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A B S T R A C T

Several studies have investigated the effects of equivalence ratio and blending ratio in constant power cases for
ammonia-based fuels as ammonia is being investigated extensively as an alternative zero-carbon fuel in recent
years. However, in many fields, such as power generation, it is common to operate practical equipment at
constant Reynolds number (Re) conditions. To that extent, this study investigates the impact of Re (4000 ≤ Re ≤
7000), equivalence ratio (0.6 ≤ Φ ≤ 1.45), and ammonia volume ratio (0.55 ≤ XNH3 ≤ 0.9) on the combustion
characteristics of NH3/H2 swirling flames. To supplement the experimental work, a previously developed
Chemical Reactor Network (CRN) has been used to identify the reaction pathways affecting NOx emissions
through reaction analysis. Sampled gas analysis (NO, NO2, N2O, NH3) at the exhaust was reported for the first
time at a wide range of equivalence ratios and XNH3 at different Re. At constant Re = 6000, NO and NO2 peaked
at around Φ = 0.8 – 0.9, while N2O became substantial at Φ ≤ 0.8 and unburnt ammonia became significant at Φ
≥ 1.05. The chemiluminescence images suggested that at Re = 6000, as XNH3 or Φ increases, the NH2* region
expands, and reactions occur further downstream. Furthermore, with decreasing XNH3 at Re = 6000 and Φ = 0.9,
the system becomes partially abundant in H2 and H but deficient in O2, suppressing the generation of O and OH
radicals, and ultimately also suppressing HNO generation. This leads to the N/NH system reactions becoming
dominant and increased NO consumption. NO emissions increased steadily with increasing Re at Φ = 0.8, while
at stoichiometry, NO emissions remained somewhat unchanged with changing Re. Findings from this study will
aid further in the development of carbon-free zero-emissions systems.

1. Introduction

Ammonia has begun to attract attention as an energy carrier due to
its high energy density and ease of transport and handling [1]. The idea
of producing ammonia based on renewable energy sources such as wind
and solar power, which can be produced in large quantities in certain
regions of the world, and transporting it to various countries is being
considered [2,3]. Because ammonia is carbon-free, burning ammonia
directly as fuel could help to reduce greenhouse gas emissions, as well as
the cracking cost to convert it to hydrogen. In recent years, there has
been a growing body of research on ammonia combustion. However,
ammonia combustion has some challenges, such as NOx emissions and
unstable combustion due to its low reactivity [4].

To address these challenges, it has been proposed to use a blend of

ammonia with hydrogen, another carbon-free fuel with high reactivity.
Recently, research on the emissions characteristics of ammonia-
hydrogen blends including NOx has been increasingly expanding. Net-
zer et al. [5] conducted DNS with detailed chemical kinetics for
NH3/H2/N2-air premixed flames and showed that NO formation is
affected by the thermo-diffusive effects acting on the key chemical
species. They also showed that the increase in local equivalence ratio
due to the preferential diffusion of H2 has a significant impact on NO
formation. Other studies have also been conducted using swirl burners,
which are commonly used in industry. Mashruk et al. [6] evaluated the
unburned NH3 and NOx emissions characteristics of ammonia-hydrogen
blend combustion in a tangential swirl burner and confirmed that large
amounts of N2O are generated under lean conditions, while large
amounts of NO are generated at lean conditions approaching
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stoichiometry. Spectroscopic analysis of the flame was also performed,
and the generation of NH2, NH, and OH was discussed. Kim et al. [7]
conducted experimental studies using an axial swirl burner and reaction
analysis using CHEMKIN-PRO and showed that the oxidation pathway
from NH3 to NO is different depending on the equivalence ratio. They
also performed flame visualization, including the distribution of OH*
and NO* radicals, and confirmed that OH promotes NO formation.
Chaturvedi et al. [8] investigated the emissions using a CFD-CRN
approach. They showed that NO and N2O emissions can be accurately
predicted by CRN over a wide range of equivalence ratios from 0.65 to
1.2. They also constructed a quantitative reaction pathway diagram
(QRPD) to identify the major NO production and consumption pathways
under lean and rich combustion and found that the change in reaction
pathways with equivalence ratio is dominated by OH, O, and H radicals.

