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ABSTRACT: Ammonia as a fuel can be a carbon-free and long-
duration scalable hydrogen energy carrier. In the carbon-neutral
power system, co-firing ammonia with natural gas is a promising
technique for flexible operations of gas turbines and gas-fired
boilers. However, the NOx propensity of ammonia/methane
flames is a severe problem under global fuel-lean conditions.
This work has investigated the NOx performance of various fuel-
oxidizer mixing strategies on a tangential swirl burner. We propose
a new ammonia co-combustion technology with a central ammonia
jet surrounded by a group of separately tangential swirl methane
jets. The NOx emissions can be reduced to about 1000 ppm under
lean combustion conditions (global Φ = 0.5−0.9) when the
ammonia blending ratio (ENH3, in terms of input energy) is 20% (corresponding to the ammonia molar fraction xNH3 as 0.41).
Regarding the NOx emissions and ammonia slip at the tube exit, such a strategy outperforms other feed modes for a wide range of
ammonia blending ratios (ENH3 up to 0.3 and xNH3 up to 0.52) and equivalence ratios (Φ ranging from 0.5 to 1.1). The variations of
emitted NOx with the total flow rate and the axial position of ammonia injection were also studied. Combining measurements of
gaseous temperature, composition, and NH2* chemiluminescence, we demonstrated the massive formation of NH2 radicals in the
central high-temperature ammonia-rich zone. A model involving the chemical reaction network was developed and validated against
the experiments. It provides further evidence for the role of NH2 radicals in reducing NOx emission.

1. INTRODUCTION

The carbon-neutral power system requires high penetration of
renewables generation.1 The intermittent nature of most
renewables has led to a demand for large-scale energy storage
in the power system.2 Among various storage types, chemical
energy storage using synthetic fuels can accumulate energy at
scales of days or even years, respond fast to load variations via
combustion facilities, and enjoy the flexibility of transporting
fuels.3,4 In this way, carbon-neutral fuels serve as a replacement
for fossil-fuel-based thermal power. Hydrogen is a promising
energy carrier for this purpose, but its transportation,
distribution, and storage are too costly and dangerous for
energy use at scale.5−7 As a feasible hydrogen carrier, ammonia
(NH3) stands out for being carbon-free, easy to liquify, and
having competent H2 density.1,3 The mature industry of
ammonia production, storage, and distribution makes it nearly
ready for massive ammonia use in energy systems.8 Though
hydrogen produced by ammonia decomposition is possible, it
is tempting to avoid such an energy-consuming process and
utilize ammonia directly as a sustainable fuel.1 Several technical
routes have been proposed, including burning ammonia in gas
turbines, fuel cells, and boilers,9−11 and the prospect of
ammonia energy has attracted global R&D investments.12,13

However, ammonia combustion suffers severely from flame
instability and a strong propensity for nitrogen oxide (NOx)
formation. The former issue is due to the high minimum auto-
ignition temperature (650 °C), the low maximum laminar
burning velocity (≈7 cm/s), and the narrow flammability of
ammonia.1,14,15 A commonly-used countermeasure is to
introduce other fuels as the combustor enhancer, including
hydrogen,16 carbon monoxide,17 methane (CH4),

18 and
syngas.19 Methane is the main component of natural gas,
which is widely burnt in gas turbines and gas-fired boilers. It
was reported that, with a methane blending ratio of 60% (mole
fraction, ENH3 = 0.21) in a methane/ammonia/air flat flame,
the burning velocity increases by over three times as compared
with pure ammonia/air flame.17 Moreover, the lean/rich
flammability limits can be extended from Φ = 0.79−1.24
(for pure ammonia/air) to Φ = 0.61−1.40 (for ammonia with
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50 vol % methane blending, the corresponding ENH3 is 0.28).
20

On the other hand, swirl flow combustion has been widely
used for flame stabilization.21,22 In the swirl burner, fresh
unburnt mixtures can be more effectively mixed and preheated
by the hot, swirl-induced recirculating gas.23,24 The recircula-
tion zone further elongates the flow residence time.22 It has
been demonstrated that by combing these two approaches,
flame stabilization is achievable for edge cases with an
ammonia blending ratio as high as 80−100% of the total
input energy (ENH3 = 0.61−1) at lab-scale combustors.25

