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A B S T R A C T

Ammonia, being a carbon-free fuel, is garnering increasing attention in the combustion community. However,
its application is still impeded by its limited stability range and significantly NOx emissions. This study
delves into the impact of primary and overall equivalence ratios (𝜙pri and 𝜙ovr) on emissions production in
ammonia–hydrogen co-firing flames, utilizing a two-stage swirling model gas turbine combustor. The emissions
concentration is measured using Fourier Transform Infrared Spectroscopy (FTIR). The physical and chemical
processes influencing emissions production are comprehensively analyzed through a combination of Large
Eddy Simulation (LES) and Flamelet-Generated Manifold (FGM) method. The reliability of the simulation is
validated by the experimental data, showing a good capability in predicting the combustion. Results indicate
that the two-stage combustion strategy exhibits significantly controlling effects on NOx and unburned NH3
emission. The NO emission exhibits a non-monotonic variation with 𝜙pri, reaching its lowest value at 𝜙pri ≈
1.2. Further analysis shows that 𝜙pri plays a crucial role in determining the temperature and OH concentration
in the primary combustion zone, thereby influencing NOx production in this area. When the primary zone is
operated at lean condition, the reduction on NO in secondary zone is primarily attributed to dilution effect by
the secondary air. In contrast, when 𝜙pri > 1, the concentrations of the main emissions in secondary zone are
dominated by chemical effects. In this scenario, unburned NH3 and H2 from the primary zone are consumed,
resulting in a substantial production of NO in the secondary combustion zone. Additionally, with an increase in
𝜙pri, the secondary NO production also increases. The 𝜙ovr exhibits two considerable effects. On one hand, an
increase in 𝜙ovr results in a higher local equivalence ratio in the secondary zone, thereby promoting local NOx
production. Simultaneously, the elevated flame temperature enhances the consumption of N2O. On the other
hand, the rise in 𝜙ovr results in a reduction in vortex scale and residence time in the secondary combustion
zone, leading to a decrease in local NO production.
1. Introduction

The utilization of carbon-free fuels such as hydrogen and ammo-
nia has received much attention in recent years. However, ammonia
shows greater advantages compared with hydrogen, since it can be
readily liquefied at atmospheric pressure when temperature goes below
−33 ◦C, or at room temperature when pressure is above 8.5 atm.
In addition, ammonia benefits from well-established production and
transportation infrastructures owing to its extensive industrial usage.
Transporting ammonia is significantly safer due to its more moderate
storage requirements compared to hydrogen. Hence, ammonia emerges
as a promising carbon-free fuel and a suitable hydrogen carrier due
to its high hydrogen content [1,2]. However, utilizing ammonia as a

∗ Corresponding author.
E-mail address: mengz8851@xjtu.edu.cn (M. Zhang).

fuel presents two challenges, one of them stems from its low burning
velocity. Under stoichiometric condition, the laminar flame speed of
NH3-air is merely one-fifth that of methane at 101 kPa and 298 K.
This results in poor ammonia combustion stability and diminished com-
bustion efficiency in the combustion chamber. The second challenge
arises from ammonia combustion, which yields remarkably elevated
NOx emissions in fuel-lean conditions due to the inclusion of nitrogen
atoms within the ammonia molecule [3–6].

The issue of flame stabilization of ammonia combustion can be
mitigated by introducing reactive fuels, such as hydrogen, into the
mixture [7–14]. Zhang et al. [8] investigated the effect of hydrogen
vailable online 11 June 2024
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and methane addition on NOx production in NH3-air flames in a model
gas turbine combustor. They showed that adding a small amount of
hydrogen to ammonia can significantly broaden the combustion limits
of ammonia, and concluded that 10% hydrogen blending is the optimal
choice, as it enhances the stability of the ammonia combustion with-
out exacerbating NOx emissions. The concept of ammonia–hydrogen
co-firing is motivated not only by hydrogen’s capacity to enhance
ammonia combustion but also by the fact that it can be produced by
partial cracking ammonia which provides a pure carbon-free solution
for combustion devices, such as gas turbines. Therefore, investigating
ammonia–hydrogen co-firing flames holds paramount importance for
the potential utilization of pure ammonia in gas turbines.

In ammonia–hydrogen co-firing flames, the issue of fuel NOx re-
mains prominent, largely attributed to the presence of nitrogen atoms.
Zhang et al. [8] reported NO concentrations in excess of 1000 ppm at
the combustion chamber outlet for NH3-H2-air flames with equivalence
ratio (𝜙) ranging from 0.8 to 1.0 at 10% H2 ratio, which is in agreement
with measurements made by Mashruk et al. [15] in an industrial scale
tangential swirl burner. However, the experimental results of Khateeb
et al. [11] in a generic swirl combustor showed NO emission exceeds
1500 ppm under nearly the same conditions as Zhang et al. [8] and
exhibits the peak close to 3000 ppm at 𝜙 = 0.9. Fortunately, the results
of Okafor et al. [5] showed that the two-stage rich-lean combustion
strategy is effective in controlling the fuel NOx. They firstly measured
the emissions in NH3-CH4-air flames in a single-stage micro gas turbine
combustor and found that NOx exceeded 5000 ppm at 𝜙 ranging from
0.8 to 1.1. Subsequently, they implemented the two-stage rich-lean
combustion strategy and achieved NOx emissions below 100 ppm under
specific conditions characterized by an overall equivalence ratio 𝜙ovr of
.38, a primary equivalence ratio 𝜙pri of 1.30, with the ammonia frac-
ion of 0.3 by calorific value. Somarathne et al. [16,17] also arrived at
similar conclusion through LES calculations under high pressure, re-

ealing that the equivalence ratio in the primary combustion zone plays
decisive role in the ultimate NO emissions in two-stage combustion.

