pollutant generation
downstream. Therefore, high ammonia decomposition in the first, rich,
stage, and thus a high (H,/NH;), ratio is crucial to limit pollutant
formation in the following stage(s). Simultaneously, a lean equivalence
ratio within the secondary combustion zone(s) (either global or also
in local pockets) promotes pollutant formation if any ammonia is
present. Summing up, to minimize pollutants effectively, it is essential
to maintain low pollutants in the first stage, with a high (H,/NH;),
ratio, while ensuring ¢; > 1 for all subsequent stages, i.e., for all i > 1.

2 Assuming constant compressor efficiency is valid since, in our system,
the total air mass flow scales linearly with pressure to maintain optimal
combustor velocities. Consequently, the compressor operates along the bisector
of a typical compressor map (compression ratio vs. mass flow rate), aligning
with efficiency isolines.
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Fig. 6 illustrates the relationship between the hydrogen-to-ammonia
molar ratio at the outlet of stage 1 and the NO, and N,O emissions at
the combustor outlet, obtained in the CFD simulations, with data color-
coded by the rich equivalence ratio (¢;). The performance analysis,
introduced in Section 3.2, concludes that the C-type configuration
significantly reduces N,O, emissions and demonstrates better stability
under varying operating conditions. For what concerns the NO,, when
comparing the (H,/NHj;), ratios of the two designs, distinct trends are
observed: both show a parabolic shape with a minimum at the center,
but the curve for the C-type combustor is flatter, and the region of
acceptable NO, emissions (below 70 ppm,, at 16% O,) is much broader
than that for the B-type design. Specifically, the lowest NO, values
occur for hydrogen-to-ammonia ratios of (H,/NH;); € [3x 10> -3x 10%]
for the B-type and € [10? — 5 x 103] for the C-type.

Since both combustors are identical in the first stage, the perfor-
mance in the first stage is nearly the same for both geometries and all
conditions. Therefore, the superior performance of the C-type design
over the B-type is attributed to better control of the equivalence ratio
in stages downstream of the first. Specifically, the presence of four
subsequent secondary air injections, all having ¢, > 1, ensures lower
pollutant formation in the secondary combustion zones. In addition,
the gradual heat release also helps in reducing the pollutant formation.
To illustrate this, Fig. 7(a) retakes the heat release in the B- and C-
type combustor, for the case with ¢, = 1.45, pure ammonia at 1 bar.
The heat is released in a more distributed mode than in the B-type,
where the release is more localized with a higher intensity than the C-
type. Indeed, in the former, the maximal heat release, which is observed
after the second stage, is higher than the C-type, 37.8 W against 7.6 W.
Thanks to this gradual heat release, the C-type combustor operates
under milder conditions, therefore lowering the flame intensity. This
results in reduced local temperatures, which hinder reaction pathways
that lead to ammonia decomposition into NO,. Fig. 7(b) depicts the
NO reduction by the kinetic reaction NH,; + NO —N, + H,0, showing
a similar pattern to Fig. 7(a). As discussed for the heat release, case
C shows enhanced deNO, reactions with the gradual injection of air
through the dilution holes, allowing for lower emissions at the outlet.

Recalling Fig. 6, additional considerations can be made by examin-
ing the shape of the NO, curves. As already anticipated, a key factor
for ensuring low NO, emissions is promoting the decomposition of
ammonia into hydrogen, thus resulting in a high (H,/NHj;), ratio while
maintaining a high enough ¢,. Indeed, for ¢ ~ [1 — 1.15], a lot
of NO, are already produced in the first stage, contributing to the
overall emissions at the outlet. Points corresponding to ¢, ~ 1 are
concentrated in the high (H,/NH;), ratio region, as ammonia slip is
minimal at this value of ¢,. For higher values of ¢,, specifically in
the range of ¢; ~ [1.45 — 1.6], the C-type combustor exhibits lower
NO, emissions compared to the B-type, which reaches its peak NOy
values under these conditions. Therefore, the optimal range for the rich
equivalence ratio to minimize NO, emissions appears to be between
[1.15 — 1.45].° The advantage of the C-type design over the B-type is its
ability to maintain relatively low NO, emissions even in the higher ¢,
regions. When operating to the right of the parabola minimum, much
of the NOy is produced in the first stage, while to the left, the NO,
results primarily from the second stage. In the plateau region near the
minimum, emissions from both stages are minimized, leading to the
lowest overall NO, emissions.

