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ABSTRACT: This study investigates the use of ammonia as a carbon-free fuel for gas turbines in decarbonized hybrid
energy systems. The objective is to predict the emission characteristics of a gas turbine combustion chamber operating
on gaseous ammonia by employing detailed combustion kinetics. The chamber is modeled as a network of chemical
reactors to simulate the primary reaction zone and the secondary air-mixing zone. The model is based on solving
mass and energy conservation equations for chemically reacting flows. Four high-temperature ammonia oxidation
mechanisms, comprising 71 to 286 chemical reactions, were used as kinetic schemes. New data were obtained on flame
propagation, temperature distributions, and concentrations of stable species at the burner outlet. Calculations were
performed for a pressure of 2.0 MPa and an air excess coeflicient ranging from 2.36 to 3.55. The dependencies of toxic
emissions on ammonia mass flow rate were demonstrated. The results apply to the practical development of gas turbine
engines for decarbonized hybrid energy systems.
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1 Introduction

Ammonia (NH3) is gaining attention as an alternative fuel for gas turbine applications, owing to its
favorable energy storage properties, ease of liquefaction, and potential integration with current fuel supply
chains. It presents a notable advantage for decarbonization efforts, as its combustion process releases no
carbon dioxide (CO,). Nevertheless, several key technical and environmental hurdles must be overcome for
its practical adoption. The primary challenges encompass:

1. Low flame speed—Ammonia burns considerably slower than conventional fuels like methane or
kerosene, posing a risk to combustion efficiency and flame stability in turbines.

2. Nitrogen oxide emissions—Ammonia combustion results in the formation of a significant amount of
environmentally harmful nitrogen oxides. Reducing these emissions requires advanced purification
systems, such as selective catalytic reduction (SCR).

3. Stable combustion issues—Ensuring stable combustion, particularly during startup or at partial loads,
poses significant difficulties.

4. Material compatibility—Ammonia is a chemically aggressive substance, requiring the selection of
special materials for combustion chambers and other engine components.
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5. Toxicity and safety—Although ammonia can be stored in liquid form at relatively low pressure, it is a
toxic and hazardous substance.

The incorporation of ammonia into gas turbine fuel systems entails substantial technological adaptation,
particularly with respect to combustion chamber configuration and the implementation of effective nitrogen
oxide mitigation strategies. Achieving reliable ammonia-based operation requires coordinated experimental
and engineering efforts aimed at enhancing combustion completeness, limiting adverse environmental
effects, and maintaining acceptable thermal and mechanical durability of critical components.

Driven by stringent decarbonization targets and the global commitment to reducing pollutant emis-
sions, the energy sector is increasingly investigating ammonia as a promising alternative energy vector.
Owing to its high hydrogen content, ammonia represents a viable medium for both hydrogen storage
and energy conversion in power generation applications [1,2]. As the worldwide shift toward low-carbon
technologies accelerates,ammonia is being actively evaluated as a substitute for conventional fossil fuels [3,4].
In this context, improving overall process efficiency and integrating ammonia synthesis with renewable
energy sources are key conditions for achieving carbon-neutral deployment.

One extensively studied pathway involves the co-firing of ammonia with conventional fuels. Exper-
imental investigations have confirmed the technical feasibility of ammonia co-combustion with natural
gas in various thermal systems, including gas turbine units [5,6]. However, the intrinsically low chemical
reactivity of ammonia imposes limitations on flame stability, often necessitating the addition of more reactive
fuels such as methane or hydrogen to facilitate ignition and sustain combustion [7,8]. While effective,
this approach increases system complexity and may diminish some of the logistical and environmental
advantages associated with the direct use of ammonia.

Alternative concepts focus on modifying ammonia combustion behavior through direct hydrogen
enrichment [9,10] or via thermochemical cracking processes that produce hydrogen in situ from ammo-
nia [11]. Several studies have investigated the minimum hydrogen content required to maintain stable
combustion in spark-ignition engines and internal combustion systems, identifying optimal ammonia-
hydrogen mixtures that enhance efficiency and operational robustness [12,13].