i et al. [2] conducted a combustion reaction network (CRN) analysis
o examine the emission characteristics of an ammonia/methane co-
iring model combustion chamber using Tian mechanism [18]. The
imulation was conducted under operational parameters relevant to
/J-class heavy duty gas turbine conditions. They also emphasized the
ontrolling effects of staged combustion scenario. In the staged com-
ustion case, where ammonia constituted 40% of the volume and the
quivalence ratio for the primary fuel-rich stage was set at 1.5, the NOx
mission can be significantly decreased to as low as 86 ppm. This is a re-
arkable reduction, as it was only one-thirteenth of the concentration

bserved in the single-stage combustion case, which was 1119 ppm.
imilar kinetic simulations can also be found in the studies by Li
t al. [19,20]. Mashruk et al. [21] modeled a CRN for an industrial-
cale two-stage rich-lean combustion system using five commonly used
echanisms for sensitivity analysis of OH, NH3, and NO. They found

hat the rich-lean strategy can reduce NOx to approximately 100 ppm
hile allowing full consumption of unburned fuel in the primary zone.
uteša et al. [22] conducted CRN simulations, theoretical analysis, and
xperimental research on 70%NH3-30%H2 (vol%) rich flames under
umidified conditions, demonstrating that this novel approach can
rovide gas turbine power generation efficiency similar to Dry Low
itrogen Oxides and humidified methane-based technologies. It ensures

lame stability and low NOx emissions. However, the primary concern
rises from the low combustion efficiency caused by high NH3 and H2
scape during rich combustion. Subsequently, in their study [23], they
ntroduced the Rich Quench Lean (RQL) strategy, constructing a two-
tage combustion CRN including internal and external recirculation
ones. The introduction of secondary air achieves the consumption of
ost active species, resulting in NOx emissions of only about 80 ppm

nd a power generation efficiency of around 59%. This highlights the
igh promise of ammonia-based blends for gas turbine applications.
525

owever, the majority of existing studies continue to concentrate on c
the cofiring of methane–ammonia fuels, inevitably contributing to car-
bon emissions. In the face of the escalating global carbon emissions
crisis, the adoption of pure carbon-free fuels becomes imperative to
meet future development needs. Hydrogen, being inherently carbon-
free, can be directly obtained through ammonia cracking. Moreover, as
previously mentioned, the incorporation of 10% hydrogen significantly
enhances the stability of pure ammonia flames. Therefore, this study
embraces the two-stage combustion strategy to manage emissions in
ammonia–hydrogen co-firing flames (10% H2).

This paper investigates the impacts of primary and overall equiva-
lence ratios on the production and emission of NOx and unburned NH3
through ammonia–hydrogen two-stage combustion. Emissions concen-
trations are measured using FTIR. In-depth analysis of emissions pro-
duction mechanisms is performed utilizing the LES-FGM method. The
structure of the paper is outlined as follows. Section 2 introduces the
experimental and numerical simulation methodologies employed in
this study. In Section 3, a comparison between the simulation results
and experimental measurements is conducted firstly to validate the
accuracy of the numerical model. Subsequently, the analysis primarily
focuses on the influence mechanisms of 𝜙pri and 𝜙ovr on emissions
production from the perspective of LES, elucidating the underlying
mechanisms of the observed changes in emissions. Finally, Section 4
provides a comprehensive summary of the entire study.

2. Experimental setup and numerical methods

2.1. Two-stage combustion

The configuration of the swirl combustor utilized in this study is
shown in Fig. 1(a) and (b). After thorough mixing in the premixed
burner, the fuel and air enter the combustion chamber through an axial
swirler. Detailed information about the structure of this burner can be
found in our previous works [24,25]. The secondary air is introduced
through tangential holes located at the combustor walls to facilitate
staged combustion. The combustor side walls were constructed with
square quartz glasses, with 70 mm in width, 180 mm in height, and
5 mm in thickness. This design enables easy visualization of the flame
structure and facilitates the application of laser diagnostics. The sec-
ondary air holes are located on the same side of each wall to avoid
the collision of the four air streams and the disturbance of the internal
recirculation zone (IRZ) [16]. The hole has a diameter of 13 mm, with
its center located 90 mm from the bottom surface of the combustor
and 17.5 mm away from the central axis of the glass panel. The swirler
employed in this study features an inner diameter of 18 mm, an outer
diameter of 35 mm, and a total of 12 blades with a 45◦ angle. Its swirl
number is calculated to be 0.73 based on the formula presented in
Eq. (1).

𝑆 = 2
3
⋅
1 − (𝐷i∕𝐷o)

3

1 − (𝐷i∕𝐷o)
2
tan 𝛼 (1)

here 𝐷i is the inner diameter of the swirler, 𝐷o is the outer diameter
f the swirler, and 𝛼 is the angle of the blades.