In considering the practical application of this fuel blend, many of
the aforementioned studies have investigated the effects of equivalence
ratio and blend ratio at constant power [6,8–10]. However, in many
fields, such as power generation, it is common to operate practical
equipment at a constant Reynolds number [11,12]. Mashruk et al. [13]
investigated the emissions characteristics of NH3/H2 flames at few
constant Reynolds number cases. However, this study was restricted to
the equivalence ratio of 0.65, and there are no studies that have inves-
tigated the NH3/H2 swirling flames at a wide range of equivalence ratios
under constant Reynolds number.

In this study, the effects of Reynolds number, equivalence ratio, and
NH3vol ratio (XNH3) on emissions characteristics for NH3/H2 swirling
flames were investigated. In addition, reaction analysis using a Chemical
Reactor Network (CRN) was conducted to identify the reaction path-
ways affecting NOx emissions.

2. Experimental setup and methodology

2.1. Tangential swirl burner

Experiments were carried out by utilizing a tangential swirl
combustor (Sg= 1.05) as shown in Fig. 1 at atmospheric conditions (1.1
bar and 288 K). Fuel and air were injected into the premixing chamber to
pass through a bluff body (d = 22.5 mm) and a radial tangential swirler
into the burner nozzle (d = 31.5 mm). To enable optical measurements
of the flame, a cylindrical GE214 quartz (d= 156 mm; h= 300 mm) was
used to confine the swirling flames. Experiments were carried out to
evaluate flame characteristics under the condition of constant bulk

Reynolds number at the dump plane (Re= 6000) with an equivalence
ratio range of 0.6 ≤ Φ ≤ 1.45, and volume fractions of ammonia in the
range of 0.55 ≤ XNH3 ≤ 0.9. Additional experiments were carried out in
the ranges of 4000 ≤ Re ≤ 7000, 0.6 ≤ XNH3 ≤ 0.8, and 0.8 ≤ Φ ≤1.2 to
evaluate the flame characteristics with changing Reynolds numbers.
These condition ranges were set to avoid lean or rich blowout (LBO/
RBO). Bronkhorst flow controllers were used to control the gas flow
rates of ammonia, hydrogen, and air (accuracy better than ± 0.5 %
within 15–95 % of the full scale), and the Reynolds number was varied
by changing the volumetric flow rates of fuels and air. Flame ignition
was carried out by a CH4 pilot flame as shown in Fig. 1.

2.2. Exhaust gas analysis

The exhaust emissions (NO, N2O, NO2, NH3, O2, and H2O) were
measured using an Emerson CT5100 quantum cascade laser analyzer
capable of measuring at 1 Hz (±1 % repeatability, 0.999 linearity). A
cross-shaped probe with equispaced holes for homogeneous sample
collection was placed 25 mm above the quartz exit to collect the sample
gas for analysis. The sample line was heated to prevent condensation,
and the measurements were performed at 463 K. N2 dilution with±10%
repeatability [13] was used for the points above the analyzer detection
limits. 120 points were taken for each test condition and then
time-averaged and normalized to 15 % O2 (dry) condition.

2.3. Chemiluminescence measurements

Chemiluminescence images were captured using multiple LaVision
CCD cameras simultaneously at a frequency of 10 Hz. OH* (309 nm;
A2

∑
+-X2

∏
system [14]), NH* (336 nm; A3

∏
-X2

∑
- system [14–17]),

and NH2* (630 nm; single peak of the NH2 α band [14,18]) data were
captured at selected points by utilizing various optical filters. For each
test point, 200 frames were captured with LaVision Davis v10, time
averaged, background corrected, and deconvolved using the Abel
transformation [19] in MATLAB.