A major constraint in ammonia-fueled combustion systems is the significant formation of nitrogen
oxides during oxidation [I14]. Although a range of ammonia-air combustion strategies has been pro-
posed [15], further refinement is necessary to achieve a balanced combination of low emissions and high
thermal efficiency. Despite the long-standing industrial experience with ammonia production, storage, and
transport, its combustion behavior remains incompletely understood and continues to attract intensive
research attention [16]. Previous investigations [17,18] indicate that the elevated pressures characteristic of
gas turbine combustors reduce ignition delay but simultaneously lower laminar flame speeds and promote
increased NOy formation. To mitigate these competing effects, staged combustion concepts have been
developed and shown to substantially reduce nitrogen oxide emissions [19]. Moreover, several industrial
demonstrations have confirmed the operational feasibility of gas turbines operating on pure ammonia [20].

Additional enhancements in ammonia combustion performance can be achieved by increasing swirl
intensity and turbulence within the combustor. These measures improve fuel-air mixing, extend effective
residence times, and partially offset the slow reaction kinetics of ammonia. Recent studies [21,22] have
explored advanced two-stage combustor designs and low-emission operating regimes specifically optimized
for ammonia-air mixtures. Complementary investigations [5,23,24] have addressed ammonia pre-cracking
to hydrogen-nitrogen mixtures, numerical simulation of ammonia combustion in dry low-emission systems,
and the application of staged combustion techniques for emission control.
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A comprehensive overview of recent progress in turbulent ammonia combustion is presented in [25],
contributing to both fundamental understanding and applied combustor development. In parallel, study [26]
proposes a reduced chemical kinetic mechanism comprising 19 species and 83 reactions for NHz/H,
mixtures, enabling the analysis of NOy formation as a function of combustor operating parameters. The
results indicate that increasing inlet pressure can significantly suppress pollutant formation, particularly
under fuel-rich conditions. Numerical work in [27] further examines ammonia-hydrogen combustion in
a multi-stage combustor using a chemical reactor network (CRN) methodology that combines perfectly
stirred, plug-flow, and partially stirred reactor models.

To further enhance ammonia ignition and flame stability, low-temperature plasma-assisted combustion
has been proposed [28,29]. Plasma generation techniques based on various discharge methods [30-32],
already applied in energy systems [33-35], provide localized energy input that accelerates chemical kinetics.
However, their implementation requires modifications to combustor architecture to accommodate plasma-
chemical interaction zones.

Despite substantial progress, the application of ammonia as a primary fuel in gas turbine engines
continues to face unresolved challenges. Recent reviews of ammonia combustion in gas turbines identify
persistent issues related to its physicochemical properties, including reduced combustion efficiency at
elevated pressures, susceptibility to flame instability and blow-off at high flow velocities, and the formation
of substantial nitrogen oxide emissions.

Conventional NOy mitigation techniques, such as selective catalytic reduction, may be impractical for
high-temperature gas turbine applications due to cost and operational constraints. Therefore, integrating
alternative strategies directly within the combustion process is necessary. One promising approach involves
staged air distribution along the flame tube to enhance combustion efficiency and minimize NOy formation.

This study focuses on reducing NOy emissions in an ammonia-fueled gas turbine combustion chamber
by optimizing staged air injection along the length of the flame tube. The novelty of the approach is
the complex variation of the air distribution along the length of the high-intensity combustion chamber,
supplied, respectively, through the vane swirler, the first and second rows of front device holes, radial primary
air injection holes, and radial secondary air injection holes.

2 Materials and Methods
2.1 Combustion Chamber Diagram

In the initial phase of transitioning gas turbine engines from hydrocarbon fuels to ammonia, it is crucial
to investigate stable combustion characteristics within high-intensity combustion chambers. Additionally,
an early evaluation of pollutant emissions and exhaust gas temperature is necessary.

For this study, a conventional diffusion-type combustion chamber has been selected, as it is adaptable
to both liquid and gaseous hydrocarbon fuels in standard configurations.

To analyze the potential for reducing nitrogen oxide emissions through staged primary and secondary
air injection along the length of the flame tube, a combustion chamber scheme of a 25 MW gas turbine
engine [36] was selected (Fig. 1).

To enable ammonia combustion, the engine’s compressor mass airflow rate is maintained, while the
ammonia supply to the combustion chamber is determined based on a stoichiometric ratio of L = 6.0466.
This value is considerably lower than those of hydrocarbon fuels, which typically range between L, = 14.7
and 16.5.
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Figure 1: Virtual model of the combustion chamber: 1—air supply after the compressor; 2—radial primary air injection
holes; 3—inner casing; 4—second row of front device holes; 5—first row of front device holes; 6—swirler blades; 7—
fuel injector; 8—flame tube; 9—outer casing; 10—cooling air supply holes for turbine blade apparatus; 11—combustion
products supply to the turbine; 12—flame tube cooling holes; 13—radial secondary air injection holes.