In the experimental process, achieving single-stage combustion in-
olves directing all fuel and air through the swirler into the combustion
hamber. For two-stage combustion operation, in addition to the men-
ioned airflow, there is an additional stream of air entering through
econdary air holes. Whether it is single-stage or two-stage combustion,
e use 𝜙pri to represent the equivalence ratio calculated for the amount
f air and fuel entering through the swirler, and 𝜙ovr to represent
he equivalence ratio calculated for all air and fuel supplied to the

ombustion chamber. Clearly, for single-stage combustion, 𝜙pri = 𝜙ovr.
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Fig. 1. Schematic diagram of the experimental setup. (a) Structure of the swirl combustion chamber; (b) Photograph of the staged combustion chamber; (c) FTIR system.
2.2. FTIR measurements

This study employs a Gasmet DX4000 Fourier Transform Infrared
(FTIR) gas analyzer to measure the concentrations of NOx and un-
burned NH3. The schematic diagram of the measurement setup is shown
in Fig. 1 (c). FTIR operates on the principle of Fourier transform of
infrared light after interference and comprises the Gasmet Portable
Sampling System (PSS) and the gas analyzer. Before experimental mea-
surements, the sampling pump, heated filter, and valves are preheated
to 453 K (180 ◦C) to ensure that sampling remains in the gaseous state.
Nitrogen is then used for automatic background calibration through
PSS. During measurements, the stainless steel sampling probe is con-
nected to the contracted section at the combustor exit. To prevent
condensation of water vapor in the pipeline, the sampling probe is
continuously heated using a ribbon heater [26]. In order to obtain ac-
curate measurement results, it should be ensured that the measurement
time is long enough to stabilize the measured values. Subsequently, the
average of these stabilized values is considered the measured emission
concentration. In this particular experiment, each individual measure-
ment extended beyond 2 min to achieve this stability. The uncertainties
of the FTIR measurements are not larger than 50 ppmv for NO and NH3,
and not larger than 10 ppmv for N2O and NO2.

2.3. PIV measurements

To validate the LES results, we conducted Partial Imaging Ve-
locimetry (PIV) experiments on a 10%H2 single-stage flame with 𝜙 =
0.8. The PIV system employed a dual-cavity Nd:YAG laser (Litron), a
guiding beam arm, a particle generator, and a double shutter CCD
camera (Imager LX 2M). The Nd:YAG laser emitted dual-pulsed laser
beams with a wavelength of 532 nm, pulse energy of 2 × 300 mJ,
and repetition rate of 10 Hz. The formation height of the laser sheet
was approximately 60 mm with a thickness of about 1 mm. Titanium
dioxide (TiO2) particles with a diameter of approximately 0.5 μm and a
Stokes number of approximately 2×10−3 were introduced into the flow
field as tracers. The CCD camera with a macro lens (100 mm, F/2.8)
captured the Mie scattering signals through a narrow-bandpass filter
(LaVision, 532 ± 5 nm, bandwidth of 10 nm). The original image size
was 1600 × 1200 pixels with a resolution of 0.058 mm/pixel.

2.4. Numerical simulation methods

This study involves a secondary air supply to achieve the two-
stage combustion. As a result, the mixture fraction Z and the progress
526
variable PV (represented as 𝛾 later) are selected as control variables in
the FGM method. In this context, 𝛾 characterizes the transient process
of the mixture from unburned to burned and is defined by a linear
combination of mass fractions [27–29]:

𝛾 =
𝑁𝑠
∑

𝑖=1
𝛼𝑖𝑌𝑖 (2)

where 𝑁S is the number of species, 𝛼𝑖 is the weighting factor and 𝑌𝑖
is the mass fraction of species i. The combination of mass fractions
can be chosen arbitrarily as long as it is ensured that 𝛾 is monotonic
throughout the combustion process. In this work, the mass fraction of
water, resulting from the complete combustion of the fuel, is selected
for characterization. Specifically, 𝛼H2O is assigned a value of -100𝑀 -1

H2O,
where 𝑀H2O represents the molecular mass of water.

For carbon-free fuels such as NH3 and H2, the mixture fraction Z
can be expressed in terms of the mass fractions of the elements H, N
and O, as shown in Eq. (3) [17]:

𝑍 =
0.25𝑀−1

H (𝑍H −𝑍H,2) + 0.75𝑀−1
N (𝑍N −𝑍N,2) −𝑀−1

O (𝑍O −𝑍O,2)

0.25𝑀−1
H (𝑍H,1 −𝑍H,2) + 0.75𝑀−1

N (𝑍N,1 −𝑍N,2) −𝑀−1
O (𝑍O,1 −𝑍O,2)

(3)

where 𝑍H, 𝑍N and 𝑍O represent the mass fractions of the elements H,
N and O, respectively. 𝑀H, 𝑀N and 𝑀O are the atomic masses of the
corresponding elements. The subscripts 1 and 2 in Eq. (3) represent the
fuel and oxidizer, respectively.

Upon establishing the aforementioned control variables, the one-
dimensional flame calculation tool Chem1D [30] coupled with the de-
tailed chemical reaction mechanism proposed by Nakamura et al. [31],
which contains 38 species and 232 steps of reactions, is used to cal-
culate the laminar flamelets with different Z and 𝛾. This mechanism
has been tested and shown to effectively predict laminar burning
velocity [32], ignition delay time [32,33], and concentrations of major
emissions [34] in ammonia–hydrogen co-firing flames. The equivalence
ratio 𝜙 is varied from 0.5 to 1.6 to calculate the adiabatic flamelets
at 𝑇u = 300 K for different values of mixture fraction. Additionally,
the mixture fraction needs to be extrapolated to zero to simulate
the secondary air. Subsequently, these flamelets are synthesized to
construct a manifold, thereby obtaining thermochemical parameters
associated with these two control variables. The relationship between
the temperature with respect to the control variables Z and 𝛾 is shown
in Fig. 2.

