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Due to its ease of storage and existing global distribution network, interest in the use of renewably produced
ammonia for decarbonising energy systems is growing. Partially cracking ammonia can overcome the flame
stability challenges of this fuel, but demonstrations of high-power ammonia-based swirl flames with acceptable
emissions have yet to be realised. Therefore, the present study examines the effects of varying swirl number and
nozzle design on the static stability and emissions from 20 % (vol.) cracked ammonia swirl flames for a wide
range of equivalence ratios (0.3 < ® < 2.2) and thermal powers of 5, 10 and 15 kW. Additionally, a reference
case of 100 kW thermal power at stoichiometric conditions was tested. Stable flames were shown across a broad
range of equivalence ratios, swirl numbers and nozzle geometries although flame morphologies varied greatly. Of
note was a geometric swirl number of 1.75 paired with a long nozzle, which enabled the transition to a flat,
Coanda jet flow flame at equivalence ratios of 0.6 and 0.7. For a geometric swirl number of 1.45, shortening the
nozzle resulted in significantly shorter, wider V-shape flames with greatly improved rich blowoff limits. This was
found to be a desirable characteristic for reaching high thermal power with a constant nozzle throat diameter - i.
e. dump plane velocity — as a widened flame brush prevents jet-like flames, which are susceptible to pinching off.
This can also be achieved by increasing the swirl number, although to a lesser extent. However, with a widened
flame brush, careful consideration must be given to confinement diameter to avoid flame impingement which has
potential to increase local heat loss and hence reduce combustion efficiency, resulting in an increase in unburned
NH;3 emissions. With the same geometric swirl number of 1.45, the shorter nozzle configuration resulted in
higher NO emissions, potentially due to the shorter nozzle forming shorter, wider flames, meaning there was less
residence time for NH; to consume NO in the flame zone. This difference was less noticeable at rich conditions,
with all configurations reaching negligible NO emissions by ® = 1.15

1. Introduction

Interest in the use of partially cracked ammonia for the decarbon-
isation of energy is growing. This is due to ammonia’s ease of trans-
portation and existing global infrastructure [1-3]. The main challenges
relating to combustion of pure ammonia — low flame stability and
emissions of NOx — can be addressed by mixing ammonia with a rela-
tively small amount of hydrogen [4,5]. This can be achieved by partially
cracking the ammonia with integrated thermo-catalytic systems [6],
resulting in a final fuel blend of ammonia, hydrogen and nitrogen.

The earliest studies on ammonia combustion in gas turbine swirl
burners were published in the 1960s [7], with main findings including
narrow stability limits and the requirement of air velocity being half of
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what they were for hydrocarbon fuels. Few publications can be found
between then and the mid-2010s.

However, swirl stabilised combustion of ammonia/hydrogen-based
blends has seen renewed research in the last decade, mainly exam-
ining emissions or flame stability with fixed swirl numbers. Many
research groups have presented effective flame stabilisation with this
method at relatively low thermal power, in the order of tens of kW. In
2015, Cardiff University tested blends of NH3/CHjy as high as 80/20 (vol.
%) and NH3/Hj of 50/50 (vol. %) in a generic tangential swirl burner
designed for natural gas with a swirl number of 1.05 [8]. For the NH3/Hy
case of 33 kW thermal power, narrow stability limits between equiva-
lence ratios (®) of just 0.425 and 0.577 were possible, with flashback
preventing any further increases in ®. This suggested that generic
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swirlers from natural gas combustors may not necessarily be suited to
NHs/H; blends.

In 2017, Kurata et al. demonstrated power generation from a con-
verted kerosene MGT operating on pure NHs [9]. The MGT featured a
non-premixed axial swirl burner with swirl number of 0.88. Good flame
stability was found, but it was noted that elevated inlet temperatures
would widen stability limits. Later, using a similar combustor, Okafor
et al. found that compared to atmospheric conditions, increasing the
pressure to 0.2 MPa reduced NO emissions without any apparent penalty
in flame stability nor unburned NH3 emissions [10].

An early study from Tohoku University compared two different axial
swirlers with swirl numbers of 0.736 and 1.270 in the combustion of
pure NHgs at a thermal power of 13.2 kW [11]. Although narrower than
those of CHy, the stability limits of NH3 were found to be broad, roughly
0.65 < @ < 1.3 for an inlet velocity between 2 and 8 m/s for the high
swirl case, and slightly wider for the low swirl case. The authors sug-
gested the lower swirl number presented wider stability limits due to a
higher characteristic length of recirculation aiding the slow combustion
rate. This study also presented slightly rich conditions of ® = 1.05 as
optimal, with relatively low emissions of both NO and NHs.