2.2 Mathematical Modeling

To estimate the emission characteristics of a gas turbine engine combustion chamber fueled by
ammonia, we adopt the methodology outlined in [34,35], where the chamber is represented as an assembly
of distinct chemical reactors.

A homogeneous reactor (HR), also known as a perfectly stirred reactor, assumes complete uniformity of
process parameters across the entire reactor volume. A plug flow reactor (PFR), or ideal displacement reactor,
models reactant movement in a piston-like manner, leading to concentration and temperature gradients
influenced by reaction kinetics and associated physical effects. An adiabatic mixer (AM) functions solely to
blend components without triggering chemical reactions.

Fig. 2 illustrates the developed reactor-based model for an ammonia-fueled combustion chamber. The
reactors simulate key processes, including combustion in the primary zone, dilution, and secondary air
mixing in designated regions.

B3
A\

Figure 2: Reactor model of the gas turbine engine combustion chamber operating on ammonia: l—ammonia injection;
2—air injection through the swirl device; 3—HRI of the swirl zone; 4—air injection through the front-end device; 5—
HR2 of the front-end device; 6—primary air injection; 7—HR3 of the primary zone; 8—secondary air injection; 9—AM;
10—PFR of the mixing zone; 11—combustion chamber outlet.
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The homogeneous reactors HR1-HR3 are used to describe successive stages of ammonia oxidation and
combustion taking place in the swirl region, the front-end device, and the primary zone of the flame tube,
respectively. The reaction products formed in HR1 and HR2 are subsequently directed into HR3, where
additional ammonia conversion occurs due to the introduction of air through the first row of radial ports in
the flame tube.

Downstream of this section, the reacting mixture enters an adiabatic mixing unit, in which it is
combined with secondary air supplied through the second set of radial holes, assuming negligible heat
transfer. The dilution and final mixing processes occurring in the flame tube are represented by a plug-
flow reactor, which accounts for the coupled chemical and physical transformations of the gas mixture in
this region.

The mathematical formulation adopted for the various reactor elements of the combustion chamber
model is outlined below. Homogeneous reactors are described using the conservation equations of mass and
energy for a chemically reacting flow. Although real combustors employ complex geometries and multiple
inlet-outlet arrangements to enhance mixing efficiency, these effects are represented in an idealized manner.
Under this assumption, the temperature and species composition within the reactor volume are uniform and
equal to the outlet values, while the total mass flow rate through each reactor remains constant.

The governing equations describing the processes in the reactors under consideration, as well as the
numerical methods used to solve the systems of chemical kinetics equations, are described in detail in
[37-39].

Consider a chemically reacting system comprising I elementary reactions (reversible or irreversible)
among K distinct species. The general stoichiometric form for any reaction i is:

K 4 K 124
D vkixe < > v kixe (1)
k=1 k=1

where vy; are the coefficients of reactants and products, respectively; yy is the k-th chemical specie.

The overall rate of formation or depletion of species k is obtained by superposing the contributions of
all reactions in which it participates, yielding:

I
Wk = ) Ukidis (2)
i=1

where g;is the progress rate of the i-th chemical reaction; vy; = (v"k; — v};).-

The reaction rate term g; is computed as:
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where k;, k,; are the forward and backward rate constants, respectively; [ Xy ] is the volumetric concentra-
tion of species k.

The forward reaction rate constant is described using an Arrhenius-type formulation:
_E.
k '=A,-Tﬁ"ex (—l), 4

where A; is the pre-exponential factor; f; is the temperature exponent; E; is the activation energy; R is the
universal gas constant, and T is the absolute temperature.



6 Energy Eng. 2026;123(5):19

A comprehensive mathematical description of all reactor types in the combustion chamber model
is available in [39]. This study analyzed the combustion process using four detailed ammonia oxidation
mechanisms: Scheme 1 by Xiao et al. [40] (71 reactions, 23 species), Scheme 2 by Stagni et al. [41] (203
reactions, 31 species), Scheme 3 by Li et al. [42] (160 reactions, 27 species), and Scheme 4 by Yu et al. [43]
(286 reactions, 34 species).