While flame stability seems more tractable, the challenge of
NOx formation remains for swirl combustion of ammonia.
When co-firing ammonia with methane, even if the blending
ratio of ammonia is small (say, 10% of the total input energy
and the ammonia molar fraction xNH3 is 0.22), the NO fraction
in the exhaust can go up to 103−104 ppm, an unacceptable
concentration higher than that from methane combustion by
several orders of magnitude.15 Some recent studies reported
that premixed swirl ammonia/methane/air flames can only
yield a NO concentration lower than 3000 ppm under highly
fuel-rich conditions (equivalence ratio >1.1).25,26 From a
mechanistic point of view, fuel-nitrogen conversion is
significantly affected by the fluid parcel history of local
temperature (or heat loss), composition (important species
NHi, H, O, OH, etc.), the equivalence ratio (premixed or non-
premixed and beyond or within the flammability limits), and
residence time.27−29 The optical measurement of ammonia and
ammonia/hydrogen flames by combining time-resolved OH*
and NH2* chemiluminescence highlighted the important role
of NH2* in NO reduction.30 Simultaneous OH/NO-PLIF
measurements showed that the local regions of relatively high
OH-PLIF intensity in the fuel-rich flame coincide with regions
of relatively high NO-PLIF intensity.15 In addition, spatial
inhomogeneity stimulates more sophisticated combustion
design and/or control technology. Since ammonia itself is a
reductant of NO, the multi-staged combustion had been
proven effective in controlling NOx emission by constructing
rich-quench-lean atmospheres in sequence.31,32 The chemical
kinetics of the air-staged combustion of ammonia/methane
mixtures for reducing NOx emission can be revealed from
chemical reactor network (CRN) analysis.33 However, the
secondary air staging may result in a greater global NOx yield
through the reaction with unburnt ammonia out of fuel-rich
zones.28 Other fuel-air mixing strategies have been also
explored. It is demonstrated that, for ammonia/methane
mixtures, the fuel-lean non-premixed flame is less prone to
NO generation than the premixed flame.34,35 For ammonia/
hydrogen mixtures, a partial premixing of H2 coupled with
non-premixed NH3 helps reduce NOx formation at a cost of
higher ammonia slip.30 In the ammonia/coal co-fired furnace,
numerical simulation reveals that injecting ammonia into the
coal-volatile-combustion region (fuel-rich zone) leads to the
lowest NOx emission.36 These findings from different setups
suggest that manipulating fuel-air injection/mixing plays an
important role in the control of NOx, but it remains unclear
which strategy is the most effective.
To resolve this issue, it is noteworthy that a novel swirl-type

tubular flame burner with both tangential and axial fuel inlets
provides an “ideal” opportunity to evaluate different fuel-air
mixing approaches.37,38 The burner has a relatively high swirl
number of around 7.0. It is designed suitable for stabilizing
flames with high speed of fluid flow and for burning low-
heating-value fuels such as ammonia, mainly because of the

rapid mixing process and negligible heat loss behind the
tubular flame.38 As shown in our prior work,39 fuels like
methane can be fed either tangentially or axially into the
burner, and both non-premixed and premixed tubular flames
can be established. Hence, the various feed modes and flame
structures can thus be examined to test the NOx performance
under a series of well-designed conditions, but that is rarely
investigated in the literature.
This paper intensively investigated the atmospheric

ammonia/methane flame that might be of significance to the
development of new ammonia-fired gas boilers. In order to
control NOx formation and emission, we have schemed to
investigate four kinds of flame modes of the swirl tubular flame
burner, i.e., fully premixed, non-premixed (isokinetic injections
with fuel dilution), non-premixed without fuel dilution, and
centrally fed ammonia (with non-premixed, tangentially-fed
methane, and O2/N2). The influences of the ammonia
blending ratio (up to an input energy fraction of 0.3 and
mole fraction of 0.52), equivalence ratio (from 0.5 to 1.1), and
flow residence time were systematically examined. The
mechanisms for NO formation and reduction were explored
by combining NH2* chemiluminescence and chemical kinetics
simulations.

2. EXPERIMENTAL SECTION
2.1. Tangential Swirl Burner and Measuring System. Figure

1 shows a schematic of the experimental setup. The stainless-steel

burner consists of four tangential rectangular slits as reactant inlets.
The width and height of the slits are 2 and 12 mm, respectively. A
movable tube with an inner diameter of 2 mm is set at the center of
the burner, serving as an axial inlet to achieve varied fuel-oxidizer
mixing strategies. A transparent quartz tube with a 30 mm diameter
and 200 mm length is applied to confine the flame (see typical tubular
flame morphology in Figure 1a). More details of the burner can be
seen in the literature.40

The tangential swirl burner has a swirl number S fully determined
by the geometrical structure of the burner. The swirl number is
defined as the ratio of the axial flux of angular momentum to the axial
flux of linear momentum:41

S
DD
A4
e

T

0π
=

(1)

Here, D0 is the diameter of the burning section (30 mm in this
work), De is the exit throat diameter and can be approximated by
subtracting the slit widthW (2 mm) from the burner diameter, i.e., De