The database is coupled in the FGM solver based on OpenFOAM-
2.3.x. The resolved equations governing mass, momentum, and control
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Fig. 2. Temperature along the 2D Z-PV manifold.

variables 𝐶𝑘 ( = 1, 2, . . .𝑁cv) are given in Eqs. (4)–(6) [28,29]:

𝜕𝜌
𝜕𝑡

+ ∇ ⋅ (𝜌𝒖) = 0 (4)

𝜕
𝜕𝑡
(𝜌𝒖) + ∇ ⋅ (𝜌𝒖𝒖) = -∇𝑝 + ∇ ⋅ 𝝈 + 𝜌𝒈 (5)

𝜕
𝜕𝑡
(𝜌𝐶𝑘) + ∇ ⋅ (𝜌𝒖𝐶𝑘) = ∇ ⋅

[(

̂( 𝜆
𝑐𝑝

)

+
𝜇𝑡
𝑆𝑐𝑡

)

∇𝐶𝑘

]

+
·̂
𝜔 𝐶𝑘 (6)

where 𝜌 is the density, u is the velocity vector, p is the pressure, 𝝈
is the stress tensor, g is the gravitational acceleration, 𝜆 is the thermal
conductivity, 𝑐𝑝 is the constant-pressure specific heat, 𝜇𝑡 is the turbulent
eddy viscosity, 𝑆𝐶𝑡 is the turbulent Schmidt number which is assumed
to be 𝑆𝐶𝑡 = 0.7 in this study.

·
𝜔 𝐶𝑘 is the reaction source term, which

is non-zero only for the progress variable equation, and is zero for all
other control variable equations.

Furthermore, due to the relatively slower rate of NO production
compared to other species, predicting the concentration of NO by solely
retrieving the database can be challenging. Hence, to improve the
accuracy of NO emission prediction in this study, an additional NO
transport equation is introduced [26,35], as indicated in Eq. (7).

𝜕
𝜕𝑡
(𝜌𝑌NO)+∇⋅(𝜌�̃�𝑌NO) = ∇⋅

[(

̂( 𝜆
𝑐𝑝

)

+
𝜇𝑡
𝑆𝑐𝑡

)

∇𝑌NO

]

+
̂(𝜔𝑐

NO

𝑌 tab
NO

)

𝑌NO+
·̂
𝜔 𝑝

NO

(7)

where 𝑌NO is the NO mass fraction obtained by solving the transport
equation, 𝑌 tab

NO is the NO mass fraction obtained from the database,
·
𝜔 𝑐

NO
is the NO consumption source term, and

·
𝜔 𝑝

NO is the NO production
source term.

The computational domain for this study is shown in Fig. 3. The
simulation employs a structure mirroring the experimental setup with
certain simplifications to the combustor and secondary air supply sys-
tem to lower computational expenses. The premixed gas is directly
supplied to the swirler and then enters the combustor, eliminating the
need to calculate the gas mixing process inside the burner. Additionally,
square holes are used in the combustor wall instead of circular holes to
improve the quality of the structured grid. Moreover, an extra large-
space was extended from the exit of the combustor to prevent the
non-physical backflow (not shown in Fig. 3). The entire computational
domain is meshed with the structured grid methodology. Grid refine-
ment is applied to the flame region and small-scale structural areas such
as swirler and gas inlets, ensuring that the minimum grid spacing is
below 0.3 mm. The total number of grids is approximately 4.2 million,
with a maximum skewness not exceeding 1.8 and a minimum grid
quality above 0.35.
527
Fig. 3. The computational domain used in this study.

Table 1
The computational conditions for LES.

Pattern 𝑈in (m/s) 𝑍H2 (%) 𝜙pri 𝜙ovr

Single stage 3 10 0.8 –

Two stages 3 10 0.8, 1.0, 1.2, 1.4 0.4
3 10 1.2 0.35, 0.45, 0.5

2.5. Simulation settings

During the calculation process, it is assumed that both the swirler
and the combustion chamber walls are non-slip adiabatic boundaries.
The inlet boundary is specified as a velocity inlet, with turbulence
generated at the swirl inlet using the LEMOS turbulent generator to
mimic experimental conditions. The inlet turbulence intensity, integral
length scale, and Reynolds stress tensor field obtained from hot-wire
anemometer measurements at the swirler inlet are used as inputs. The
outlet pressure is set as a waveTransmissive boundary to avoid reflec-
tions. All cases maintain a constant hydrogen blending ratio (volume
fraction) 𝑍H2 = 0.1. The swirl inlet maintains an average flow velocity
of 3 m/s to ensure uniform fluid residence time. Meanwhile, this flow
velocity ensures thorough reaction of NH3, thereby boosting combus-
tion efficiency. The velocity of the secondary air can be computed by
considering the predetermined 𝜙ovr in conjunction with 𝜙pri.

The time step of all cases is set to 2 × 10−6 s to ensure that the
maximum Courant number remains below 0.3. Each case is initially
simulated in the cold state for a duration of 100 ms before transition-
ing to the hot state upon ignition, continuing until a steady state is
achieved. The cases calculated in this study are shown in Table 1. A
single-stage 10%H2 flame is first calculated to compare with the PIV
results to verify the reliability of the simulation method. The effect of
𝜙pri (𝜙ovr) on the emissions from ammonia–hydrogen co-firing flames
is then explored using staged combustion with fixed 𝜙ovr (𝜙pri).