Regarding N,O emissions, the trends reported in Fig. 6 are different.
Although not explicitly shown, there is no substantial formation of
N,O in the first, rich, stage across all conditions investigated. This is
because N,O formation is suppressed at lower ¢, values compared to

3 It should be noted that the conditions considered for the B-case design are
limited to pressures of p, € [1 —2] bar and hydrogen content x, € [0—0.3], as
this data was part of the preliminary study reported in Section 3.2. However,
this constraint does not affect the overall trends.
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Fig. 6. NOy (top) and N,O (bottom) emissions (in ppm
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dry-basis, sampling zone S3) normalized at 16% O, as a function of the ratio between hydrogen and ammonia at the

outlet of the first stage, i.e., (H,/NH;), where subscript 1 indicates the sampling zone S1. The data is colored by the value of the rich equivalence ratio ¢,, for the B-case (left)
and C-case (right). The X-axis is set to a logarithmic scale. A close-up of the low N,O values for low (H,/NHj;), ratios in the C-type combustor is also shown.
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Fig. 7. Mirror view contours of the B-type (top) and C-type (bottom) combustors for (a) the heat release and (b) the kinetic rate of a key NO reduction reaction. The operating
conditions considered are ¢ = 1.45, x;;, = 0 and p, =1 bar are considered. The maximal heat release is also highlighted for the B-type (37.7 W) and C-type (7.6 W); both color

bars use the log scale.

NO,, resulting in a trend that lacks the right branch of the parabolic
shape. On the left branch, instead, corresponding to low ammonia
decomposition and high ¢,, a significant amount of ammonia reacts in
the secondary zone(s). This results in some N,O emissions at the com-
bustor outlet, particularly for the B-type design, which operates with a
single, fuel-lean, secondary stage. In contrast, the continuously staged
configuration characteristic of the C-type design effectively keeps N,O
emissions below 15 ppm, under all conditions investigated.

7.2. NO, -PCE and N,0-PCE model development

The prediction performance of the PCE-based surrogate model is
shown in the parity plot in Fig. 8. The NO, PCE order was set to 4,
resulting in a regression performance evaluated via R? score of 97%
on the training data and 94% on the test points. A convergence study
to determine the optimum polynomial order of the NO,- and N,O-
PCE models was carried out and is reported in the supplementary
materials. Additionally, the parity plot in Fig. 8(a) provides insight
into the distribution of NO, emissions at the burner outlet, indicating
that most operating points fall below 200 ppm, for the presented
combustor design, underscoring its effectiveness in maintaining low
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emission levels across various conditions. The PCE model for N,O
emissions was also configured with an order of 4, achieving an R? score
of 96% on the training dataset and 92% on the testing dataset. The
narrow emission range of N,O, which lies between 0 and 38 ppm, with
most points close to 0 ppm, can be observed in Fig. 8(b). This also
means that little discrepancies, in the order of 0.1 to 1 ppm,, between
PCE and CFD predictions, can affect the R? score value, which is a bit
lower compared to the NO,-PCE for both training and testing, though
the model portrays satisfactory agreement.

7.3. Global sensitivity analysis

Fig. 9 shows the normalized first-order and total-order Sobol in-
dices, calculated following Egs. (10) and (11), respectively. These
indices indicate the influence on the NOy and N,O of each operating
parameter. For what concerns NO, emissions, the equivalence ratio
in the first combustion stage is the main contributor with indices of
92% and 76%, for the first and total order, respectively. As for the
fuel composition, expressed as hydrogen content, it shows a quite
marginal first-order effect of about 1%, while it becomes more im-
portant, i.e., about 12.5%, when considering also higher-order effects,
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Fig. 9. Normalized first-order and total-order Sobol indices for the NOy (left) and N,O (right) emissions, for the three operating parameters considered in this work: rich equivalence

ratio, hydrogen molar fraction in the fuel, and operating pressure.

thereby indicating strong interactions with the other two input pa-
rameters. The operating pressure, instead, shows a relatively constant
contribution of 7% and 11.5% for first-order and total-order Sobol
indices, respectively, indicating that pressure is relatively decoupled
from the other parameters.