In 2019, a marked increase in research of NH3 combustion in swirl
burners can be seen. Continued studies from Cardiff University found a
70/30 NHs/H, blend (vol. %) provided stable flame at slightly rich
conditions using a tangential swirl number of 0.8 at a thermal power of
39.3 kW [12]. The same swirl burner and fuel blend was also found to
provide stable combustion at elevated conditions of up to 0.184 MPa and
with humidification and secondary air injection [13]. It was noted that
the limiting factor in increasing pressure further was fuel supply of
gaseous ammonia, not flame stability.

Initial studies at KAUST on NH3/Hj; blends using a swirl burner with
swirl number of 1.0 and thermal power of <10 kW [14] found narrow
stability limits bounded by lean blowoff and flashback when the
ammonia fuel fraction was <60 % (vol.). Above this, stability limits
widened significantly and the 70/30 (vol. %) NH3/H; was bounded by
lean blowoff at ® = 0.3, but instead of the upper boundary being
flashback, it was found to be rich blowoff, at ® = 1.4. Increasing NH3
fraction further resulted in a slight narrowing of stability limits —
although still significantly wider than below 60 % NH3 with upper
limits still bounded by rich blowoff rather than flashback. Following
research with the same swirl burner increased thermal power to 32.5 kW
and pressure to 5 bar [15]. Here, it was found that pressurisation in-
creases stability limits of pure NH3 flames. For NH3/Hj blends, both lean
blowout and flashback limits were slightly reduced with pressure.
Additionally, the NH3 fuel fraction threshold at which the upper limit of
stability transitioned from flashback to rich blowoff was increased.
Another study from Wang et al. of KAUST utilising an adjustable axial
swirl burner examined the effects of varying swirl number between 0.6
and 1.0 on emissions from NH3/CHy4 flames [16]. Stable flames were
found for both swirlers in the range 0.55 < ® < 0.95. Additionally, this
study showed a significant difference in both flame structure and NO
emissions, with the higher swirl flame presenting lower NO emissions
above ® = 0.75. This was suggested to be due to the higher swirl flame
having higher heat loss to the nozzle, inhibiting the formation of OH
radicals in this region.

A recent study from Chen et al. of USTC [17] examined OH* chem-
iluminescence from a range of ammonia blended flames with a swirl
number of 0.778. They found that partially cracked ammonia flames
were narrower and longer than equivalent NH3/H; flames and had a
higher peak value of OH*, indicating the stretching effect was stronger.
This has potential to affect blowoff limits in partially cracked ammonia
flames, warranting further study compared to classical NH3/H, blends.

It is clear to see that most research groups have been operating NHz
based flames with relatively low swirl numbers between 0.6 and 1.05.
Despite this rich literature of ammonia swirl flames, it remains that few
studies have drawn comparisons between swirl number and flame per-
formance, either in terms of emissions or stability limits, particularly for
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NH3/Hy flames. Therefore, the present study seeks to further the
deployment of swirl burners operating on partially cracked ammonia
blends in an industrial setting by investigating how swirl number and
nozzle design affects flame stability and emissions. A particular focus is
given to how these swirlers perform with an increase in thermal power
towards industrially applicable levels.

2. Experimental methodology
2.1. Swirl burner

In this study, the optically accessible premixed atmospheric swirl
burner shown in Fig. 1 was used. Air and fuel entered a premixing
chamber via Bronkhorst thermal mass flow controllers with accuracy of
=+ 0.5 % of reading between 15 % and 95 % of full scale. A constant fuel
blend representing 20 % cracked ammonia (66.7/25/8.3 (vol. %) NH3/
Hy/Ny) for equivalence ratios 0.3 < ® < 2.2 and three net thermal
powers; 5, 10 and 15 kW was used. Additionally, a reference case was
preliminarily examined where the same swirl burner was placed inside a
significantly larger confinement representative of a 1MW steam boiler.
Here, the net thermal power was increased to 100 kW and stoichiometric
conditions were examined for the same 20 % cracked NHj5 fuel blend. 20
% cracked ammonia includes the nitrogen produced during the cracking
process in the required 3:1 hydrogen/nitrogen ratio while maintaining
the NH3/H; ratio near to 70/30 (vol. %). This fuel blend was used due to
it having previously been identified as an optimal NH3/H; ratio [13],
balancing improved flame stability from hydrogen addition [4] with
penalties in exhaust gas emission [18]. While this fuel blend generally
has a lower laminar burning velocity than pure methane flames, the
differences are smaller at lean and rich conditions [19]. Additionally, 20
% cracked ammonia flames have been found to have the highest ratio of
turbulent flame speed to laminar flame speed of partially cracked blends
[20], indicating they may have higher blowoff resistance than suggested
solely by their laminar flame speed. Furthermore, an 18 % cracked
ammonia flame (very similar to the fuel blend in this study) has been
shown to have higher lean blowoff resistance than pure methane flames
due to higher positive flame curvatures and lower strain rates resulting
from a Lewis number below unity [21,22].