3. Results and discussions

3.1. Simulation validation

In order to validate the reliability of the LES-FGM method, the
simulation results of the flow field of single-stage combustion are firstly
compared with the experimental results. Fig. 4 presents a comparison
of the mean velocity and root-mean-square (RMS) of the flow field
at different heights in the central cross-section of the combustor. The
black solid lines represent the computational results, while the red
dots represent the PIV measurements. Based on Fig. 4(a) and (b), it
is evident that the numerical and experimental mean velocity profiles
exhibit a favorable consistency. The two peaks of the mean axial
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Fig. 4. Comparison of the flow fields between LES results and PIV measurements (black
solid lines: LES results, red dots: PIV measurements). The flame was operated under
single-stage combustion conditions with 𝜙pri = 0.8. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

velocity profile are well predicted by the simulation. In addition, the
positive and negative peaks of mean radial velocity profiles are also
well captured. LES also exhibits a comparable turbulence intensity level
in the combustion chamber as the experiments as shown in Fig. 4(c) and
(d). In the near-wall region, the discrepancy between the simulation
and experiment is primarily attributed to the uncertainties of heat loss
applied in the simulation, which is hardly estimated in the experiment.
In summary, the present LES method can replicate the experimental
velocity fields for all cases.

3.2. Flame structure and emission characteristics

Fig. 5 displays direct digital images of NH3 flames, 10%H2 flames,
and 20%H2 flames at various 𝜙pri within the stable combustion range
at 𝜙ovr= 0.4. It is evident that the addition of 10% H2 significantly
enhances the stability limits of NH3 flame. For 10%H2 flames, although
the flame exhibits some instability at 𝜙pri = 1.4, the NOx emission
and unburned NH3 are relatively low, as will be discussed in details
below. From a macroscopic perspective, ammonia flames typically
exhibit orange chemiluminescence owing to spectral radiation from
the NH2𝛼 band and superheated water vapor [36]. As the propor-
tion of hydrogen increases, the flame color tends towards whitish
and approaches transparency. This change is likely attributed to the
528
Fig. 5. Digital photographs of flames under various primary equivalence ratios 𝜙pri
for NH3 flames, 10%H2 flames, and 20%H2 flames. The overall equivalence ratio is
maintained at 𝜙ovr = 0.4.

increased participation of OH and H radicals in reactions. Additionally,
as depicted in Fig. 5, it can be observed that under each hydrogen
ratio, the flames are sustained upstream in the combustion chamber
at fuel-lean conditions of the primary equivalence ratio (primary-lean
conditions). As 𝜙pri exceeds 1.0 (primary-rich conditions), the flames
begin to propagate downstream and are located higher than secondary
air holes. This behavior suggests potential secondary combustion of
ammonia following secondary air injection, a phenomenon that will be
further detailed in Section 3.3.

Fig. 6 illustrates the variation in NOx and unburned NH3 emissions
with 𝜙pri derived from both experiments and simulations. The black,
blue, and red lines denote the experimental results for single-stage com-
bustion, two-stage combustion, and the simulated results for two-stage
combustion, respectively. In the context of single-stage combustion, NO
concentration peaks around 𝜙pri = 0.85 and gradually diminishes as
𝜙pri goes to either lean or rich side. Furthermore, beyond 𝜙pri > 1.1,
the inhibition of fuel NO generation causes the NO concentration to
drop below 100 ppm. N2O is elevated under fuel-lean conditions, expe-
riencing a notable reduction by increasing 𝜙pri, dropping below 10 ppm
at 𝜙pri = 0.95, but exhibits an ascending trend for 𝜙pri > 1.2. NH3
maintains relatively low concentrations in fuel-lean and stoichiometric
conditions, signifying a high combustion efficiency. However, for the
cases of 𝜙pri > 1.0, an excess of fuel supply results in an increase in
the unburned NH3. NO2 mirrors the trend of NO, with concentrations
consistently below 80 ppm across the entire equivalence ratio spectrum.

We next present the improvements on the emissions when applying
two-stage combustion. NO markedly diminishes under conditions of
𝜙pri < 1, with the peak concentration decreasing from 3690 ppm to
560 ppm, approximately one-seventh as the peak value of the single-
stage combustion. However, when 𝜙pri > 1, NO emissions exhibit
slightly higher values than in single-stage combustion, as illustrated in
Fig. 6(a). Fig. 6(b) reveals that N2O concentration is marginally lower
when 𝜙pri < 0.7 but significantly higher when 𝜙pri > 0.9 compared to
single-stage combustion. Moreover, it exhibits a continuous increasing
trend. As shown in Fig. 6(c), two-stage combustion effectively mitigates



International Journal of Hydrogen Energy 73 (2024) 524–535L. Lu et al.
Fig. 6. Emissions corresponding to various primary equivalence ratios, with the overall equivalence ratio maintained at 0.4. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
the issue of high NH3 concentration under primary-rich conditions,
resulting in an order of magnitude decreasing in NH3 slip. Furthermore,
as highlighted in Fig. 6(d), the implementation of two-stage combustion
approach demonstrates the capacity to decrease NO2 concentrations to
below 20 ppm.