For the N,O Sobol indices, the pressure takes over with a rather
high first-order contribution of 41% and a total-order contribution of
37%. The equivalence ratio in the first rich stage and the hydrogen
content have similar importance to the variability of the output. Their
first-order indices rank up to 37% and 30%, respectively, and their total
order to 33% and 30%.

7.4. Optimal conditions for low pollutant emissions

Fig. 10 presents the NO, emissions predicted by the PCE model
across the entire design space for three different pressure levels. The
quasi-vertical orientation of the isolines confirms that ¢, has a stronger
influence on NOy levels than the hydrogen molar fraction (xy,), con-
sistent with the Sobol indices. The primary effect of xy, is to shift
the minimum NO, emissions toward higher ¢,. This occurs because
increasing xj, reduces the ammonia available for abating pollutants in
the first combustion stage, necessitating a higher ¢, to achieve similar
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emission reductions. For example, at p, = 1 bar, the minimum shifts
obliquely from ¢, = 1.22 for x, =0 to ¢; = 1.55 for x, =0.75.

As also anticipated in Fig. 6, we can confirm that, if the fuel
composition is properly controlled, the most stable region lies between
about ¢, = 1.15 and ¢, = 1.45, providing NO, between 0 and 200 ppm,,
across the various pressure levels. Conversely, operating at ¢; ~ 1
results in the highest NO, at the outlet, due to the high amount of NO,
already produced at the first stage and this effect is boosted at high x .
When increasing the pressure, instead, the NO, globally decreases, with
smaller regions of high NO, and larger regions below 100 ppm,, values.

The analysis of N,O emissions is presented in Fig. 11, focusing on
p, = 1 bar, as higher pressures offer limited additional insights. At
elevated pressures, N,O emissions are near zero across most conditions,
except in the region around ¢, 1.6 and xy, = 0. At 1 bar, N,O
emissions reach a peak value of 38 ppm,, while the predicted peak
values at 2 bar and 3 bar decrease significantly to 2.4 and 1.8 ppm,,
respectively. This trend remarks on the crucial role of pressure, as
previously suggested by the Sobol indices analysis for N,O.

In summary, pressure is a key parameter for limiting pollutant
emissions. As the operating pressure increases, three-body pressure-
sensitive reactions, such as H + OH + M = H,O + M and H + O, +
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Fig. 10. Contour plots of PCE predicted NOy emissions (normalized at 16% O,) as a function of the equivalence ratio in the first combustion stage (¢,) and the hydrogen content
in the fuel mixture (x n,) at three fixed pressures: 1, 2, and 3 bar. Isolines are shown at selected NOy emission levels: 100, 200, and 400 ppm,.

M = HO, + M, are enhanced [36]. The first reaction acts as a chain-
terminating step, while the second competes with the production of OH
and O from H + O, = OH + O, producing less reactive HO, radicals.
The net effect is a reduction in the concentration of reactive O and
OH radicals, accompanied by a relative increase in the H/O ratio. This
alteration in the radical pool concentration and composition has two
effects:

1. In the first stage, the H/O ratio, already high due to fuel-rich
conditions, is further increased by the high pressure, boosting
the conversion of NH; to H, [36] via the NH; + H cascade. As a
result, the (H,/NH3), ratio of the flue gas entering the secondary
combustion zones increases. This leads to less ammonia avail-
able for oxidation in the subsequent fuel-lean stage, eventually
reducing the formation of fuel-NO; and N,O.

. Across the entire burner, and especially in the fuel-lean zones
where oxygenated radicals (O, OH) are more concentrated, the
increase in the H/O ratio due to increased pressure weakens the
main N,Oy formation pathways, particularly those involving NH;
+ O/OH, ultimately reducing pollutant emissions [36].

Following this logic, although the effect of pressure tends to flat-
ten as p, increases further [37], ultra-high (H,/NH;), ratios can be
achieved for pressures above 10-20 bar (e.g., in gas turbines). This
results in ultra-low NO, and N,O production in the secondary stage(s),
particularly flattening the left branch of the curves in Fig. 6. This
enables low-emission operation across a wide range of conditions,
thereby enhancing the robustness and flexibility of the combustor.