2.3 Verification of a NO, Prediction Model

To validate the calculated results against experimental nitrogen oxide emissions data from the UGT3000
gas turbine combustion chamber [36], a reactor-based model specific to this chamber was employed.
The burner of the UGT3000 is configured to sustain a near-optimal air-fuel mixture across its entire
operating range.

Fuel is introduced through two separate channels. From the first channel, fuel enters the gas cavity of
its swirl generator and is then injected through perforations in the vane walls into the inter-vane passages,
where initial mixing with air occurs. A similar process takes place in the second channel.

The operational parameters for both the experiment and simulation varied, with the power turbine
outlet temperature and the global air excess coeflicient (a) ranging from 590 K (a = 3.37) to 915 K (a = 3.20).
The combustion chamber pressure was maintained at its nominal value near 1.7 MPa. In the numerical
simulation, the two fuel channels were modeled as distinct Perfectly Stirred Reactors (PSRs). These reactors
represent the initial mixing zones, allowing for different fuel splits between channels while keeping the total
fuel input constant. Depending on local conditions, these PSRs either prepared the mixture or initiated
the combustion of a very lean mixture. The outflow from these initial reactors was combined and fed
into two larger, serially-connected PSRs, which modeled the primary combustion zone. The subsequent
dilution/mixing section of the chamber was represented by two Plug Flow Reactors, where additional air was
introduced to cool the combustion products.

Fig. 3 presents a comparison of the computed and experimental data, showing the relationship between
the high-pressure compressor speed (nppc), the fuel mass flow rate (G¢), and the NO, concentration (C).

Crow
G, kg/h mg/vm}
1500 r
1 100
1000 r
450
500
0 1 1 1 O
14000 16000 18000 Migpc, TPM
Figure 3: NO, emissions and fuel flow rate vs. gas turbine operating mode: A, e—experimental data; ——calculated

results.

The results indicate that NOy emissions increase with rising nypc as the engine approaches its
nominal power. This trend is attributed to the corresponding increase in gas temperature upstream of
the high-pressure turbine, peak combustion zone temperature, and system pressure. The maximum NOx
concentration measured under these conditions was 133 mg/m®.
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Overall, the calculated NOy emissions are in good agreement with the experimental values. A minor
discrepancy observed at the relative engine power mode of N = 0.50 is likely due to insufficiently detailed
modeling of the mixture formation processes within the flame tube’s recirculation zone under these specific
transient conditions.

It should be noted that the mathematical model is based on the use of idealized reactors. Therefore,
inhomogeneities in mixture formation and the distribution of component concentrations across combustion
chamber cross-sections, especially during transient regimes associated with the switching of control and
fuel delivery systems, significantly affect the model’s predictive capabilities under these transient conditions.
This necessitates the use of more complex three-dimensional CFD models that account for the aerodynamic
features of the working process as well. However, as can be seen from Fig. 3, satisfactory agreement between
measured and calculated results is achieved at the chamber’s nominal operating conditions (at high rotational
speeds of the high-pressure compressor rotor). Subsequently, our analysis will focus precisely on the nominal

operating regimes of the combustion chamber under investigation.

3 Discussion of Results

To analyze the working process in a high-intensity combustion chamber of a gas turbine engine
operating on gaseous ammonia, corresponding calculations of fuel combustion in an air environment were
performed. The calculations were conducted using the theory of homogeneous and plug-flow reactors with
the computational package ANSYS Chembkin [44].

The initial data for the calculations (per single flame tube) were as follows: ammonia mass flow rate
at nominal mode 0.255 kg/s, fuel temperature 313 K, air mass flow rate 4.291 (5.1) kg/s without (with) air
extraction for turbine blade cooling, air temperature 748 K, air pressure 2.0 MPa, average flame tube diameter
0.165 m, length 0.52 m.

The dependencies of the molar fractions of stable products O,, H,O, and N,, nitrogen oxides NO,
N0, and NO,, and the gas temperature at the combustion chamber outlet for the four considered kinetic
schemes, as well as their average values, are shown in Fig. 4. It can be seen that, for all the kinetic mechanisms
considered, the mole fractions of the major stable species are essentially identical: 0.746 for molecular
nitrogen, 0.119 for molecular oxygen, and 0.134 for water vapor, while the temperature of the combustion
products at the combustor outlet is 1511 K. This indicates a near-complete agreement between the results
of kinetic modeling obtained using different reaction mechanisms with respect to the prediction of stable
reaction products. Consequently, the choice of kinetic scheme has a negligible effect on the calculated
composition of the main combustion products under the conditions considered.