In summary, the adoption of the two-stage combustion strategy
yields a substantial reduction in both NO and NO2 emissions under
primary-lean conditions and the decreasing in NH3 emission under
primary-rich conditions. Despite the observed increase in N2O emission
for the cases of 𝜙pri > 0.9, the overall control effect on NOx and
ammonia in ammonia–hydrogen co-firing flames is noteworthy. By
regulating 𝜙pri, it becomes feasible to maintain low concentrations of
both NOx and unburned NH3. With the model combustor in the current
study, NOx emissions can be controlled below 200 ppm with the un-
burned NH3 goes below 700 ppm without any additional NO reduction
process at around 𝜙pri = 1.05. Consequently, this strategy proves to
be an effective approach for achieving controlled NOx emissions in
ammonia combustion, providing substantial support for the utilization
of ammonia as a fuel in gas turbines.

Upon comparing the experimental and simulation results for two-
stage combustion in Fig. 6, it is evident that the patterns of emis-
sions concentration variations with 𝜙pri obtained from LES are fairly
consistent with those from experiments. This implies that the LES-
FGM method effectively predicts the production and emission of major
pollutants in ammonia–hydrogen co-firing flames. Consequently, this
method is employed in subsequent analyses to elucidate the physical
and chemical processes occurring inside the combustor after secondary
air injection, offering a sound explanation for the observed changes in
emissions concentrations.

3.3. Impact of primary equivalence ratios on emissions

Fig. 7 illustrates the instantaneous distribution of NO, OH, NH3, and
H2 mass fractions in the central cross-section of the chamber under vari-
ous 𝜙pri. The observations reveal that when 𝜙pri ≤ 1, the concentration
of NO and OH is notably high in the primary zone but significantly
decreases upon entering the downstream secondary zone. Conversely,
under conditions where 𝜙pri > 1, there is almost no distribution of NO
and OH in the primary zone, with their concentrations increasing upon
entering the secondary zone, as depicted in Fig. 7(a) and (b). In Fig. 7(c)
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and (d), it is evident that under primary-lean conditions, NH3 and H2
are entirely consumed in the primary zone. However, under primary-
rich conditions, residual NH3 remains in the primary zone. Notably, the
H2 concentration in the primary zone surpasses that in the unburned
mixture, indicating the incomplete combustion of ammonia–hydrogen.

Furthermore, a comparison between Figs. 7 (a) and (b) reveals that
areas with higher OH concentration tend to produce more NO, while
regions with lower OH concentration correspond to relatively lower
NO concentration. This observation highlights a noticeable correlation
between NO and OH concentrations within the combustion zone. This
phenomenon can be attributed to the fact that in ammonia flames NO
is primarily generated through the oxidation of NHi by radicals such
as O, H, and OH, leading to the formation of key intermediate species
like HNO [5,16,17,37]. The main production paths in Nakamura’s
mechanism are as follows.

NH2 + O ⇔ HNO + H (R55)

NH + OH ⇔ HNO + H (R38)

HNO +M ⇔ NO + H +M (R87)

HNO + OH ⇔ NO + H2O (R90)

NH + O ⇔ NO + H (R42)

For the cases of 𝜙pri ≤ 1, a significant quantity of OH is found in
the primary zone, promoting the oxidation of NH2/NH and leading
to increased NO production. Concurrently, the fuel in the primary
zone is almost consumed. Upon the introduction of secondary air, the
significant reduction in OH and NO concentrations in the secondary
combustion zone can be primarily attributed to physical dilution [5].
This results in a noticeable reduction in NO concentration at the
combustion chamber outlet compared to conditions observed under
single-stage combustion. Conversely, for the cases of 𝜙pri > 1, within
an environment featuring lower O2 concentrations and higher NHi
concentrations, the DeNOx effect triggers a substantial reduction of
NO [38–40]. With increased involvement of NHi in reactions with NO,
primarily forming N2 as the major product, the result is a markedly low
NO concentration in the primary combustion zone.



International Journal of Hydrogen Energy 73 (2024) 524–535L. Lu et al.
Fig. 7. Instantaneous distributions of NO, OH, NH3 and H2 mass fraction in the central cross-section of the combustor at various 𝜙pri.
However, under primary-rich conditions, there is a substantial pro-
duction of H2 in the primary zone through the reactions NHi+H⇔NHi−1
+H2 [5]. These newly generated H2 molecules, along with the unburned
NH3, subsequently enter the secondary zone. After the injection of sec-
ondary air, H2 in the secondary combustion zone is initially consumed
through reactions H2+OH⇔H2O+H, H+O2⇔OH+O, and O+H2O⇔2OH,
which results in an increase in H/O/OH radicals. These radicals par-
ticipate in the oxidation of the remaining NH3, leading to a substantial
production of NO in the secondary combustion zone. This phenomenon
elucidates the marginally elevated NO emissions for the cases of 𝜙pri >
1 when using two-stage combustion compared to the single-stage com-
bustion at the same equivalence ratio. Additionally, the lower NH3
concentration under these conditions also results from this effect.

In order to further reveal the mechanism of NO production in
two-stage rich-lean combustion, the relationships between temperature,
OH concentration, and NO concentration are analyzed next. Fig. 8
presents pairwise scatter plots of NO mass fraction, OH mass fraction
and temperature at the central cross-section of the chamber. The data
is categorized based on a horizontal cross-section 80 mm above the
bottom of the chamber which helps to separate the primary combustion
zone (< 80 mm) and secondary combustion zone (> 80 mm). The
location of this cross-section is marked by the white dashed line in
Fig. 7(c). Additionally, laminar simulation results are included for the
primary zone to facilitate the comparison between the effects of swirl
and laminar calculations.