A range of tangential swirlers and nozzles were investigated,
described in Table 1. The geometric swirl number was defined as shown
in Eq. (1), reproduced from [23].
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[ teeneme [T

Data storage

- N2

UV & visible cameras

Fig. 1. Simplified schematic of experimental setup.
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Table 1

Description of swirl number and nozzle geometries.
Sg Nozzle Thermal Power (kW) @ Tested
1.0 Short 5,10, 15 03<d <22
1.45 Short 5,10, 15, 100 03<d <22
1.45 Long 5,10, 15, 100 03<P <22
1.75 Long 5,10, 15 03<d <22

”R—Rgff

Sg=—— 1

s =4, @

Where R was the exit radius, Ress was the radial distance between each
tangential channel axis and the injector axis, and A; was the cross-
sectional area of the tangential channels. The different geometric swirl
numbers were achieved by varying A.

As shown in Fig. 2, the nozzle inner diameter (D) and bluff body
outer diameter (0.7 D) were constant for all cases. The confinement
consisted of a quartz tube of inner diameter 5D and length 9.5D,
resulting in an expansion ratio from the dump plane area to confinement
area of 50.1. The nozzle geometry was varied by changing the axial
length of the nozzle. In Fig. 2, the dashed red line shows the approximate
position of the original dump plane with a long nozzle, and the black
solid line shows the modified dump plane position with a shorter nozzle.
The long nozzle had a greater distance from the dump plane to nozzle
expansion section than the short nozzle, but the dump plane cross-
sectional area was kept constant for all conditions and cases.

2.2. Flame imaging

A Nikon Z7ii mirrorless digital camera was used to capture direct line
of sight images of the flame from a distance of approximately 500 mm.
Unless otherwise stated, the camera’s aperture was maintained at F/4
with an exposure time of 1/3 s and an ISO of 64 for all photographs to
enable comparisons of flame morphology and intensity.

Chemiluminescence images were captured by LaVision cameras
comprising Sony ICX285AL sensors and Hamamatsu HB1058 in-
tensifiers. Edmund optics bandpass filters all with 10 nm FWHM centred
at 310 nm, 337 nm and 632 nm were used to capture OH* (309 nm; A2X
+ -X2II system), NH* (336 nm; A3II-X2X system) and NHy* (630 nm;
single peak of NH, a band), respectively. These cameras were triggered
simultaneously for a period of 20 s at a sampling rate of 10 Hz. Following
the subtraction of the background images and a 3 x 3 median pixel filter,
the images were averaged and processed with an Abel Deconvolution
script [24]. Abel transformed images were either normalised to their
own maximum to compare flame morphology or to group maximums to

D
0.7D

Fig. 2. Diagram of swirler and nozzle (black and red dashed lines show position
of dump plane relative to nozzle walls with a short and long nozzle,
respectively).
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compare radical intensities across different swirlers and nozzle setups.
2.3. Exhaust gas measurements

Exhaust gas samples were captured via a cross-shaped sampling
probe spanning the full diameter of the quartz tube confinement outlet.
To prevent condensation, the sample gas was carried along a heated line
to an Emerson CT5100 quantum cascade laser gas analyser. Measure-
ments of NO, NO,, N2O, NHs, O3 and HoO were made at a temperature of
463 K and rate of 1 Hz (+1 % repeatability, 0.999 linearity). At each test
condition and following the stabilisation of inlet flowrates, temperatures
and emissions, 120 samples were recorded over a period of two minutes.
When raw readings were above the analyser’s upper detection limit
(~2200 ppm for NO and ~1300 ppm for NH3), N3 was used to dilute the
sample back into range ((+10 % repeatability). Samples were captured
wet and normalised to dry, 15 % O following equation 10 in [25]. As
this study focuses solely on a single blend of partially cracked ammonia
with relatively constant concentrations of H>O present in the exhaust
gas, there was no need to use other emissions normalisation methodol-
ogies which account for high levels of HyO dilution arising from
hydrogen-based fuels in comparison to hydrocarbon fuels.