Figure 1. Schematics of (a) the tangential swirl tubular burner and a
typical tubular flame, (b) optical system for flame images and NH2*
chemiluminescence, and (c) exhaust sampling and analyzing system.
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= D0 −W, and AT is the total sectional area of the tangential inlet slits
(4 × 2 × 12 mm2). As a consequence, the calculated swirl number of
the burner is about 6.87, much greater than that of the conventional
swirl burner mainly with axial inlets.
The flame images were recorded by a single-lens reflex digital

camera (Canon EOS Kiss X9i) through the quartz tube. The exposure
times of the camera were set as 1/200 s for the top view and 1/20 s
for the side view. The NH2* chemiluminescence signal emitted from
the flame can be a useful indicator of NO reduction intensity30 and
was monitored by an enhanced charge-coupled detector (ICCD, PI-
Max 4) integrated with a 632.8 nm (FWHM = 3 nm) bandpass filter.
The compositions of exhaust gas at the quartz tube outlet were
detected by a gas analyzer (MRU-Vario Plus new), including NO,
NO2, CO, CO2, O2, and CH4. A specially designed probe with an
inner diameter of 1 mm was used to sample exhaust gas at more
precise locations. The sampling line was heated above 120 °C to
prevent water condensation and NO2 dissolution. In addition, an
ammonia analyzer based on tunable diode laser absorption spectros-
copy technology (Unisearch RCP-M1-NH3-H2O) was utilized to
evaluate the ammonia slip in different cases. For each measurement,
the compositions were continuously logged for 1 min and the mean
values are reported. The variance of the composition time series is
usually smaller than 3% of the mean value under stabilized flame
conditions. The spatial temperature distributions at different heights
above the burner (HAB) were measured by a B-type thermocouple
with radiation and conduction losses properly corrected.42

2.2. Experimental Conditions. In this work, ammonia and
methane are used as the fuel, whereas the oxidizer is a mixture of
oxygen and nitrogen. To clarify fueling strategic effects, Figure 2 plots

in detail four approaches of injecting fuels and oxidizer into the
burner, and Table 1 presents the reactant flow rates under different
experimental conditions at an equivalence ratio of 0.5. In the
experiments, the impacts of the equivalence ratio Φ, gas flow rate,
ammonia injection position, and ammonia blending ratio on NOx

emission characteristics were systematically investigated. The
equivalence ratio Φ is evaluated based on the following reaction:18

n m n m

n n m n m

CH NH (2 0.75 )(O 3.76N )

CO (2 1.5 )H O 3.76(2 0.75 )N
4 3 2 2

2 2 2

+ + + +

= + + + + (2)

Note that the combustion product of ammonia is nitrogen, rather
than NO. The percentage of NH3 in the fuel mixture is expressed in
terms of the heating value as shown below:43

E
x

x x

LHV

LHV LHVNH
NH NH

NH NH CH CH
3

3 3

3 3 4 4

=
×

× + × (3)

Here, xNH3
and xCH4

are the mole fractions of NH3 and CH4 in the
dual fuel mixture, and LHV denotes the lower heating value with
LHVCH4

= 802.30 kJ/mol and LHVNH3
= 316.84 kJ/mol.

3. THEORETICAL SECTION
To better interpret the results on the tangential swirl burner,
we performed chemical reaction network (CRN) analyses of
nitrogen conversion in different cases using ANSYS Chemkin-
PRO software version 17.2.44 The CRN enjoys a substantial
simplification of the flow field and pays more attention to the
kinetic issues. A hybrid perfectly stirred reactor (PSR)−plug
flow reactor (PFR) network was developed to approximate the
fuel/oxidizer mixing and flue gas flow/recirculating character-
istics in Cases A and D (see Figure 3a). In particular, the
tangential swirl flow with strong mixing can be reasonably
modeled by a PSR (denoted PSR I in Figure 3b), and the inner
recirculating zone is simulated by another PSR II. Unlike a
conventional axial swirl burner, our burner has a much stronger
swirl flow/flame confined in the tube, so we designed a second
stage of “flow-recirculation” blocks with two more PSRs III and
IV that are connected in sequential with PSRs I and II (see
Figure 3b). This represents the continuous mixing between the
central combustion and tubular flame zones even after some
distances from the burner surface and granted us more
flexibility to fit the experimental results. Further downstream
where the swirl is fully dissipated, the post-flame zone can be
well described by a PFR with a length of 8 cm.
In Case D where ammonia is centrally fed, the CRN model

