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A B S T R A C T

Using renewably produced ammonia as a zero-carbon fuel is gaining momentum due to its ease of transportation 
and storage as a hydrogen vector. This is particularly true for partially cracking ammonia immediately prior to 
use, injecting a blend of NH3, H2 and N2. Challenges with this fuel combination relate to the emissions of NOx 
and unburned NH3, as well as understanding flame stability for practical applications. In this study, a 20 %(vol.) 
cracked ammonia blend was investigated using a fully premixed swirl burner, operating at a thermal power of 10 
kW with steam injection of 30 %(vol.) of the fuel and preheating inlet temperatures of up to 390 K, for a range of 
equivalence ratios from lean to rich. Emissions of NO, NO2, N2O, NH3, H2, O2 and H2O were recorded, along with 
OH*, NH* and NH2* chemiluminescence. Additionally, a numerical investigation was conducted using 
CHEMKIN-PRO to elucidate the main reactions responsible for reducing emissions by providing a rate of pro-
duction analysis. The 20 %(vol.) cracked ammonia blend was found to reduce NO, NO2 and N2O significantly, with 
an increase in NH3 emissions at rich conditions and instabilities at both lean and rich extremes, compared to the 
widely investigated 70/30(vol %) ammonia/hydrogen blend. Humidification reduced NO and NO2 emissions due 
to a reduction in HNO production via OH and NH but caused an increase in N2O by reducing the flame tem-
perature and unburned NH3 emissions at rich, low power conditions due to combustion instabilities. Unburned 
H2 emissions however were reduced, likely relating to a reduction in exhaust temperature thermally cracking less 
unburned NH3 into H2 and N2.

1. Introduction

Green ammonia is gaining traction as a zero-carbon fuel for com-
bustion in gas turbines, industrial burners and internal combustion en-
gines as it is an effective and low-cost hydrogen carrier [1].

Low reactivity, emissions of NOx and unburned NH3, and flame 
stability are the main challenges relating to the direct use of pure 
ammonia in large scale combustion systems. Research on ammonia as a 
fuel has increased rapidly in recent years [2,3] and has demonstrated the 
high ignition temperature and delay times [4], low flame speed [5] and 
associated narrow stability limits [6,7] can all be improved by blending 
ammonia with hydrogen. This is convenient because ammonia contains 
hydrogen, some of which can be separated out immediately prior to 
combustion through a partial cracking process at relatively low tem-
peratures [8], possibly using waste heat from the combustor. A recent 
review on cracking [9] discussed a high-entropy alloy 

cobalt-molybdenum catalyst which could achieve the 20 % NH3 
cracking required here at 350◦C. This catalyst was also significantly less 
expensive than conventional ruthenium-based catalysts. The review 
discussed iron-based catalysts which are even more affordable but need 
higher temperatures of >600◦C. Although blends of ammonia and 
hydrogen have been shown to have better fundamental combustion 
performance, NOx emissions remain problematic unless operating at rich 
equivalence ratios which emit unburned ammonia [10,11]. Therefore, a 
significant body of research on limiting NOx emissions from ammo-
nia/hydrogen flames has grown in recent years. Such experimental 
works include pressurisation, staging, stratification and humidification.

Pugh et al. [12] showed pressurisation of an NH3/H2 flame at an 
equivalence ratio of Φ = 1.2 up to 0.185 MPa reduced NOx by nearly an 
order of magnitude to less than 100ppmvd (15 % O2). It was noted that 
increasing pressure also resulted in an increase in unburned NH3 due to 
instabilities. In another study [13], they found at lean conditions 
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pressurisation also reduced N2O emissions from an enhancement of 
third body consumption, although significant NO emissions remained at 
this condition. Similar results were found for NO at lean conditions in 
[14] but it was noted that as equivalence ratio was reduced, the effect of 
pressure reducing NO became marginal. Although this study identified 
pressurised lean flames as a viable option for low NO, it did not measure 
N2O emissions, which are known to increase as equivalence ratio is 
reduced, as presented in [13,15]. Furthermore, it must be noted that 
increasing pressure does not seem to have a great impact after a certain 
pressure value, as shown by Ditaranto et al. [15], who additionally 
demonstrated that NOx emissions flatten above pressures between 4 and 
6 bar. On air staging in pure ammonia flames, Pugh et al. [16] demon-
strated that while secondary air loading could provide favourable 
emissions, it could also cause an increase in NO and NO2 emissions if not 
carefully controlled. Elbaz et al. [5] concluded that staging would likely 
require extensive retrofitting, suggesting single stage concepts would be 
more viable in the short term. Mashruk et al. [17] reported that strati-
fying the fuel streams by taking H2 from the outer premixed flame and 
injecting it centrally as a diffusion flame reduced NO emissions by 
roughly 75 % at Φ = 0.8 when operating at 100 % H2 stratification.