2.4. Chemical kinetic modelling

A previously developed chemical reactor network (CRN) [20] was
employed to model selected test points in this study. Multiple perfectly
stirred reactors (PSRs) were employed to model the mixing zone, flame
zone, central recirculation zone (CRZ), and external recirculation zone
(ERZ). The post flame zone (PFZ) was modelled as a 155 mm diameter
plug flow reactor (PFR). Further details and rationale on the CRN
development can be found in previous work [19]. Absolute Rate of
Production (ROP) values were obtained from zero-dimensional PSR
modelling of the flame field to assess the contribution of elementary
reactions to NOx production and consumption. It should be noted that
moderate uncertainty is associated with CRN modelling, and the system
used here primarily to identify the significant reactions, rather than
detailed prediction. This model employed the reaction mechanism
developed by Stagni et al. [21], which has shown good performance in
recent studies [13,22] for NH3/H2-air flames. There are 31 chemical
species and 203 reactions in this mechanism.

3. Results and discussion

3.1. Emissions analysis at constant Re

The sampled volume fractions of NO, N2O, NH3, and NO2 in the
combustion exhaust gas for Re= 6000 are showed in Fig. 2. Mashruk
et al. [13] reported that NO emissions decreased with increasing XNH3
while keeping the Reynolds number constant at Φ= 0.65. However, the
results of the present study revealed that this law applies to any equiv-
alence ratio. In addition, it was observed from this study that NO
emissions decreased particularly sharply when the blend changed fromFig. 1. Schematic of tangential swirl burner.
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XNH3= 0.55 to 0.6 and from 0.7 to 0.75 at around Φ= 0.9. This can be
attributed to changes in volumetric gas flow rate. Under constant Re
conditions, the total mass flow rate including air flow rate is constant,
but since NH3 has a higher density than H2, as XNH3 increases, the
volumetric gas flow rate decreases. Decreasing volumetric gas flow rate
reflects an increased residence time in the Flame zone and Post Flame
zone, which is thought to be a contributing factor for NO reduction.
However, in this measurement, as an exception, NO emissions were
higher for XNH3= 0.7 than for XNH3= 0.65 at Φ= 0.85–0.9. This will be
discussed based on chemiluminescence analysis in the next section. In
addition, the peak of NO emissions was also around Φ= 0.9, as in the
case of conditions with a constant power, but the peak shifted slightly
towards stoichiometry for the blends with higher ammonia ratios. It was
also confirmed that NO emissions are negligible for any blend at Φ=

1.15 or higher. In contrast to NO emissions, N2O emissions increased
with increasing ammonia ratio at Φ ≤ 0.9. In addition, N2O emissions
were negligible for all the blends considered here at Φ= 1.1 or higher.
This has been suggested [13] to be due to the decrease in the H2 con-
centration in the flame which resulted in decreased flame temperatures.
NH3 emissions were negligible at stoichiometry or lower, but emissions
increased sharply as the equivalence ratio increased from Φ= 1.1 due to
the decreasing availability of oxygen in the mixture. Ammonia slips
increased at lower equivalence ratios for blends with high XNH3. In
addition, in this measurement, a phenomenon was confirmed in which
NH3 emissions increased by about 1000 ppmv around Φ= 1.1 for blends
with XNH3= 0.55–0.65. NO2 emissions, like NO, tend to decrease with
increasing ammonia ratio. NO2 emissions were negligible for any blend
at Φ= 1.05 or higher, and NO2 emissions increased with decreasing
equivalence ratios, with maximum measured concentrations at Φ= 0.8,
and dropped thereafter. At Φ= 0.55 or lower, combustion became un-
stable for any blend, and the composition of the exhaust gas also became
unstable.

3.2. Chemiluminescence at constant Re

The Abel-deconvoluted chemiluminescence images of OH*, NH*,
and NH2* at Re= 6000, Φ= 0.9, and XNH3= 0.55, 0.7 and 0.85 are shown
in Fig. 3. The colormaps of the images are normalized by the image
maximum. From Fig. 3, it can be observed that the NH2 region expanded
as XNH3 increased. The shape of the region also changed, with the tip of
the NH2* region appearing to bend in the direction of the flame central
axis under low XNH3 conditions, while the tip of the NH2* region
expanded radially under high XNH3 conditions. As mentioned above,

Fig. 2. Sampled volume fractions of NO (a), N2O (b), NH3 (c), and NO2 (d) at Re= 6000.