The main differences are related to the predicted emission characteristics of nitrogen oxides. In
particular, kinetic Scheme 4 yields unreasonably high concentrations of nitrous oxide N,O compared with
experimental observations, while simultaneously underestimating the concentration of nitric oxide NO. This
behavior suggests limitations in the representation of nitrogen chemistry within Scheme 4, especially in the
reaction pathways governing N, O formation and NO-N,O interconversion, which reduces its reliability for
quantitative NOy emission prediction under the studied conditions.
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Figure 4: Dependencies of parameters at the combustion chamber outlet for the four kinetic schemes. (a) molar
fractions of O,, H,0O, and N,; (b) molar fractions of nitrogen oxides NO, N, O, and NO,; (c) product temperature.

To identify the patterns of ammonia burnout and toxic component formation in the gas turbine engine
combustion chamber, a series of calculations was conducted with ammonia flow rates varying from 0.2 to
0.3 kg/s (per single flame tube), corresponding to a change in the overall air excess coeflicient in the chamber
from 3.55 to 2.36. The air mass flow rate through the combustion chamber remained unchanged.

Fig. 5 presents the molar fractions of NO, N,O, NO,, and volumetric concentrations of NOyx at the
combustion chamber outlet as functions of the air excess coefficient for the four considered kinetic schemes.
It should be noted that ppmvd (parts per million by volume on a dry basis) 15% O, is a unit of gas
concentration measurement expressed in parts per million by volume, considering that the measurement is
performed on a dry basis (excluding moisture content in the gas mixture) and corrected to a fixed oxygen
volume concentration of 15%.
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Figure 5: Outlet parameters as a function of the air excess coefficient for the four kinetic schemes. (a) molar fractions
of NO; (b) molar fractions of N, O; (¢) molar fractions of NO,; (d) volumetric concentrations of NOy

It can be observed that for all considered kinetic schemes, the minimum NOy emissions occur at a total
air excess coeflicient of 2.78, corresponding to an average gas temperature of 1511 K before the high-pressure
turbine. The total emissions of nitrogen oxides are largely governed by the formation of nitric oxide NO.
For the most favorable operating condition in terms of the excess air ratio 2.78, the molar fractions of NO
at the combustor outlet for kinetic schemes 1-3 are 9.04 x 1074, 767 x 107, and 9.11 x 1074, respectively,
corresponding to NOy volumetric concentrations of 887.1, 747.8, and 885.4 ppmvd at 15% O,. The NO
emissions exceed those of NO, by more than one order of magnitude and those of N,O by more than two
orders of magnitude. This clearly indicates that, under the considered conditions, the formation of NO is the
dominant pathway determining the overall NOy emissions.

Kinetic scheme 3 provides the widest range of stable combustion chamber operation in terms of the
air excess coeflicients (without flame extinction), which is crucial for future detailed calculations of the
aerodynamic flow structure and ammonia burnout in the combustion chamber using three-dimensional
CFD models. Therefore, it is recommended for use in subsequent studies.

The dependencies of the molar fractions of O,, H,O, and N,, volumetric concentrations of nitrogen
oxides NO and NOx, and product temperature at the combustion chamber outlet on ammonia flow rate for
kinetic Scheme 3 are shown in Fig. 6.
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Figure 6: Outlet parameters as a function on ammonia flow rate for kinetic Scheme 3. (a) molar fractions of O,, H,O,
and N3; (b) volumetric concentrations of nitrogen oxides NO and NOy; (c) product temperature.

As the gaseous ammonia flow rate increases, the average gas temperature at the combustion chamber
outlet continuously rises. However, NOy emissions initially decrease, reaching a minimum at a temperature
of 1511 K, and then increase. Notably, even under this (calculated) operating mode of the combustion
chamber, the NOy concentration is 885.4 ppmvd 15% O,, which significantly exceeds the emission levels of
gas turbine engines operating on hydrocarbon fuels. Further research is required to optimize the combustion
process, primarily by redistributing the air supply across the cross-sections of the flame tube, to reduce
nitrogen oxide emissions in such high-intensity combustion chambers with staged air supply.

By redistributing airflow through the swirl vanes (6), the front device (4, 5), and the flame tube (2, 13)
by adjusting their passage areas (see Fig. 1), NOy emissions are expected to be minimized. The combustion
process in a gas turbine combustion chamber operating on ammonia was investigated using the detailed
chemical combustion mechanism proposed in [39], which includes 160 chemical reactions.