Another, long-established method for reducing emissions from con-
ventional fossil fuels is steam injection. Steam injection has been known 
to reduce NOx emissions and increase cycle efficiency in gas turbines 
operating on natural gas [18–20] and blends of methane and hydrogen 
[21]. There had been limited research on this effect in ammonia-based 
fuels until recently. Research by Pugh et al. on steam injection into 
NH3/H2 flames showed reduced NO and increased N2O but noted water 
loading above 56 % steam/fuel mass ratios caused blowoff [12,13]. 
Gutesa et al. [22] showed similar humidification ratios, finding out that 
NH3/H2 flames could withstand up to 72 % steam/fuel mass ratio before 
blowoff occurred. This is an expected outcome as humidification has 
been shown to reduce laminar burning velocity in ammonia flames, 
reducing flame stability [23].

Knowledge of ammonia corrosion and degradation is important for 
practical application of ammonia combustion. Ammonia causes corro-
sion when exposed to metals such as copper, zinc, aluminium, and their 
alloys, so steel has been used for ammonia storage. However, ammonia 
contaminated by air increases the chances of stress corrosion cracking of 
steel, especially if it contains nickel or molybdenum [24,25]. To elimi-
nate this condition, the addition of water in the range of 0.08 % to 0.5 % 
by weight has been shown to mitigate the effect of oxygen and act as an 
inhibitor of corrosion cracking of steel [26]. Recent studies [27,28] have 
proposed the use of Inconel alloys for ammonia combustion and studied 
the impact of hydrogen embrittlement and nitration, although the 
detailed material science involved is still insufficient. Additionally, 
water vapor in the combustion exhaust gases is damaging to gas turbine 
blades. Research by Chen et al. [29] has shown that increased water 
vapor levels have a significant negative impact on the long-term dura-
bility of hot section components such as substrate blades, oxidation 
resistant coatings, thermal barrier coatings (TBCs), and environmental 
barrier coatings (EBCs). However, these issues need to be solved to 
facilitate combustion of any hydrogen-based fuel, which emit signifi-
cantly more water vapour than an equivalent fossil fuel. The increase in 
water vapour in the exhaust from a small amount of steam injection to 
mitigate NOx emissions would be relatively small compared to the 
general conversion from fossil fuel to hydrogen-based fuels so would 
likely be compatible with new materials developed for zero-emission 
combustion without significant additional research requirements.

It should be noted that the partial cracking of ammonia results in the 
production of both hydrogen and nitrogen, which few of the above 
studies included. While the nitrogen can be removed using a molecular 
sieve, this adds cost and complexity to the combustion system. There-
fore, the present work analyses the effect on emissions from keeping 
nitrogen in the fuel mixture. It also presents the first findings on emis-
sions of NO, NO2, N2O and NH3 from humidified ammonia/hydrogen/ 
nitrogen flames. This is important as industrial applications of 

ammonia/hydrogen flames are likely to include the nitrogen fraction 
from the cracking process. Further novelty and relevance to industrial 
applications came from utilising an integrated system to raise steam 
using waste heat from the combustor, rather than using separate electric 
heaters.