Fig. 3. Abel transformed OH*, NH* and NH2* chemiluminescence for Re=6000
and Φ=0.9. Colourmap normalized to image maximum.
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under constant Re conditions, the volumetric gas flow rate decreases as
XNH3 increases, which could also weaken the rotation in the radial di-
rection. However, it is considered that the change in reactivity due to the
NH3/H2 blend ratio had a greater impact on the flame shape in the range
of experimental conditions used in this study. In addition, as XNH3
increased, the flame expands further away from the central axis and
elongates vertically. This can be attributed to the fact that the reaction is
taking place further downstream due to the decrease in reactivity and
laminar flame speed caused by the increase in the ammonia ratio, also
supported by the high intensity of NH2* downstream under XNH3= 0.85.
This is because NH2* is generated in the early stages of the oxidation
reaction of NH3 [23], so the region with high NH2* suggests a high NH3
content. Furthermore, OH* and NH* were distributed in the region close
to the center of the flame and the positions are the same, but both
showed a sharp decrease in intensity as XNH3 increased. The detailed
analysis of significant reactions will be discussed together with the re-
action analysis results in the next section. Fig. 4 shows the
Abel-deconvoluted chemiluminescence images of OH*, NH*, and NH2*
at Re= 6000, XNH3= 0.7, and Φ= 0.8 – 1.2. From Fig. 4, it can be
observed that the NH* intensity peaked at stoichiometry but had wider
distribution at Φ= 1.2, and NH2* intensity increased with increasing
equivalence ratios, while OH* intensity followed the opposite trend.

3.3. Analysis of reactions

The absolute ROP for NO at the flame zone for Re=6000, Φ=0.9 and
XNH3=0.55, 0.7, 0.85 conditions are shown in Fig. 5. Also note that ROPs
have been normalized to the maximum value in each condition for
comparison purposes. First, it can be seen that XNH3=0.55 and 0.7 show
roughly similar trends for reactions related to NO. The main reaction for
NO generation at the flame zone is HNO+H→NO+H2 (R1), and the
major sources of this HNO generation have been identified in previous
studies [13,24] as NH+OH→HNO+H (R2) and NH2+O→HNO+H (R3).
Since the former reaction (R2) involves NH and OH, the experimental
results showing higher NO emissions under conditions with stronger
NH* and OH* intensity at lower ammonia fractions are also consistent.
Regarding the latter reaction (R3), as XNH3 decreases at Φ=0.9, the re-
action rate increases [24]. From these findings, it is considered that
lower XNH3 leads to increased HNO generation, resulting in increased
NO emissions. As with previous studies [7], the main NO consumption
reaction is NH+NO→N2O+H (R4), but interestingly, while NO genera-
tion by R1 is dominant at XNH3=0.55, at XNH3=0.7 and 0.85, NO con-
sumption of R4 becomes dominant. This indicates that as XNH3 increases,

reactions in the N/NH system become more dominant than the HNO
system. This phenomenon may be applicable to Chaturvedi’s[8] theory
on NO production reactions under fuel-rich conditions. That is, as H2
and H derived from NH3 increase in the reaction zone, the state becomes
partially abundant in H2 and H but deficient in O2, like fuel-rich con-
ditions, suppressing the generation of O radicals and OH radicals, and
ultimately suppressing HNO generation as well. This would lead the
N/NH system reactions to become dominant and increase NO con-
sumption by reaction R4. This would also explain why the chem-
iluminescence intensity of OH* weakens at XNH3=0.7 or higher and does
not contradict the overall trend of decreasing NO emissions with
increasing XNH3 as shown in Fig. 2. Furthermore, Fig. 6 shows the ROP
for NO at the flame zone for Re=6000, XNH3=0.7 and Φ=0.8, 1.0, 1.2
conditions. This was calculated to see if Chaturvedi’s above-mentioned
theory also applied to swirling flames. Also note that ROPs indicated in
Fig. 6 were normalized to the maximum value in each condition for
comparison purposes. First, regarding NO production, the main reaction
is R1 at Φ= 0.8 and 1.0 as H radical production can be attributed to
flame temperature, but it became clear that HNO+O2→NO+HO2 (R5)
also becomes important at Φ= 0.8 due to excess oxygen availability.
Interestingly, this reaction is more than three orders of magnitude
smaller under stoichiometric or fuel-rich conditions, and no previous
literature or study of NH3/H2 flames has addressed this. It is also char-
acteristic that at Φ= 1.2, the main NO production reaction is N +