Fig. 8(a) illustrates a strong correlation between the distribution of
NO concentration and OH concentration in both primary and secondary
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combustion zones. Fig. 8(b) and (c) demonstrate that the primary
combustion zone with 𝜙pri = 1.0 exhibits the highest temperature along
with the maximum OH concentrations. However, it is important to
note that, unlike thermal NO, the peak NO concentration does not
correspond to the peak temperature. This observation implies that
temperature does not play a predominant role in NO production in
ammonia flames as analyzed in [41]. Indeed, temperature primar-
ily influences the OH concentration, which subsequently affects NO
production. This can be verified by the relatively low OH/NO concen-
trations in the primary zone for 𝜙pri = 1.2. In contrast, the secondary
zone displays a significant increase in OH concentration, coinciding
with enhanced NO production. Furthermore, as observed in the first
row of Fig. 8, LES results closely align with the laminar results in
the primary zone and show a large scatter from the laminar results
in the secondary zone. The rationale behind this phenomenon lies
in the nature of the turbulent flames examined in this study, which
predominantly reside within the thin reaction zone of the turbulent
flame regime. In this region, the turbulent disturbance scale is small
enough to penetrate into the interior of the flame, only perturbing the
preheat zone where chemical reactions are inactive, but not entering
the reaction zone. Therefore, small eddies do not affect the combustion
chemical reaction process. Additionally, due to the low transport effects
in the primary zone, it exhibits characteristics similar to laminar flames.
In comparison, NO distribution is determined by a combined effect of
chemical production of NO and the species transportation by flow in
the secondary zone.
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Fig. 8. Relationship between (a) NO and OH; (b) OH and temperature; (c) NO and temperature at the central cross-section of the combustor. The overall equivalence ratio is
maintained at 0.4 for all cases.
Fig. 9. Instantaneous distributions of N2O mass fraction in (a) the central cross-section
of the combustor at various 𝜙pri; Relationship between N2O and temperature in (b)
the primary combustion zone and (c) the secondary combustion zone. The overall
equivalence ratio is maintained at 0.4 for all cases.
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In ammonia flames, the production of N2O is primarily driven by
the reaction NH+NO⇔N2O+H [17,34]. Therefore, the concentrations
of both NO and NH play a significant role in influencing the production
of N2O. Fig. 9(a) illustrates the distribution of N2O mass fractions under
various 𝜙pri. As 𝜙pri increases, the concentration of N2O in the primary
zone gradually decreases, as depicted more prominently in Fig. 9(b).
The comparison of Fig. 9(a) with Fig. 7(a) reveals that the distribution
pattern of N2O near the primary reaction zone follows the same trend
as that of NO, confirming that NO promotes the production of N2O.
Upon entering the secondary combustion zone, it is observed that for
both primary-lean and primary-rich conditions, N2O concentration in
the secondary zone is higher than that of the condition of 𝜙pri = 1, as
shown in Fig. 9(a) and (c).

This can be analyzed from both the perspectives of N2O produc-
tion and consumption in the secondary combustion zone. In terms of
production, for the cases of 𝜙pri ≤ 1, although a significant amount
of NO enters the secondary zone, the limited presence of NHi radi-
cals restricts N2O production. Concurrently, the dilution effect of the
secondary air results in a reduced N2O emissions for two-stage com-
bustion when compared to single-stage combustion. However, under
primary-rich conditions, the injection of secondary air leads to the
production of a substantial amount of NO in the secondary zone,
as mentioned earlier. Furthermore, the relatively high concentration
of NHi in the secondary zone results in the production of a certain
amount of N2O. This is the primary reason why, the measured N2O
concentration at the combustion chamber outlet is higher than that in
single-stage combustion at the same 𝜙pri. Regarding N2O consumption,
the primary mechanism for N2O consumption is thermal decomposi-
tion, where the reaction N2O(+M)⇔N2+O(+M) is inhibited at lower
temperatures [34]. Therefore, the lower temperatures in both primary-
lean and primary-rich conditions suppress N2O consumption, while the
higher temperatures in stoichiometric combustion condition result in
minimal residual N2O. The combined effects outlined above contribute
to the observed variation in N2O emissions with changes in 𝜙pri, as
illustrated in Fig. 6(b).
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Fig. 10. Variation of space–time-average emissions concentrations obtained from LES with 𝜙ovr . The primary equivalence ratio is maintained at 1.2.
3.4. Impact of overall equivalence ratio on emissions

To analyze the impact of 𝜙ovr on NOx production and emission,
four different values of 𝜙ovr are calculated while maintaining a fixed
primary equivalence ratio 𝜙pri = 1.2. Firstly, the space–time-average
NOx as well as NH3 concentrations are extracted, as shown in Fig. 10.
It can be observed that as 𝜙ovr increases, the NO emissions gradually
increases. However, emissions of unburned NH3 and N2O decrease, and
the NO2 concentration remains nearly constant. To clarify the variation
in emissions concentrations, iso-surface of heat release rate (𝛺 = 5 ×
106 J/(m3 s)), symbolizing the flame surface, are extracted and color-
coded based on local equivalence ratio (local 𝜙), local temperature,
OH concentration, and NO concentration, as shown in Fig. 11. It
reveals that an increase in 𝜙ovr results in a higher flame surface height,
signifying an increase in exothermic reactions. This is because, under
conditions of a consistent 𝜙pri, an increase in 𝜙ovr implies a reduced
injection of secondary air. As a result, the local 𝜙 in the secondary zone
is relatively higher while still maintaining an overall lean condition, as
illustrated in Fig. 11(a). The more suitable oxidizing atmosphere fos-
ters reactions such as H+O2⇔O+OH, O+H2⇔H+OH, OH+H2⇔H+H2O,
and 2OH⇔O+H2O, consequently generating a significant quantity of
OH/O/H radicals [42]. Within the secondary combustion zone, regions
of high temperature and elevated OH concentration on the flame
surface intensify, thereby facilitating the effective oxidation of escaping
ammonia from the primary combustion zone and reducing NH3 escape.
However, concomitantly, this circumstance unavoidably leads to an
increase in NO production, as shown in Fig. 11(b) to (d). Concerning
N2O, the higher NO concentration in the secondary zone resulting from
an increase in 𝜙ovr undoubtedly promotes its production. However, it is
essential to note that the elevated flame temperature in the secondary
zone also speeds up the rapid forward reaction of N2O, represented
by the reaction N2O(+M)⇔N2+O(+M). This leads to a substantial con-
sumption of N2O. Based on the final results, it can be inferred that after
a reduction in air supply, the amount of N2O thermally decomposed
surpasses the amount newly generated.