2. Experimental and numerical setup

2.1. Swirl burner

The optically accessible burner shown in Fig. 1 was operated at a 
constant thermal power of 10 kW for all conditions. An atmospheric 
blend of 70/30 %(vol.) NH3/H2 was compared to 20 %(vol.) cracked 
ammonia (66.7/25/8.3 %(vol.) NH3/H2/N2) for equivalence ratios 0.6 <
Φ < 1.4. For industrial applications it is practical and cost effective to 
store only one fuel in the form of ammonia, then crack the hydrogen 
required to improve combustion characteristics immediately prior to 
combustion. However, the cracking process also produces nitrogen. 
Therefore, the effect on emissions from injecting this nitrogen into the 
flame as part of the fuel blend was investigated. As the ammonia 
cracking process produces three hydrogen molecules for each nitrogen 
molecule, 20 %(vol.) cracked ammonia was selected for comparison with 
70/30 %(vol.) NH3/H2 as it gives a ratio of NH3 to H2 near to 70/30 %(vol.) 
as well as the required H2:N2 ratio of 3:1. The effects of preheating the 
air and fuel to 390 K and injecting steam at a ratio of 30 %(vol) of the fuel 
were then examined. 390 K was selected to ensure steam injected into 
the mixing chamber was maintained in the vapour phase.

Fuel and air were supplied using Bronkhorst thermal mass flow 
controllers (± 0.5 % between 15 and 95 % of maximum flow) while 
liquid water was supplied using a Bronkhorst Coriolis mass flow 
controller. Water was boiled using waste heat from the burner and 
injected as steam into the plenum to mix with the preheated air and fuel. 
This mixture then flowed through the injector nozzle (d = 31.5 mm) via 
a radial-tangential swirler (Sg = 1.05), using a central injection lance (d 
= 22.5 mm) as a bluff body. The hydrogen was injected at the base of the 
swirler and mixed with the preheated air, fuel and steam as in [30]. The 
flame was confined within a quartz glass tube (d = 156 mm) to maintain 
optical access for chemiluminescence imaging and spectroscopy. The 
flame was monitored using a Logitech Brio camera from a distance of 5 
m.

Fig. 1. Simplified schematic of experimental setup (not to scale).
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2.2. Exhaust gas and temperature measurements

An Emerson CT5100 quantum cascade laser gas analysis system was 
used to measure NO, NO2, N2O, NH3, O2 and H2O simultaneously at a 
temperature of 463 K and sampling rate of 1 Hz (± 1 % repeatability, 
0.999 linearity). For all emissions, 120 samples were averaged over a 
two-minute period. When raw readings were above the analyser’s range, 
N2 was used to dilute the sample back into range (± 10 % repeatability) 
as explained in [30]. As the gas analysis system features independent 
detectors, it was possible to record and present the concentration of 
other pollutants which remained within range, undiluted and hence 
with improved uncertainty. Samples were collected from a sampling 
cross spanning the entire quartz confinement 25 mm above its exit and 
carried along a heated line to the analyser. Measured oxygen content 
was negligible with a stoichiometric flame, demonstrating no outside air 
was entrained into the sampling cross. Samples were captured wet and 
normalised to dry 15 % O2 following (equation (10) in [31]). Ongoing 
discussion surrounds this emissions normalisation method due to the 
penalty against hydrogen-based fuels stemming from their increased 
water content in the exhaust gas, compared to carbon-based fuels. When 
this water content is removed to present dry emission values, the pol-
lutants in the remaining mixture are more concentrated, increasing the 
apparent emissions on a dry, 15 % O2 ppmv basis. A suggested alter-
native is to present emissions on a mass/power basis, e.g. mass of NO 
emitted per unit of thermal power [32]. Although the present study does 
not compare between hydrogen and carbon-based fuels, it does include 
both nitrogen and steam injection, which could dilute the exhaust gas 
sample and suggest that emissions were lower on a volumetric basis. To 
account for this dilution and enable a more representative comparison, 
emissions were also normalised on a mass/power basis, following the 
methodology presented by Douglas et al. [32].

A mixture of R and K-type thermocouples were used to control inlet 
temperature, determine temperatures within the combustion chamber 
and to estimate heat loss for informing chemical reactor network sim-
ulations. All temperature measurements were sampled at a rate of 1 Hz 
and averaged over 120 readings. An R-type thermocouple was posi-
tioned centrally in the combustion chamber, located in a fixed position 
50 mm upstream of the chamber outlet to determine variations in post- 
flame zone temperatures across different conditions and was corrected 
for radiative and convective heat losses.