O2→NO+O (Zeldovich, R6) rather than R1. This is a typical reaction in
thermal NOx, and it can be seen that the reaction path changes when the
equivalence ratio becomes stoichiometric or higher. These results show
that R5 (HNO system) is important in fuel-lean conditions and R6 (N/NH
system) is important in fuel-rich conditions, indicating that Chaturvedi’s
theory is valid even at Re=6000 constant XNH3 cases. This notion is

Fig. 4. Abel transformed OH*, NH* and NH2* chemiluminescence for Re=6000
and XNH3=0.7. Colourmap normalized to species dataset maximum.

Fig. 5. Absolute ROP of NO at the flame zone for Re=6000, Φ =0.9 and
XNH3=0.55 to 0.85.

Fig. 6. Absolute ROP of NO at the flame zone for Re=6000, XNH3=0.7 and Φ
=0.8 to 1.2.
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supported by the fact that in Fig. 4, when the fuel is lean, there is a lot of
OH* related to HNO, and when the fuel is rich, there is a lot of NH* and
NH2*, which are the foundation of the N/NH system. In terms of NO
consumption, reaction R4 is the primary reaction, as in previous studies,
and it clearly outperforms R1 at Φ= 0.8 and 1.0. The data, in particular,
show that this N/NH system dominance tendency at Φ=0.8 holds true
even under even leaner conditions than Φ= 0.9, XNH3= 0.7 in Fig. 5.

3.4. Emission analysis at changing Re

The volume fraction of NO in the combustion exhaust gas at Φ= 0.8
and 1.0 are shown in Fig. 7(a) and (b), respectively, under conditions
where the Reynolds numbers were varied from 4000 to 7000. At these
conditions where the Re, equivalence ratio, and XNH3 are specified, the
injection flow rates of fuel and air are automatically determined from
the burner shape. Therefore, raising the Re at a constant equivalence
ratio resulted in an increase in power. Although other conditions such as
Φ= 1.2 and analysis of other components (NH3, NO2) were also carried
out in this study, there were either negligible emissions data or they
exceeded the analyzer’s detection limit, so are omitted here. From Fig. 7,
for any XNH3 condition at Φ= 0.8, as the Re increases, NO emissions also
increase. This can be attributed to the fact that with increasing Re,
thermal power also increases. Mashruk et al. [13] investigated the
exhaust gas characteristics at 10 kW, 15 kW, 20 kW for Φ= 0.65, con-
firming the tendency for NO emissions to increase with increasing
thermal power. However, at stoichiometry, even when the Re was
increased, the NO emissions remained almost constant, and at the XNH3=

0.8 condition, the NO emissions sharply decreased for Re= 6000 and
7000. The reason of this phenomenon will be discussed together with
the chemiluminescence measurements results in the next section. Also,
as confirmed in both the above measurement results at constant Re
conditions and the previous study [13], it was found that with increasing
XNH3, NO emissions had a decreasing trend at different constant Re
conditions. This is due to the fact that NH3-rich conditions would cause
the N/NH system reactions to dominate and increase NO consumption,
as well as constant Re conditions.

3.5. Chemiluminescence at changing Re

The Abel-deconvoluted chemiluminescence images of OH*, NH* and
NH2* at Φ= 0.8, 1.0 are shown in Fig. 8 and 9, respectively for Re= 5000
and 7000 at constant XNH3= 0.6. To clarify the changes due to Re dif-
ferences, the colormaps of the images are normalized to species dataset
maximum. From these figures, it can be confirmed that increasing Re
spreads the areas of OH*, NH* and NH2* formation for both Φ= 0.8 and
1.0 conditions. This is a natural result since volumetric flow rates and

power also increase with increasing Re at constant Φ. The NH2* distri-
bution also changed, and at Φ= 0.8, Re= 5000 which had the lowest
volumetric flow rates, the tip of the NH2* region appears to be rolled
into the center of the flame. Unlike investigating by changing XNH3 at a
constant Re in Fig. 1, it can be confirmed that changes in volumetric flow
rates due to changing Re directly affect flame shapes. Also, interestingly,
it can be seen that increasing Re raises the intensity of NH* under both
Φ= 0.8 and 1.0 conditions. This can be attributed to the enhanced cir-
culation inside the flame due to the increasing Re, activating NH

Fig. 7. Sampled volume fractions of NO at Φ= 0.8 and 1.0.