The change in 𝜙ovr , besides inducing various chemical effects men-
tioned earlier, should not overlook the alterations in the physical flow
field and vortex structures. These changes could also have an impact
on the ultimate emissions. In this study, the second invariant Q of the
velocity gradient tensor is utilized to characterize vortex structures,
with its expression given by Eq. (8).

𝑄 = −1 𝜕
∼
𝑢 𝑖 𝜕

∼
𝑢 𝑗 (8)
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2 𝑥𝑗 𝑥𝑖
Where 𝑢𝑖 (i = 1, 2, 3) represent the velocity components in the
Cartesian coordinate system. Variables with over-tildes denote spatial
filtering with density weighting, such as

∼
𝑓 = 𝜌𝑓∕𝜌, where, the variables

with over-bars represent spatial filtering values obtained from the
instantaneous variables [17].

Fig. 12 presents iso-surface of Q = 1×106 under different values of
𝜙ovr , with coloring based on NO mass fraction. It clearly shows distinct
vortex structures in the secondary combustion zone following the intro-
duction of secondary air. This phenomenon is primarily attributed to
the tangential swirling effect induced by the injection of secondary air.
As the amount of secondary air decreases, this swirling effect weakens,
directly leading to a reduction in the scale of vortices, which may
influence the local NO concentration. Study by De et al. [43] suggested
that NO production is sensitive to residence time. With an increase
in 𝜙ovr , the reduction in vortex scale leads to a decrease in residence
time, resulting in a trend of reduced NO concentration in the vortex,
as depicted in Fig. 12. These observations align with the findings of An
et al. [26]. However, it is important to note that the impact of changes
in vortex structures on NO production is incomparable to the dominat-
ing chemical effects discussed earlier. This is because an increase in 𝜙ovr
ultimately leads to an upward trend in NO concentration, indicating
that chemical reactions play a predominant role in this process.

4. Conclusions

The effects of the primary equivalence ratio 𝜙pri and overall equiv-
alence ratio 𝜙ovr on NOx and NH3 emissions were studied with a
two-stage combustion strategy for ammonia–hydrogen co-firing flames.
Emissions of the experimental flames were measured using FTIR. The
chemical and physical effects governing emission generation were in-
vestigated with the LES-FGM method. The main conclusions obtained
are as follows:

1. The two-stage combustion strategy exhibits noteworthy effects
in emissions control of the ammonia swirling flames. When 𝜙pri
< 1, NO and NO2 concentrations can be decreased to roughly
one-seventh of the single-stage combustion conditions. With the
current model combustor, NOx emissions can be controlled be-
low 200 ppm with the unburned NH3 not greater than 700 ppm
at around 𝜙pri = 1.05 and 𝜙ovr = 0.4.

2. 𝜙pri plays a pivotal role in determining the temperature and OH
concentration in the primary combustion zone, thus impacting
the production of NOx in this zone. Under conditions of 𝜙pri ≤
1, the primary zone exhibits a high OH concentration, leading to



International Journal of Hydrogen Energy 73 (2024) 524–535L. Lu et al.
Fig. 11. The flame structure at various 𝜙ovr . The flame surface is indicated by heat release rate iso-surface 𝛺 = 5 × 106 J/(m3 s), colored by local 𝜙, temperature, OH mass
fraction, and NO mass fraction, respectively.
Fig. 12. The vortex structures in the secondary combustion zone at various 𝜙ovr . The vortices are represented by iso-surface of the second invariant of the velocity gradient tensor
Q = 1×106, colored by NO mass fraction.
the substantial production of NO through the key intermediate
species HNO. NO emission was largely affected by the dilution
effect of secondary air. When 𝜙pri > 1, the lower OH concentra-
tion in the primary zone inhibits the NO production. However,
further increasing 𝜙pri will lead to larger unburned NH3 and H2
which will produce some NO in the secondary zone, resulting
the optimal 𝜙 being around 1.2.
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pri
3. 𝜙ovr shows two considerable effects. On the one hand, with
an increase in 𝜙ovr , the secondary zone demonstrates a higher
local equivalence ratio, thereby promoting local NOx produc-
tion. Additionally, the elevated flame temperature enhances the
consumption of N2O. On the other hand, the rise in 𝜙ovr results in
a reduction in vortex scale and residence time in the secondary
combustion zone, leading to a decrease in local NO production.
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However, this effect is relatively weak compared to the impact
of chemical reactions.
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