3. Results and discussion
3.1. Flame morphology and stability

Fig. 3 shows direct line of sight photographs captured for each of the
four swirlers for a range of equivalence ratios at a constant net thermal
power of 10 kW. In general, flame length increased with equivalence
ratio at rich conditions regardless of swirl number. For 0.7 < ® < 1.0,
flame length was relatively consistent for all cases, apart from for the Sg
= 1.75 long nozzle case which presented as a nearly flat flame at the
leanest equivalence ratios. Flame luminosity — largely from NHy* —
increased with equivalence ratio and was particularly low at ® = 0.6 for
all swirlers, suggesting reduced combustion efficiency here.

With a constant swirl number of S; = 1.45, the length of the nozzles
can be seen to have a significant impact on flame morphology. The S; =
1.45 long nozzle case presented a markedly longer flame than the Sy =
1.45 short nozzle case with a higher flame base angle at all equivalence
ratios. It is suggested that a longer nozzle downstream of the bluff body
acts as a guide channel, restricting the flow from expanding and thus
hindering the formation of the external recirculation zone (ERZ) until
further downstream. Similarly, this guide channel preventing the flow
from expanding radially could result in the flow returning to the central
axis shortly downstream of the bluff body, resulting in the central
recirculation zone (CRZ) being compressed axially. The long nozzle case
then may not properly expand radially until reaching a vortex break-
down bubble further downstream. Alternatively, the short nozzle case
had less of a radial obstruction downstream of the bluff body, enabling
the flow to open radially earlier, forming a stronger ERZ and CRZ. At
rich equivalence ratios, this effect was even clearer, with the long nozzle
flame transitioning into a near jet-like flame shape with a potential
reduction of the central recirculation zone (CRZ) strength.

Comparing the two short nozzle cases, increasing swirl number also
reduced flame length and flame base angle, suggesting that nozzle ge-
ometry can be equally as important as swirl number in determining
flame morphology. In comparing the two long nozzle cases, the same
findings of increasing swirl number were present and more noticeable.
This could suggest that the nozzle design may be the dominant design
factor influencing flame morphology. The Sg = 1.75 long nozzle case did
not present the same flame transition to near jet-like behaviour at rich
conditions as the S; = 1.45 long nozzle case. Additionally, there was a
transition at lean conditions. At ® < 0.7, the Sg = 1.75 long nozzle case
presented an almost flat flame with an exceptionally short flame length
and near zero flame base angle. At higher equivalence ratios, a more
conventional V-shaped swirl flame was found. This flat flame has been
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Fig. 3. Flame images for each of the swirlers examined at a range of equivalence ratios. Thermal power 10 kW. Image area 160 x 160 mm.

previously reported in the literature, where a swirling flow can transi-
tion from an open jet flow with high swirl to a Coanda jet flow (CJF)
[26]. This transition is associated with high swirl numbers causing
vortex breakdown to move further upstream into the nozzle until a
negative axial velocity is found within the nozzle itself, forcing a tran-
sition to a CJF [27]. This would suggest a longer nozzle like in the Sg =
1.75 long nozzle case would be more susceptible to forming a CJF as the
vortex breakdown would not have to travel so far axially before trig-
gering the transition to CJF. Furthermore, the transition to CJF has been
found to be more likely to occur with higher swirl numbers, and a higher
swirl number is required to form a CJF when Reynolds number increases
[28]. As the thermal power is constant in this study, the Reynolds
number increases with a reduction in equivalence ratio. This could
explain why only the S; = 1.75 long nozzle case formed a Coanda jet

OH*
®=08 ®=1.0 ®=1.2

4 -
iEE

Sg=1.0
short nozzl

Sg=1.45
short nozzl

-‘

Sg=1.45
long nozzle

Sg=1.75
long nozzle

NH*
®=08 ®=1.0 ®=1.2

flow flame. It is the only case which has both a long enough nozzle and
high enough swirl number to form a CJF at the relatively high Reynolds
number found at ® = 0.7 as the vortex breakdown becomes dominant
with reduced heat release rates at lean conditions. This CJF flame was
observed for the S; = 1.75 long nozzle case at 5 kW thermal power, but
not at 15 kW. This could be because it was not experimentally possible to
reach lean enough conditions for it to form at 15 kW, or because the
Reynolds number was too high at 15 kW for a CJF to form at this swirl
number.