7.5. Techno-economic analysis

Fig. 12 presents the Kernel Density Estimate (KDE) plot of the
PCE-predicted NOy emissions as a function of ¢, and xj,, over the
range considered in this study, for three different pressure levels. It
is displayed against the estimated hourly operating cost, calculated
as the sum of Egs. (12) and (13). This visualization highlights the
distribution of NO, emissions for various operating conditions and
their associated costs. At a fixed pressure level, the operating cost
increases approximately linearly with the hydrogen content in the fuel
blend. Regions with high density in the KDE plot correspond to stable
operating windows, where small variations in operating conditions
result in minimal changes in emissions.

Interestingly, the total cost rises more at increasing pressure than
increasing the hydrogen content in the fuel. However, it is worth noting
that the stable region with low NO, shifts from high hydrogen to
low hydrogen content, as the pressure increases, allowing to partially
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Fig. 11. Contour plot of PCE predicted N,O emissions (in ppm,, dry-basis, sampling
zone S3) normalized at 16% O, as a function of the equivalence ratio in the first
combustion stage (¢,) and the hydrogen content in the fuel mixture (x, ) at 1 bar.
Isolines are shown at selected N,O emission levels: 5, 10, 20, and 30 ppni(,..

compensate the increased cost due to pressure with the reduced cost of
the fuel.

Additionally, higher pressures expand the stable region with low
pollutant emissions, causing the kernel distribution to become more
concentrated at lower NO, levels. For instance at p, = 1 bar, NO, peaks
at approximately 1500 ppm,, with a relatively narrow stable region
that settles to around 200 ppm, and a cost of 0.175 €h/kW; whereas,
at 2 bar and 3 bar, NO, peak remains below 1000 ppm,, with a wider
stable operating window around 150 ppm, and 100 ppm,, respectively
corresponding to 0.23 €h/kW at 2 bar and 0.266 €h/kW at 3 bar.

However, it is important to emphasize that these results may be
sensitive to fluctuations in fuel prices, which is likely given the global
uncertainties surrounding the future energy market. The impact of fuel
price variability is illustrated in Fig. 12 using arrows, where their thick-
ness represents the intensity of the effect. The arrows are only depicted
in Fig. 12 at p, = 1 bar, but the same considerations apply for the other
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Fig. 12. KDE plots of PCE-predicted NOy emissions (in ppm,, dry-basis, sampling zone S3) normalized at 16% O, as a function of the hourly cost for three selected pressures:
1 bar, 2 bar, and 3 bar, with darker regions indicating higher density areas. The reference prices of ammonia and hydrogen are set at {N H; = 0.852 €/kg and &, = 6.21 €/kg.
The impact of fuel price variations on the reference KDE plots is represented by the arrows.

pressure levels as well as for N,O in Fig. 13. Initially, scenarios with
opposite variations in fuel prices are considered. First, if the price of hy-
drogen increases while the price of ammonia decreases with respect to
the reference scenario, the minimum cost decreases, and the maximum
cost increases at a given pressure, thus expanding the KDE distributions.
This enhances the competitiveness of pressurization, as increasing the
operating pressure while maintaining an ammonia-dominated blend
results in similar costs to a system at p, = 1 bar with a higher hydrogen
fraction in the blend. In this case, burning ammonia-dominated blends
becomes more favorable at higher pressures. Conversely, if ammonia
prices increase while hydrogen prices decrease, the minimum cost
rises, and the maximum cost decreases, as indicated by the arrows.
Depending on the magnitude of these price changes, the kernel density
estimate (KDE) may collapse into a single vertical line or even invert its
shape, meaning that lower costs correspond to higher H, content in the
fuel. This inversion occurs when the energy price, expressed in €éMJ, is
H NH:
Finally, we examine a scenario in which both fuel prices increase or
decrease simultaneously. When prices rise, fuel costs become more
dominant compared to pressurization costs, making higher operating
pressures more advantageous. Conversely, if both prices decrease, fuel
costs play a less significant role in the total cost, making an operating
pressure of 1 bar more favorable, as electricity costs for compression
become the primary cost driver. We invite the reader to check the
supplementary materials for further details.