introduces input ammonia into the recirculating PSR II, while
in other cases, all fuels and oxidizers are fed to the PSR I.
There are two splitters, denoted 1 and 2, associated with the
outlets of PSRs I and III to determine the flue gas recirculating
fractions. For splitter 1, the recirculating fraction was tuned in
the range of 5−30%, which is consistent with the change in the
ammonia blending ratio ENH3 varied from 0.05 to 0.3. By
contrast, the recirculating fraction of splitter 2 was fixed as 10%
of the flue gas flowing out of the PSR III.
In this work, the detailed mechanism for co-firing ammonia/

methane was employed based on Okafor et al.45 with over 356
elementary reactions and 59 kinds of species. Other parameters
are listed in Table 2 for predicting the results in Figure 11.
Briefly speaking, we tuned as few parameters as possible to fit
our measured data (NOx concentration at the tubular outlet).
The residence times, estimated by the mean velocity of flue
gas, were fixed for Cases A−D when only the ammonia content
was changed, while it was adjusted in inverse proportion to the
total gas flow rate for Case D with different gas inlet velocity.

4. RESULTS AND DISCUSSION
4.1. Characteristics of Ammonia/Methane Flames.

Figure 4 presents the images of ammonia/methane flames with
varied fuel/oxidizer mixing methods. It is seen from the top
view that the fuels fed through the tangential slits generate

Figure 2. Four approaches for supplying fuels and oxidizer to the
tangential swirl burner. Case A (premixed flame): the mixture of
methane, ammonia, oxygen, and nitrogen is evenly injected into the
burner through the four tangential channels; Case B (isokinetic non-
premixed flame): fuels and oxidizer are fed separately from symmetric
tangential slits, whereas nitrogen is added to both fuel and oxidizer as
the balance gas to maintain the same injection velocity for all the inlet
streams; Case C (non-premixed flame): fuel (the methane and
ammonia mixture) is supplied from two non-adjacent tangential slits,
and the oxidizer (oxygen/nitrogen mixture) is fed from two rest
tangential slits. The total gas flow rate is kept the same as in the
previous cases; Case D: ammonia is fueled through the central tube,
whereas the CH4/O2/N2 flame is burned as designed in Case B.
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ring-shaped, light orange flames in the thin annular area. The
side-view images demonstrate that the fully premixed stream in
Case A has a homogeneous flame front, and a similar structure
appears in Case B with isokinetic non-premixed flame,
implying the effectiveness of rapid mixing in improving the
flame stability. In Case C, however, bright spiral-shaped streaks
can be observed in the side view. The nonuniform flame
structure is mainly ascribed to the poorer mixing of fuel and

the oxidizer.46 By contrast, the centrally fed ammonia in Case
D forms an orange, conical flame surface wrapped by the blue
methane flame sheet (see both the top and side views). The
height of the central ammonia flame is much smaller than the
tube length. The visible orange chemiluminescence results
from the NH2 α-band spectra and the superheated water vapor
spectra, and it becomes brighter as the equivalence ratio
increases.47 Therefore, it can be speculated from the
conspicuous flame structure that the centrally fed ammonia
burns under a fuel-rich condition with a much higher
equivalence ratio in Case D.
We then measured the temperature and oxygen concen-

tration at different heights above the burner (HABs) for Cases
A−D, with Figure 5 showing the reconstructed smooth
contours. A high-temperature annular region (above 1400 K)
can be identified in Cases A, B, and C, which is consistent with
the bright flame surface. Meanwhile, the central areas have
relatively low temperatures (≤1310 K), and the temperatures
near the tube wall even drop below 900 K in all cases due to
the separation of the tubular flame from the wall. In Case D,
the central ammonia flame tops 2100 K, and the reconstructed
high-temperature region coincides with the visible ammonia
flame exhibited in Figure 4. Similarly, the oxygen concentration
is uniformly distributed (around 9 vol %) in the region with

Table 1. Gas Flow Rates under Various Conditions with Φ = 0.5

case ENH3
xNH3

CH4
(L/min)

NH3
(L/min)

N2 (with fuel)
(L/min)

O2
(L/min)

N2 (with O2)
(L/min)

total gas flow rate
(L/min)

thermal power
(kW)