Fig. 8. Abel transformed OH*, NH* and NH2* chemiluminescence for
XNH3=0.6 and Φ=0.8. Colourmap normalized to species dataset maximum.

Fig. 9. Abel transformed OH*, NH* and NH2* chemiluminescence for
XNH3=0.6 and Φ=1.0. Colourmap normalized to species dataset maximum.
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generation by ammonia oxidation at the flame base. Especially at stoi-
chiometry, it can be seen that not only the intensity but also the radicals
formation region expands along the flame. As discussed in the previous
section using ROP analysis, the major NO consumption reaction in NH3/
H2 flames up to stoichiometry is NH + NO → N2O + H (R4). If NH, the
radical responsible for this reaction, is widely supplied from the flame
base due to enhanced circulation by increasing Re, it would contribute
to NO consumption. In Fig. 7(b), it was expected that as Re increases,
power increases and NO emissions increase, but it is presumed that NO
generation and consumption are balanced by the above mechanisms, so
NO emissions remain somewhat constant even when changing Re. But as
an exception, NO emissions decreased at Re= 6000 and 7000 as shown
in Fig. 7(b). This could be attributed to the increased circulation at high
Re causing NO consumption to take over. To investigate this observation
further detailed computational simulation is recommended for the
future study.

4. Conclusions

In this study, the effects of Reynolds number, equivalence ratio, and
XNH3 on emissions characteristics for NH3/H2 swirling flames were
investigated. In addition, reaction analysis using a CRN was conducted
to identify the reaction pathways affecting NOx emissions.

The gas analysis revealed for the first time the exhaust emission
characteristics at a wide range of equivalence ratios and XNH3 at
Re=6000. It was shown that NO emissions decrease with increasing
XNH3 while keeping the Reynolds number constant, and NOx emissions
are negligible for any blend at Φ= 1.15 or higher. It was also shown that
N2O emissions, in contrast to NO emissions, increase with increasing
XNH3 at Φ ≤ 0.8.

The chemiluminescence images suggested that at Re=6000, as XNH3
or equivalence ratios increases, the NH2 region expands, and reactions
occur further downstream. It was also suggested that changes in reac-
tivity due to NH3/H2 blend ratio affect flame shape more strongly than
decreases in volumetric gas flow rates due to increasing XNH3.

The reaction analysis showed that as XNH3 increases and H2 and H
derived from NH3 increase in the reaction zone under constant Re
conditions, the state becomes partially abundant in H2 and H but defi-
cient in O2, suppressing the generation of O and OH radicals, and ulti-
mately also suppressing HNO generation. This leads to the N/NH system
reactions becoming dominant and increased NO consumption.

In addition, the effects of Reynolds number changing for exhaust
emission are also investigated. And it indicates that NO emission in-
creases with increasing Re, but this is dependent on equivalence ratios.

Novelty and Significance Statement

The novelty of this study is based on the following reasons: this is the
first study of its kind to investigate the effect of ammonia/hydrogen
mixtures on exhaust gas properties in a turbulent premixed swirl flame
over a wide range of equivalence ratios, ammonia fuel fraction, and
Reynolds numbers, both experimentally and computationally. Specif-
ically, combustion characteristic data were obtained for the first time
under constant Reynolds number conditions at equivalence ratios other
than Φ= 0.65, which had previously been investigated, using gas anal-
ysis and chemiluminescence measurement. In addition to these experi-
mental results, CRN reaction analysis was carried out in order to identify
changes in the reaction pathways involved in NOx production under
constant Re conditions. Although previous research has investigated the
reaction pathway of N2O under constant Re number conditions, this
study is the first to investigate changes in the reaction pathways
involved in NO production.
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