It can also be seen that both the long nozzle cases had a narrow flame
root, anchored to the bluff body. In comparison the short nozzle cases
both anchored on the nozzle outlet instead, resulting in a lower flame
base angle and wider, more open flame. It is posited that this is a
desirable characteristic for maintaining static flame stability at high

NH,*
®=0.8 ®=1.0 P=1.2

E|
E
I

65 mm 0

Fig. 4. Right half of Abel transformed chemiluminescence images (OH*, NH* and NH,*) for each of the four cases at lean, stoichiometric and rich conditions and 10

kW. Colourmap of images normalised to each image’s maximum intensity.
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thermal powers with high dump plane velocities.

These same conditions were examined in more detail by utilising
chemiluminescence imaging of OH*, NH* and NHy*, shown in Fig. 4. As
expected, similar findings in terms of flame length, base angle and
anchoring location as from the direct line of sight photos in Fig. 3 can be
seen again. However, some new information can still be gained. For
example, for the short nozzle cases — at stoichiometric and slightly rich
conditions, the radical intensity of OH*, NH* and NHy* was reduced in
the region near the nozzle. This is clearest to see for NHy*, with the
highest intensity region being relatively far from the nozzle outlet. In
comparison, both long nozzle cases and for S; = 1.45 in particular,
radical intensity is still strong near the nozzle even at ® = 1.2. Assuming
some combination of OH*, NH* and NH,* intensity can be used to
represent heat release rate [29-32], the short nozzle cases having this
centre of intensity farther away from the nozzle may reduce thermal
degradation of the nozzle material over extended periods of use.

A difference in radical distribution and density between the swirlers
can be seen in Fig. 4. All cases had a relatively compact distribution of
OH*, NH* and NHy* radicals at ® = 0.8. The two swirlers with short
nozzles however had broadly distributed radicals with low density at ®
= 1.0 and 1.2. The S; = 1.45 long nozzle case was the only case to
maintain a high radical density with a clearly defined flame front at ® =
1.2. These variations in distribution and density of key radicals with
different swirl number and nozzle design may provide potential for
controlling emissions.

Fig. 5 below shows the static stability map for each of the swirlers at
a range of thermal powers. Lean blowoff (LBO) was found to be rela-
tively independent of swirl number and nozzle geometry, with all cases
having a similar LBO limit of around ® = 0.4 at 5 kW and 10 kW thermal
power. Lean blowoff limits could not be reached here for 15 kW thermal
power as the maximum flowrate of the air was 500 SLPM, representing
roughly ® = 0.5 — at which all cases still had a stable flame. This is not an
unprecedented finding, with Zhang et al. [33] previously reporting
changes in swirl number having no apparent effect on extending LBO
limits of pure NH3 flames. One potential explanation for this relates to
Lewis number and consumption rates. Su et al. [22] found that in an 18
% cracked NH3 blend (with Lewis number <1), consumption rates of
NHj and Hj in the shear layer region increased as LBO was approached.
This locally increased flame temperature, strengthening combustion
near LBO. The opposite was found for fuels with Lewis number greater
than unity, such as propane.

The Sy = 1.45 long nozzle case had the highest rich blowoff limits
(RBO) at 5 kW, likely related to its jet-like behaviour, which meant it did
not have to rely on the establishment of strong recirculation zones for
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Fig. 5. Static stability map representing LBO and RBO for each of the swirlers
at three thermal powers. Empty and filled symbols represent LBO and RBO,
respectively. Squares for S; = 1.0 short nozzle, diamonds for S; = 1.45 short
nozzle, triangles for S; = 1.45 long nozzle, circles for S; = 1.75 long nozzle.
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stability. However, as thermal power — and hence dump plane velocity —
increased, the RBO limit for the Sg = 1.45 long nozzle case reduced as
low as ® = 1.46. This was due to an observed pinch-off phenomenon,
where the flame separated into two parts — the long, jet like base and a
more open cone shape at the head. This cone became detached from the
base of the flame due to the high axial velocity at elevated thermal
powers, eventually causing RBO. The beginnings of this effect can be
seen at rich conditions in Figs. 3 and 4. This phenomenon was also
observed for the S; = 1.75 long nozzle case, but not to as extreme a
degree. Conversely, as thermal power and dump plane velocity
increased, the two short nozzle cases were able to form strong recircu-
lation zones — not present at rich 5 kW conditions — widening rich sta-
bility limits significantly. It is posited that the short CRZ from the long
nozzle causes high local curvature and stretch just downstream of the
CRZ as the flow meets the central axis. As equivalence ratio increases,
this highly strained region experiences local extinction, which causes
the downstream flow to detach, resulting in blow-off. This pinch-off
phenomenon has been previously observed by Zhang et al. [33] in
pure NH3 and 50/50 NHs/H; flames, who suggested it was due to
excessive stretch causing local extinction and a reduction in heat release
rate.