A 0.10 0.22 2.55 0.79 42.87 11.39 0 57.60 1.9
B 0.10 0.22 2.55 0.79 25.46 11.39 17.41 57.60 1.9
C 0.10 0.22 2.55 0.79 0 11.39 42.87 57.60 1.9
D 0.05 0.12 2.71 0.40 25.89 11.44 17.16 57.60 1.9
D 0.10 0.22 2.55 0.79 25.86 11.39 17.01 57.60 1.9
D 0.15 0.31 2.39 1.18 25.82 11.35 16.86 57.60 1.9
D 0.20 0.39 2.24 1.56 25.97 11.30 16.91 57.60 1.9
D 0.30 0.52 2.00 2.42 26.21 11.63 16.58 57.60 1.9
D 0.10 0.22 2.04 0.63 20.69 9.12 13.61 46.08 1.5
D 0.10 0.22 2.30 0.71 23.27 10.25 15.32 51.84 1.7
D 0.10 0.22 2.81 0.87 28.44 12.53 18.72 63.36 2.1
D 0.10 0.22 3.06 0.95 31.03 13.67 20.42 69.13 2.3

Figure 3. Reactor network representing a tangential swirl burner. (a)
Schematic of fuel/oxidizer mixing and flue gas flow characteristics for
Cases A and D. (b) Chemical reaction network (CRN) configuration
made up by several PSRs and PFRs.

Table 2. Detailed Parameters for CRN Simulations

residence time (s)

case ENH3

total gas
flow rate
(L/min)

split
ratio 1 PSR I PSR II PSR III PSR IV

A 0.10 57.60 10% 0.012 0.03 0.006 0.01
D 0.05 57.60 5% 0.012 0.03 0.006 0.01
D 0.10 57.60 10% 0.012 0.03 0.006 0.01
D 0.15 57.60 15% 0.012 0.03 0.006 0.01
D 0.20 57.60 20% 0.012 0.03 0.006 0.01
D 0.30 57.60 30% 0.012 0.03 0.006 0.01
D 0.10 46.08 10% 0.015 0.04 0.008 0.013
D 0.10 51.84 10% 0.013 0.035 0.007 0.011
D 0.10 63.36 10% 0.011 0.025 0.005 0.009
D 0.10 69.13 10% 0.009 0.02 0.004 0.008

Figure 4. Instantaneous complementary metal oxide semiconductor
(CMOS) photographic images of the flames in different injection
strategies of ammonia with an equivalence ratio of Φ = 0.5, total flow
rate of 57.6 L/min, and ENH3

of 0.1 (xNH3 = 0.22). The dashed lines
represent the outlines of the quartz tube.
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radial position r ≤ 10 mm and the height 60 mm ≤ HAB ≤ 90
mm, as seen in Figure 5b for the pure tangentially fed methane
flame and Cases A−C. Further away from the flame surface,
the oxygen concentration surges to about 19 vol % in the
region 12 mm ≤ r ≤ 14 mm. As for Case D, the central zone
sees a depletion of oxygen with the burning of injected
ammonia, especially near the ammonia outlet, clearly
indicating a local fuel-rich atmosphere in such a flame
configuration. Considering the nonuniform distribution of
the flame in Cases B and C, we then measured the temperature
distribution along the radial direction on two vertical planes in
Cases B and C, and the deviations are less than 20 K for Case
B and 90 K for Case C, respectively.
4.2. NOx Emissions. 4.2.1. Effect of a Fuel-Oxidizer

Mixing Strategy. The tubular flame structure causes nonuni-
form distributions of exhaust gas components, as has been
confirmed by oxygen in Figure 5b. We further measured the
radial distributions of NOx at the exit of the quartz tube, as
presented in Figure 6a. For all cases, the NOx concentrations at
the tube exit reduce along the radial direction but significantly
differ between each other. When the reactants are tangentially
injected from the slits with a uniform velocity (i.e., Cases A
and B), the much higher concentrations of NOx (about 3600
ppm) at the center of the tube are produced under an
equivalence ratio of 0.5. Moreover, the NOx emissions are
nearly equivalent in Cases A and B. By contrast, the production
of NOx in Case C dramatically reduces by more than 2 and 4
times, respectively, as compared with Cases A and B. Then,
Case D features a vertiginous plunge of NOx concentration
with around 650 ppm at the center of the tube exit, much
lower than the reported results on other types of burners in the
literature.48,49

In addition to NOx, Figure 6b,c presents the emitted CH4
and CO concentrations at the tube exit to characterize the
extent of burnout of the co-firing system. In Cases A and B
(isokinetic fed), both CH4 and CO are present in only trace
amount (less than 0.03 vol % for CH4 and 300 ppm for CO)
within the radial position r ≤ 5 mm, but the slips of CH4 and