This study proposes an investigation of the impact of air supply configuration on nitrogen oxide
formation in a gas turbine combustion chamber for six different cases, each differing in the distribution
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of the air excess coefficient along the length of the flame tube. The air distribution along the flame tube
corresponds to the supply pattern shown in Fig. 2. A stepwise change in flow rate (as well as the excess air
coeflicient) occurs for the following sections: air supply through the swirl device, air supply through the
front-end device, primary air supply, and secondary air supply. The air flow rate distribution in these sections
for all six methods considered is shown in Table 1.

Table 1: The air distribution along the flame tube.

Air flow rate through Air flow rate through the Primary air flow Secondary air
Case . . :
the swirl device, kg/s front-end device, kg/s rate, kg/s flow rate, kg/s
1 0.408 0.985 1.257 1.641
2 0.200 1.193 1.257 1.641
3 0.200 0.500 1.950 1.641
4 0.408 0.985 2.098 0.800
5 0.408 0.985 2.748 0.150
6 0.408 0.600 3.133 0.150

The variation of the air excess coefficient along the flame tube length is shown in Fig. 7.
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Figure 7: Variation of the air excess coefficient along the flame tube length for the six investigated air distribution.
(a) Case 1-Case 3; (b) Case 4-Case 6.

The distribution of the air excess coefficients is determined by changes in the passage areas of the vane
swirlers, two rows of front device holes, as well as the radial holes for primary and secondary air supply
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into the flame tube of the combustion chamber. The first three cases involve modifications only in the
passage areas of the vane swirler and front device, while the other three cases include additional changes
in the passage areas of the primary and secondary air supply holes. It should be noted that Case 1 serves
as the baseline configuration, representing the serial design of the flame tube without modifications to the
hole areas.

The molar fractions of O,, H,O, N,, NO, N, O, NO,, and the volumetric concentrations of NO and NOy
at the chamber outlet for the six air distribution cases studied are shown in Fig. 8.
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Figure 8: Outlet parameters for the six air distribution options. (a) molar fractions of O,, H,O, and Ny; (b) molar
fractions of NO, N, O, and NO,; (¢) volumetric concentrations of NO and NO;.

The distribution of air along the flame tube length does not affect the concentrations of components such
as Oy, H,0,and N, (Fig. 8a) at the combustion chamber outlet but has a significant impact on nitrogen oxide
emissions. Based on Fig. 8b, it can be concluded that the primary nitrogen oxide determining the toxicity of
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exhaust gases is nitric oxide NO. The highest emissions of this pollutant are characteristic of Case 3, while
the lowest emissions correspond to Case 6 (Fig. 8c).

Notably, the sixth (optimized) air distribution case is characterized by a significant increase in the air
excess coefficients in the primary air supply zone of the flame tube (at a relative flame tube length of I, ; =
0.41) rising from 0.654 (rich mixture) to 2.686 (lean mixture).

Fig. 9 shows the specific pathways for nitric oxide (NO) formation in the homogeneous reactor HR3
(combustion chamber, see Fig. 2), which is the zone of peak temperature governing primary ammonia
consumption. The transformation of fuel-N species here is notably complex, involving a network of
competing and consecutive reactions sensitive to local conditions. In particular, the predicted pathways
and final NO vyield are highly sensitive to the prevailing temperature and to the transient concentrations of
unstable intermediates, such as NH,, NH, and HNO. Normalized sensitivity coefficients for NHj in this zone
are also provided, along with the key reactions leading to its decomposition and oxidation. This analysis
underscores that the combustion chemistry in this critical region is governed by a delicate balance between
multiple kinetic paths, which the sensitivity coefficients help to elucidate.

NH2+OH<=>NH+H20
NH3+OH<=>NH2+H20
NH2+NO<=>NNH+OH
HO2+0OH<=>H20+02
NH2+NO<=>N2+H20
02+H<=>0+0H
NH2+40<=>HNO+H
NH+02<=>HNO+O
NH+OH<=>HNO+H
NH+NO<=>N20+H

062 0.0 +0.071

(a) (b)

Figure 9: Pathways for nitric oxide NO formation within the homogeneous reactor HR3 (a) and normalized sensitivity
NH; (b).

The molar fractions of O,, H,O, and N,, volumetric concentrations of NO and NOx, gas temperature,
and molar fraction of ammonia at the chamber outlet, depending on the total excess air coeflicient for the
case of rational air distribution, are shown in Fig. 10.