To test the idea of the short nozzle enabling the flame to become
wider with more resistance to necking and hence better performance at
higher thermal powers, the swirl burner was placed into a larger
combustor, as discussed in Section 2.1. Here, the same Sy = 1.45 long
and short nozzles were tested at 100 kW and stoichiometric conditions.
No modifications were made to the swirlers, nozzles nor burner archi-
tecture, the only difference was the size of the confinement downstream
of the dump plane.

Fig. 6 shows there were significant differences in flame morphology.
Asin Figs. 3 and 4, the Sg = 1.45 long nozzle case presented as a near jet-
like flame, anchored on the bluff body and with little in terms of external
recirculation zones (ERZ) visible. The 100 kW condition shown here was
the upper limit of stable flame achievable for the S; = 1.45 long nozzle
case. Additionally, the blowoff mechanism of “necking” or “pinch off” is

Sg=1.45
long nozzle

Sg=1.45
short nozzle

Fig. 6. Flame images of the Sg = 1.45 swirler with the long (top) and short
(bottom) nozzles at a thermal power of 100 kW and ® = 1.0. Aperture = F/4,
Exposure time = 1/400 s and ISO = 4000. Each image represents an area of 200
x 150 mm. White lines denote the diameter of the nozzle outlet, which was
1.4D for both nozzles.
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clear to see in this photo. In comparison, the short nozzle case had a
much lower flame angle, and a more classic V-shape flame anchored on
the nozzle outlet. This difference in anchoring position is highlighted by
the white lines superimposed on to both images, which demarcates the
edge of the nozzle outlet, which was the same on both nozzles at 1.4D
The short nozzle case also exhibits higher flame intensity, suggesting
higher combustion efficiency.

3.2. Exhaust gas emissions

Having identified the potential for the short nozzle cases to improve
static flame stability at elevated powers, the emissions performance was
then examined.

Fig. 7 shows the emissions of NO, NO2, NH3 and N3O for the four
swirlers at 10 kW thermal power. The first noticeable result is at ® = 0.6
where flame instabilities caused a simultaneous and trend defying in-
crease in NO and NH3 emissions for three out of the four swirl cases, with
the S; = 1.75 long nozzle case being seemingly unaffected. The increase
in NO here is posited to be related to small flame instabilities
approaching lean blowoff which may cause local extinction. This could
result in regions with slightly elevated — but still lean — local equivalence
ratios, resulting in higher NO production. The Sy = 1.75 long nozzle case
being unaffected is likely related to the significant difference in flame
morphology shown in Fig. 3, where Sg = 1.75 long nozzle had a short,
flat flame. Although this appears to present a desirable emissions profile
with low NO and low unburned NH3, the N2O emissions here for Sy =
1.75 long nozzle — although relatively low compared to the other three
swirlers — was still prohibitively high at around 450 ppm.