CO become much more severely close to the low-temperature
tube wall with the emitted concentrations increased by 1−2
orders of magnitude. It strongly suggests a need for designing
the hot confined wall in the practical combustor. The
measured ammonia slip in Cases A and B is quantified as
about 1120 ppm. Nevertheless, the escaped CH4 and CO
concentrations in Case C (0.5−1.0 vol % for CH4 and 1000−
4000 ppm for CO) are significantly higher than in other cases,
and the ammonia slip in Case C is more than 3000 ppm. The
unburnt fuels manifest a poor mixing rate in such a non-
isokinetic, non-premixed flame, indicating that it is not a
suitable approach for organizing ammonia/methane/air flames,
even if the measured NOx slip is slighter. Notably, the
ammonia-centrally-fed Case D has low CH4 and CO emissions
similar to Cases A and B, and in particular, the escaped
ammonia is as low as only 9 ppm, which is much smaller than
those of other three tangentially fed cases. Therefore, the low
NOx emissions and high burnout suggest a tantalizing prospect
of ammonia axial injection in the center zone (surrounded with
tangentially fed methane tubular flames) for burning nitrogen-
bearing carbon-free fuels.

4.2.2. Effect of the Equivalence Ratio. Figure 7 reveals the
equivalence ratio dependence (Φ = 0.5−1.1) on NOx
emissions at a fixed ammonia blending ratio ENH3 = 0.1
(xNH3 = 0.22). For all cases, the emitted NOx concentrations
are several times more than pure methane flames, increasing
with the equivalence ratio in the fuel-lean regime and peak at
Φ = 0.8 (or 0.9), see Figure 7a. A further increment in Φ leads

Figure 5. (a) Reconstructed temperature and (b) oxygen
concentration contours of the ammonia/methane flames. The
locations of the points in contours are measured and the data in
the areas between points are linearly interpolated. In all ammonia co-
firing cases, the equivalence ratio Φ = 0.5, total flow rate = 57.6 L/
min, and ENH3

= 0.1 (xNH3 = 0.22).

Figure 6. Radial distributions of (a) NOx, (b) CH4, and (c) CO
concentrations at the exit of the quartz tube. For all cases, Φ = 0.5,
total flow rate = 57.6 L/min, and ENH3 = 0.1 (xNH3 = 0.22).
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to a substantial reduction of NOx emission, which is found as
697 ppm in Case A and 319 ppm in Case B under fuel-rich Φ
= 1.1, respectively. Compared with the premixed flame Case A,
the non-premixed Case B enjoys remarkably lower NOx
(Figure 7a) emissions at the fuel-lean regime Φ = 0.7−1.0.
It might be interpreted by the lower concentration of the OH
radical in the non-premixed flame.15 However, under fuel-lean
conditions, the NOx emissions from Cases A and B exceed
3000 ppm, posing serious challenges for the subsequent de-
NOx process. The centrally fed Case D yields much lower NOx
than other three cases for all concerned equivalence ratios. In

particular, the NOx concentration ranges 600−900 ppm for Φ
< 1 and drops below 75 ppm for Φ ≥ 1. From a mechanistic
point of view, the non-premixed ammonia-rich flame at the
center of the tube facilitates the conversion pathway NH2 →
N2 that can avoid NO formation,32 as evidenced by the local
reducing atmosphere in Figure 5b. Moreover, the lower
concentrations of O, H, and OH radicals and excess ammonia
in rich flame promote NO-reducing reactions.50 In addition to
NOx reduction, high-temperature decomposition of ammonia
in the absence of oxygen is able to reinforce the flame
stability.51 We also measured the CO emission at the tubular
exit in different cases, as shown in Figure 7b. It is shown that
the CO emission is mainly dependent on the total equivalence
ratio, and the difference among Cases A−D is marginal. In
particular, for fuel-lean conditions, the CO concentration is
lower than 200 ppm. As for the radial profile of CO, the
significant increase for a large radius is mainly caused by the
substantially lower temperatures close to the non-insulating
quartz tube in our present setup (see Figure 5a). However, this
is not a problem for the practical boiler in which the
temperature (even near the heating surface) is much higher.

4.2.3. Effect of the Ammonia Blending Ratio. Then, we
investigated the influence of the ammonia blending ratio ENH3
on the NOx emissions, with the measurements of the most
feasible Case D (ammonia centrally fed) presented in Figure 8.
We remark that the methane flame (ENH3 = 0) generates NO
and NO2 concentrations less than 100 ppm. Under fuel-lean
conditions, it is found that the emitted NOx concentration
increases monotonically with the blending ratio of ammonia
ENH3. In particular, for ENH3 = 0.2 (corresponding to the molar
fraction xNH3 = 0.39), the NOx concentration is less than 1250
ppm, far lower than those resulting from tangentially fed
ammonia even with ENH3 = 0.1 (xNH3 = 0.22) (see Figure 7).
For ENH3 = 0.3 (xNH3 = 0.52), NOx concentration ranges from
1500 to 2000 ppm for Φ ≤ 0.9. Under the fuel-rich conditions
(Φ = 1.0 and 1.1), the emitted NOx concentrations decrease
dramatically for ENH3 ≤ 0.2 because of the enhanced NOx
reduction in the presence of unburned ammonia.52 In Figure
8b, the NOx conversion rate is defined as the fraction of fuel-N
that is converted into NOx and is found in the range 1−5% for
fuel-lean conditions.14 Obviously, it has a similar dependence
on the equivalence ratio Φ as the NOx concentration does but
seems to generally decrease as the blending ratio of ammonia
ENH3 grows from 0.05 to 0.3. This again highlights the complex