Similar trends can be observed for the KDE plots of N,O emissions
shown in Fig. 13. As previously mentioned, N,O emissions decrease
significantly with increasing pressure, reaching stable values close to
0 ppm, at pressures of 2 and 3 bar. The highest N,O emission values
occur at low operating costs, corresponding to low pressure and low
hydrogen content in the fuel blend, as indicated by the spread kernel
distribution. Similar to NOy, the stable region of N,O emissions shifts
from high hydrogen content to low hydrogen content as pressure
increases, partially offsetting the increased cost due to pressure with
a reduction in fuel costs. However, while the increased operating cost
at 3 bar may be justified for reducing NO, emissions, this is not the case
for N,O. At 2 bar, N,O emissions already fall close to 0 ppm,, making
higher pressures and their associated costs unnecessary.

In conclusion, operating the combustor at pressures above atmo-
spheric levels can be advantageous but comes at a cost. Systems that
inherently operate under pressure, such as gas turbines, can leverage
these benefits effectively. In contrast, for atmospheric systems, the
increased cost may not be justified. Therefore, to ensure low NO, and
N,O, it is crucial to ensure steady input conditions or to mitigate
input fluctuations through accurate control systems that maintain the
combustor within the stable, low-emission, operating window.

Other than that, optimizing the combustor design remains critical to
achieving a sufficiently wide operating window with minimal pollutant

the same for both ammonia and hydrogen, i.e., when
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emissions. In this context, the continuously staged design of the C-
type configuration provides a promising geometric improvement over
traditional two-stage burners. This superiority was evidenced in the
comparison between the B-type and C-type burners (see previous sec-
tions), where the latter demonstrates significantly better performance
in reducing pollutant formation.

8. Conclusions

This paper analyzed the operating robustness of a novel design of
the ULB Stagnation-Point Reverse-Flow (SPRF) burner across a broad
range of operating conditions. The study focused on three key param-
eters: the rich equivalence ratio in the first combustion stage (¢,), the
hydrogen molar fraction in the fuel blend (x;,), and the operating pres-
sure (p,), examining their effects on pollutant emissions. To achieve
this, a surrogate model based on Polynomial Chaos Expansion (PCE)
was developed using data from 175 2D RANS simulations, allowing the
reconstruction of pollutant emission response surfaces as functions of
the input parameters.

The NO,-PCE model revealed that NO, emissions peaked at ¢; near
1, driven by significant fuel-NO, production in the first combustion
stage. At mid-range ¢, values, NO, levels were minimal, as NO, for-
mation was reduced across all combustion stages. At higher ¢, values,
the substantial slip of unreacted ammonia from the first combustion
stage led to elevated NO, and N,O emissions in subsequent stages,
resulting in high overall pollutant levels. Regarding N,O emissions,
the combustor demonstrated robust performance, with the highest N,O
level of 38 ppm, observed at ¢, near 1.6 with 0% H,, at 1 bar.
Increasing the pressure to 2 or 3 bars effectively reduced N,O emissions
to near zero, highlighting the significant impact of operating pressure
on N,O mitigation.

In line with the Sobol indices, this analysis confirmed that ¢, had
a significant impact on NO, variability, while N,O emissions remain
low over the whole domain of operating conditions considered. The
combustor demonstrated robustness in maintaining low-NO, emissions
across a broad range of ¢, hydrogen content, and operating pres-
sure. Specifically, the stable ¢, region for achieving emissions below
70 ppm, was identified between 1.15 and 1.45. Increasing the hydro-
gen content extended this acceptable ¢, range up to 1.6, an effect that
was further amplified by operating at higher pressures.

This study concludes by presenting a combined NO, and N,O
techno-economic analysis, which provides an indicative hourly cost
as a function of the operating conditions. The findings highlight the
environmental benefits of operating at high pressures, which result in
reduced pollutant emissions, albeit with increased operational costs.
This trade-off underscores the importance of balancing environmental
and economic considerations in the design and operation of combustion
systems.
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Fig. 13. KDE plots of PCE-predicted N,O emissions (in ppm,, dry-basis, sampling zone S3) normalized at 16% O, as a function of the hourly cost for three selected pressures:

1 bar, 2 bar, and 3 bar, with darker regions indicating higher density areas.

Future work will focus on investigating the combustor’s response to
variations in operating conditions, aiming to develop a dynamic surro-
gate model capable of capturing the system’s transient behavior during
transitions between steady states. Such a model is particularly relevant
given the increasing demand for combustion systems to operate under
transient conditions rather than steady states to ensure the flexibility
needed to accommodate fluctuating energy demands and varying fuel
supply/price.
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