For ® > 0.7 in Fig. 7, overall emissions trends were more consistent.
At ® = 0.7, NO and N,O emissions appear linked, with reverse trends in
terms of best emissions performance. For NO, Sy = 1.45 long had the
lowest emissions, followed by Sg = 1.0 short, Sy = 1.45 short and then S
= 1.75 long. This is the same order for descending flame length, as seen
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in Fig 8, suggesting this is related to flame length and hence residence
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Fig. 8. Right half of Abel transformed chemiluminescence images (OH*, NH*
and NH,*) for each of the four cases at ® = 0.7 and 10 kW. Colourmap of
images normalised to each image’s maximum intensity. White dashed lines on
NH,* images denote flame height.
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Fig. 7. Sampled emissions with changing equivalence ratio at 10 kW thermal power for the four swirler cases. Out of range NH3 above ® = 1.1 not plotted.
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time. The exact opposite order can be seen for N>O. NO production is
related to N2O production via the reaction shown in Eq. (2) [34]. Fig. 8
shows that for the S; = 1.75 long nozzle case at ® = 0.7, NH* and OH*
intensity is concentrated near to the nozzle, with a nearly flat flame. This
suggests that the NO formed from OH and NH via the HNO pathway
described in Egs. (3) and (4) [34] will be formed near the nozzle. Then,
for the Sy = 1.75 long nozzle case, as there is little NH concentration
axially downstream of the nozzle, there is little residence time for the NO
to be converted into N,O by NH. This would account for the high NO and
low N2O emissions profile shown for the S; = 1.75 long nozzle case and
the reverse shown for the Sg = 1.45 long nozzle case at ® = 0.7 in Fig. 7.
Additionally, a study from Rieth et al. [35] found that high positive
curvature in very lean partially cracked ammonia flames caused an in-
crease in consumption of N2O by the reaction show in Eq. (5) due to fast
diffusion of hydrogen. Figs. 3 and 8 show high rates of positive curvature
in the region near the nozzle for the S; = 1.75 swirler at ® = 0.6 and 0.7,
which may also contribute to the low NoO emissions found here in Fig. 7.
They also found that positive curvature can decrease NO emissions at
very lean conditions of ® = 0.45, while the opposite is true at ® = 0.9.
Although the authors did not suggest an exact crossover equivalence
ratio for this effect, it may explain why NO emissions remained
comparatively low at ® = 0.6 but comparatively high at ® = 0.7 for the
Sg = 1.75 case in Fig. 7. The findings of increased NO at positively
curved regions from [36] due to preferential diffusion of H also support
this increase at ® = 0.7 for the Sg = 1.75 case.

NH + NO < N0 + H (2)
NH + OH < HNO + H 3
HNO + H < NO + Hy @
N,O + H < OH + Ny 5)

Temperatures measured by an R-type thermocouple situated 50 mm
upstream of the combustor exit is shown in Fig. 9. Discounting the flat
flame phenomenon found for the S = 1.75 long nozzle case at ® < 0.8, a
very clear trend can be seen. Due to the fixed location of the thermo-
couple, measured temperatures in the post-flame zone were a function of
flame length, with the exhaust from shorter flames having a longer time
for heat loss to the confinement wall to reduce temperatures. At ® = 0.7,
measured temperatures also correlated with the order of flame length for
each of the cases, as shown in Fig. 8.

Discounting outliers due to flame instabilities at ® = 0.6, NO emis-
sions peaked for all cases at ® = 0.9 and reached negligible values at ® =
1.15. In this study, emissions were considered negligible when the gas
analyser measured 0.0 ppmv. The lowest emissions of NO were found
with the Sg = 1.45 long nozzle case. There are clear trends with the Sg =
1.0 short nozzle case offering the next best NO performance, followed by
the other short nozzle case and then the Sg = 1.75 long nozzle case. This
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Fig. 9. Temperature measured in the post-flame zone 50 mm upstream of the

combustor exit (corrected for radiative and convective heat loss from the
thermocouple).
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shows that NO emissions are dependent on both swirl number and
nozzle geometry, with good performance achievable with low swirl and
a short nozzle, as well as medium swirl and a long nozzle. For the S; =
1.45 case, NO emissions were generally lower with a longer nozzle. This
could potentially also relate to flame length, with the longer nozzle
producing a longer flame with enhanced residence time for the con-
sumption of NO by NH,. Emissions of unburned NHj followed the
opposite trend, measured at sub 5ppmv for 0.7 < ® < 1.0 and rapidly
increasing at rich conditions for all swirlers. Negligible emissions of NoO
were recorded for ® > 0.9 due to flame temperatures and residence
times increasing sufficiently to consume N3O fully. If N3O emissions
were solely temperature dependent, it could be expected for them to
increase again at rich conditions, as Fig. 9 shows similarly low tem-
peratures for ® > 1.1 and ® < 0.8. However, the long flames shown in
Fig. 3 at rich conditions facilitate the conversion of NyO back into NO,
despite lower temperatures. Emissions of NO, followed similar trends to
NO and reached negligible values at ® = 1.05 so are therefore not dis-
cussed in detail in the present paper.