Figure 7. (a, b) Variation of emitted NOx and CO at different
equivalence ratios Φ and ENH3

= 0.1 (xNH3 = 0.22). Note that the
reported NOx and CO concentrations are the measured values at the
center of the tube exit.

Figure 8. (a) NOx concentration and (b) conversion rate of ammonia/methane flames as a function of the equivalence ratio for various values of
ENH3

(from 0.05 to 0.3, corresponding to the molar fraction xNH3 from 0.12 to 0.52). All the results correspond to Case D, and the total gas flow
rate is kept at 57.6 L/min.
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phenomena of nitrogen transformation in ammonia combus-
tion.
4.2.4. Effect of Flow Residence Time. To further explore

the performance of low-NOx combustion with axially injected
ammonia (Case D) on the tangential swirl tubular-flame
burner, we manipulated the total flow residence time in the
quartz tube by two methods, i.e., changing the total gas flow
rate (from 46.08 to 69.13 L/min, see Table 1) and the axial
height of ammonia injection (from 0 to 6 cm). Figure 9
presents the measurements of emitted NOx for Φ = 0.5 and
ENH3 = 0.1 (xNH3 = 0.22). Flames are well stabilized in all the
tests, as indicated by the insets of Figure 9. It is revealed that
the NOx concentration increases moderately with both the
total gas flow rate (526 ppm for 46.08 L/min and 720 ppm for
69.13 L/min) and the injecting height of ammonia (633 ppm
for 0 cm and 863 ppm for 6 cm). The change might be a result
of the reduced residence time of ammonia and combustion
products confined in the quartz tube, thus a less extent of NO
reducing reactions by the unburned fuels. Some previous works
reported similar influences of flow residence time on other
types of combustors.19,32,52 This calls for mechanistic
explorations on nitrogen transformation in our tangential
swirl burner.
4.3. Mechanistic Studies on Fuel-N Transformation.

4.3.1. NH2* Chemiluminescence. In this section, we measured
the NH2* chemiluminescence signal to provide direct evidence
for NO consumption in ammonia flames,30,48 and the results of
different cases are shown in Figure 10. For each case, we took
100 images continuously and then averaged them to improve
the signal-to-noise ratio. In the pure methane flame, the

recorded signals are very weak for both equivalence ratios,
which is as expected because NO is produced only in trace
amount, and the signal may as well come from other
broadband radiations. Thus, the weak signals from pure
methane flame can be regarded as the “background” for
ammonia/methane flames. In Case B (tangentially fed,
isokinetic, and non-premixed flame), an annular region with
strong NH2* chemiluminescence signals is observed from the
top view, which fully coincides with the flame shape illustrated
in Figure 4. Also, the signal intensity for Φ = 1.0 is remarkably
higher than that for Φ = 0.5. Considering the rather weak
background in pure methane flame, we conclude that the
detected signals do originate from flame-generated NH2*,
which is a key intermediate species for ammonia decom-
position and NO reduction. More notably, the centrally fed
ammonia in Case D leads to an inner region with very strong
signals of NH2* chemiluminescence (see Figure 10e,f,k,l), and
again, this region well matches the visible ammonia flame
structure. The side views of Φ = 0.5 (Figure 10f) and 1.0
(Figure 10l) clearly demonstrate a negative effect of oxygen on
NH2* enrichment. The NH2* signal seems to first increase
with HAB and peaks at HAB ≈ 4 cm before starting to reduce
for Φ = 0.5, while for Φ = 1.0, the signal becomes saturated
from HAB = 2 to 6 cm. This manifests the dynamic evolution
of NH2*, which is first formed by ammonia decomposition and
then gradually consumed by oxygen and NO. The possible
reactions associated with NO reduction include NO + NH2 =
NNH + OH and NO + NH2 = N2 + H2O.

13,16

4.3.2. CRN Analysis of NO Formation in Ammonia
Combustion. The CRN analysis has been performed, and as

Figure 9. Effects of (a) the total injection flow rate and (b) axial injection position on NOx emissions for Case D with Φ = 0.5 and ENH3 = 0.1
(xNH3 = 0.22). Insets are the flame images under each condition.