As the excess air ratio increases from 2.365 to 3.548, the molar fraction of molecular oxygen rises from
0.105 to 0.137, while the exhaust gas temperature decreases from 1617 to 1370 K. This temperature reduction
leads, on the one hand, to a decrease in nitrogen oxide emissions due to their strong temperature dependence.
On the other hand, the lower thermal level results in incomplete ammonia burnout within the combustor
volume, indicating the necessity for effective combustion enhancement techniques.
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Figure 10: Outlet parameters as a function of the overall air excess coefficient for the optimized air distribution case.
(a) molar fractions of O,, H,0, and N;; (b) volumetric concentrations of NO and NOx; (¢) gas temperature and ammonia
molar fraction.

It should be noted that, despite the overall decrease in product temperature at excess air ratios
above 3, the volumetric concentrations of NOyx exhibit a slight increase. This effect is attributed to the
thermal decomposition and oxidation of unburned ammonia in the post-flame region, where residual NH;
undergoes secondary reactions contributing to additional formation of nitrogen-containing compounds.
This behavior highlights the complex trade-oft between temperature reduction and chemical completeness
in ammonia-fueled combustion systems and underscores the importance of optimized mixing and kinetic
control strategies.

Unlike the baseline Case 1, where the volumetric concentration of nitrogen oxides NOy at the combus-
tion chamber outlet was 885.4 ppmvd at 15% O,, the concentration in the optimized Case 6 decreased to



Energy Eng. 2026;123(5):19 15

312.8 ppmvd at 15% O, under the nominal operating conditions (overall air excess coefficient of 2.78, average
gas temperature at the outlet of 1512 K).

It should be noted that the efficiency of ammonia combustion can, in many cases, be improved through
plasma-assisted intensification [29,31]. In addition, the stable operating range of the combustion chamber
can be significantly expanded due to the presence of large quantities of highly reactive intermediate species
generated by plasma torches of various types. An undoubted advantage of plasma systems (both equilibrium
and non-equilibrium) is the improvement of combustion characteristics during transient modes of power
systems, as well as under various natural and climatic conditions, especially during cold start conditions.

This work establishes a methodology for optimizing the design and operation of ammonia-fueled
gas turbine combustors. By enabling the minimization of NOy emissions and guaranteeing complete
combustion, it provides essential engineering solutions for retrofitting existing engines and developing new
decarbonized propulsion and power systems, thus facilitating the practical use of ammonia as a sustainable
zero-carbon fuel.

4 Conclusions

This study employed numerical modeling to investigate the combustion of gaseous ammonia and
the formation of nitrogen oxides in a high-intensity gas turbine combustion chamber featuring staged
air injection along the flame tube. The primary objective was to identify optimal operating and design
parameters for minimizing toxic emissions while ensuring efficient combustion. The main findings are as
follows:

(1) A robust mathematical model based on chemical reactor theory and the solution of mass and energy
conservation equations was successfully implemented. This model allowed for a detailed analysis of
the complex chemical kinetics involved in ammonia combustion and NO, formation.

(2) The environmental performance of the combustion chamber was evaluated using four detailed
ammonia combustion chemical mechanisms (comprising 71 to 286 reactions). This multi-mechanism
approach ensured the reliability of the predictions and provided insight into the sensitivity of results
to kinetic model selection.

(3) The core finding of this work is the identification of an optimized flame tube configuration with staged
air injection. For the studied conditions (pressure of 2.0 MPa, overall excess air ratio ranging from 2.36
to 3.55), this optimized design achieved a substantial reduction in NO emissions. The concentration at
the chamber outlet was reduced from 885.4 ppmvd at 15% O, (baseline configuration) to 312.8 ppmvd
at 5% O,, representing a decrease of approximately 65%. The research established a direct correlation
between the staged air distribution pattern, the resulting temperature fields, and the final NOy yield.

(4) 'The parametric framework derived from this zero-dimensional analysis provides specific design
guidelines (staged air ratios, operational air excess coeflicients) for ammonia combustion chambers.
To translate these guidelines into a practical prototype, the critical next step is to validate and refine
them using three-dimensional CFD simulations. Such modeling is essential to account for turbulent
mixing, aerodynamic effects, and three-dimensional flame stabilization, thereby ensuring the predicted
emissions reductions are achievable in a real combustor geometry.
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