As the lean conditions plotted in Fig. 7 do not present simultaneously
low NO, N,O and NHj emissions, attention is turned to slightly rich
conditions instead. Fig. 10 below shows the emissions of NO and NH3 for
the four swirlers. For ® < 1.05, these emissions comprise mainly of NO,
and at ® = 1.1, the emissions are mainly unburned NH3. The lower limit
found for emissions at any equivalence ratio was with the S; = 1.45 long
nozzle case, reaching 318 ppm comprising 14 ppm NO and 304 ppm
NHs, with negligible NO5 and N2O emissions at ® = 1.1. This represents
good potential for the primary stage of an air staged combustor, with a
secondary air stage to burn the remnant NH3. The Sy = 1.45 short nozzle
case had 30 ppm NO emissions but 60 % higher NH3 emissions. The
reason for the significant increase in unburned NHj3 for the short nozzle
case may be related to the confinement diameter. Due to the short nozzle
causing the flames to open significantly more than the long nozzles,
flame impingement on the quartz glass cylinder may be an issue, as
suggested for the ® = 1.2 images in Fig. 4. Flame impingement on the
confinement walls would increase heat loss, hence reducing combustion
efficiency. This is confirmed in Fig 9, which shows the two short nozzles
had the lowest measured post-flame zone temperatures. Due to these
cases having equal flowrates and consequently equal adiabatic flame
temperatures, the measured differences can only be due to differences in
heat losses. It should be noted that the elevated NH3 emissions measured
with the short nozzles could be avoided by slightly increasing the
diameter of the confinement. It is not expected to be an issue with the
industrial system shown in Fig. 6 due to it having a confinement
diameter nearly 5x larger than the lab-scale system shown in Fig. 1. The
industrial system will also feature a scaled-up version of the burner
presented in this study. Despite this, the future pairing possesses an
expansion ratio from burner dump plane area to confinement area of
82.8, which is significantly higher than the expansion ratio of 50.1 in the
lab-scale system. This should prevent any flame impingement on the
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Fig. 10. Emissions of NO and NHj at slightly rich conditions and 10 kW
thermal power for the four swirler cases. Out of range NH3 above ® = 1.1 not
plotted. Open and solid symbols represent NO and NHj respectively.
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confinement walls and associated increase in NH3 emissions.
4. Conclusions

In this study, the effect of varying swirl number and nozzle geometry
was investigated for 20 % cracked ammonia flames at a wide range of
equivalence ratios (0.3 < ® < 2.2) and thermal powers of 5, 10, 15 and
100 kw.

Stable flames were achieved across a broad range of equivalence
ratios with varying thermal power, swirl number and nozzle geometry.
Flame morphology was strongly influenced by both swirl number and
nozzle length, Notably, the case with the highest swirl number and a
long nozzle exhibited a flat, Coanda jet flow flame at the leanest
conditions.

Swirl number and nozzle geometry were found to have little effect on
lean blowoff limits, supporting previous studies in the literature which
suggest flames with a Lewis number below unity increase fuel con-
sumption and hence increase flame temperature and burning velocity
when approaching lean blowoff.

Conversely, a shorter nozzle resulted in significantly higher rich
blowoff limits by widening the flame brush to avoid jet-like flames
which are prone to pinching off. It is suggested that a long nozzle re-
stricts the flow downstream of the dump plane from expanding radially,
hindering the formation of the ERZ and shortening the CRZ. The
confinement of the nozzle may result in a highly strained region just
downstream of the CRZ which experiences local extinction as equiva-
lence ratio increases, causing the downstream section of the flame to
detach, resulting in rich blowoff. A wide flame brush was demonstrated
to be a desirable characteristic in preventing this process and thus
achieving higher thermal power for a given nozzle throat diameter.

While the S; = 1.45 long nozzle case offered the lowest NO emis-
sions, NO emissions with the Sg = 1.0 short nozzle case were not
significantly higher. This shows that various permutations of nozzle
geometry and swirl number can achieve similar NO emissions. For a
constant geometric swirl number of 1.45, the long nozzle generally had
slightly lower emissions, potentially due to the longer nozzles providing
longer flames with increased residence time for consumption of NO by
NH,. However, at rich conditions this difference was smaller, and both
long and short nozzles reached negligible NO emissions by & = 1.15.
With a wider flame brush, it is important to avoid flame impingement
upon confinement walls, which can lead to increased local heat loss and
hence reduced combustion efficiency.
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