Figure 10. Time-averaged NH2* chemiluminescence images for different ammonia fueling methods. Both top views and side views are presented.
(a−f) Φ = 0.5 and (g−l) Φ = 1. In all cases, ENH3 = 0.1 (xNH3 = 0.22) and the total gas flow rate is kept at 57.6 L/min.
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detailed in Section 3, the free parameters related to the
reactors are specified in Table 2. Figure 11 shows the
comparison between measured and simulated NOx emissions
for several representative cases. First, it is seen in Figure 11a
that such predicted NOx concentrations at the quartz tube
outlet (HAB = 20 cm) agree reasonably with the measure-
ments in Cases A (ENH3 = 0.1, xNH3 = 0.22) and D (ENH3

ranges from 0.05 to 0.3 and xNH3 ranges from 0.12 to 0.52).
This highlights the reliability of the simplified CRN model (see
Figure 3) for revealing major reaction pathways; however, we

shall point out that little ammonia slip is present in the
simulation, while for Case A, the measured value is 1120 ppm.
The overestimated extent of mixing in the PSRs may be the
main cause. Clearly, Case A (tangentially fed premixed
ammonia/methane/air) is much more prone to generating
NOx than Case D (centrally fed ammonia). Figure 12
illustrates the absolute rates of NO production/destruction
(a and b) and the major chemical pathways in the conversion
of fuel-N (ammonia) to NO (c and d) for PSR I of Case A and
PSR II of Case D. In Figure 12c,d, the width of the arrow gives

Figure 11. Comparison of emitted NOx concentrations from measurements and CRN simulations, (a) the effects of ammonia blending ratios and
(b) the effect of the total flow rate.

Figure 12. Absolute rates of NO production and the reaction pathways: (a, c) for PSR I of Case A (tangentially fed premixed flame) and (b, d) for
PSR II of Case D (centrally fed ammonia). The width of each arrow denotes the relative magnitude of the reaction rate.
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a visual indication of the relative importance of a particular
reaction path.
We find that in Case A, the mutual conversion of NO and

NO2, as well as the conversion of HNO, are the most
important pathways of NO formation. The reduction reaction
of NO by NH2 is slower than the NO formation reactions. In
Case D, NO is still mainly formed by the conversion of HNO,
and the emitted NO concentration increases with ENH3. Then,
the reduction of NO by amine radicals (NH and NH2) and N
become more outstanding, as shown in Figure 12b. The
comparison of Figure 12c,d clearly indicates that the
decomposition of ammonia to NH, NH2, and N in Case D
has been significantly enhanced, which is consistent with the
experimental observation of NH2* chemiluminescence in
Figure 10. Therefore, the local fuel-rich condition in Case D
contributes to the much lower NO formation propensity. With
an increment in the total gas flow rate (and thus a decrease in
the flow residence time in the quartz tube), the emitted NO
concentration increases. However, the simulated NO concen-
tration has a smaller rate of increase with the flow rate (see
Figure 11b). Again, this could be attributed to the over-
estimated extent of mixing in the PSRs.

5. CONCLUSIONS
This paper comprehensively investigated NOx generation of
ammonia/methane tubular swirl flames with various fuel-
oxidizer mixing approaches under different operating con-
ditions. We propose a new ammonia co-combustion
technology with a central ammonia jet surrounded by a
group of separately tangential swirl methane jets. This
approach outperforms other investigated modes of tangentially
fed ammonia (either premixed or non-premixed with O2/N2)
in terms of both the NOx propensity and ammonia slip. In
particular, the emitted NOx concentration is about 1000 ppm
for lean combustion conditions (Φ = 0.5−0.9) with the energy
input rate of ammonia as 20% (xNH3 = 0.39), which is
substantially lower than the reported NOx emissions of
premixed swirl ammonia/methane flames. In the fuel-lean
regime, the emitted NOx concentration increases with both
ENH3 (at least for ENH3 ≤ 0.3 and xNH3 ≤ 0.52) and the
equivalence ratio Φ. The NOx concentration peaks at Φ =
0.8−0.9. The reduction of flow residence time in the tube,
either by delaying the injection position or elevating the total
flow rate, leads to higher NOx yields. As evidenced by the
NH2* chemiluminescence, the central high-temperature,
ammonia-rich flame facilitates an extensive formation of
NH2, which is the major reductant to restrain NOx formation.
In summary, a strategy of clean and efficient ammonia co-
combustion is to build an ammonia-rich zone that can rapidly
mix with high-temperature, low-oxygen post-flame exhausts.
Also, it is desirable for future research to further increase the
ammonia blending ratio ENH3.
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