2.3. Chemiluminescence measurements

Time averaged images of the flame were recorded for OH* (309 nm; 
A2Σ+-X2Π system) with a 310 nm bandpass filter (10 nm FWHM), NH* 
(336 nm; A3Π-X2Σ system) with a 337 nm bandpass filter (10 nm 
FWHM) and NH2* (630 nm; single peak of NH2 α band) with a 632 nm 
bandpass filter (10 nm FWHM) by two LaVision cameras each with a 
Sony ICX285AL sensor and Hamamatsu HB1058 intensifier). These 
cameras were triggered simultaneously at a sampling rate of 10 Hz for a 
period of 20 s. After subtracting the background and conducting a 3 × 3 
pixel median filter, the images were averaged in Davis v10. Finally, the 
averaged images went through an Abel Deconvolution Matlab script 
[33] and were then normalised either to their own or the group 
maximum. To aid in quantitatively assessing variations in flame 
morphology between operating conditions, a Matlab script for calcu-
lating the intensity weighted centroids of each flame image was written. 
This calculation accounted for both the distribution of pixels and their 
relative intensity.

The broad-band nature of the NH2*, NO2* [34] and H2O* [35] which 
make up the visible range chemiluminescent signature in 
ammonia-fuelled flames has called into question the validity of using 
measurements of the NH2* intensity as an indicator of ground state NH2 
concentration. The authors could not find any studies comparing NH2 
chemiluminescence and ground state NH2 utilising PLIF. However, a 
recent study from Konnov [36] suggested that H2O* was only significant 

in the near UV range, NO2* intensity peaked below an equivalence ratio 
of 0.8 and that NO2* intensity decreased as ammonia content increased. 
Another study from Weng et al. [37] agreed that at lean conditions, the 
visible chemiluminescence signature could be attributed to NO2*, but 
only in the post-flame zone. In the flame zone, the signature was almost 
exclusively NH2* at all equivalence ratios. Owing to the high ammonia 
content in the flames presented here, the relatively rich equivalences 
ratios of at least 0.8 and the chemiluminescence images being mainly of 
the flame zone, it was deemed appropriate to assume a positive corre-
lation between the excited NH2* intensity and ground state NH2 
concentration.

A collimating lens for UV/visible light was mounted 30 mm above 
the burner outlet and 240 mm away from the central axis. Via a 600 μm 
fiber optic cable, it was connected to an Avaspec-ULS4096CL spec-
trometer with a 100 μm slit and 300 lines/mm grating, resulting in a 4.6 
nm (FWHM) resolution. The spectrometer featured a 4096-pixel CMOS 
detector measuring 7 × 200 μm, which was set to an exposure time of 1 s 
and averaged over 20 scans to improve signal to noise ratio. Background 
scans were captured prior to flame ignition and subtracted from each 
datapoint. OH*, NH* and NH2* intensities taken from the same ranges as 
the chemiluminescent images discussed above were captured and nor-
malised to each species’ maximum.

2.4. Chemical reactor network

To understand the most significant chemical reactions in the for-
mation of emissions, one-dimensional numerical simulations of the 
flame were carried out using CHEMKIN-PRO. Five inlets for air, NH3, H2, 
N2 and H2O were used with four perfectly stirred reactors (PSR) 
modelling the pre-mixing, flame, central recirculation zone (CRZ) and 
external recirculation zone (ERZ). To simulate the reactions in the post- 
flame zone, the outlet of the flame zone PSR fed into a plug flow reactor 
(PFR). A diagram of the Chemical Reactor Network (CRN) is shown in 
Fig. 2 and further details including determination of recirculation 
strength can be found in [11,30,38]. As the same burner geometry was 
used with similar fuel blends, equivalence ratios and thermal powers as 
the previous study, the same CRN was deemed an appropriate starting 
point. To evaluate the contribution of different reactions in the pro-
duction and consumption of NO and N2O, absolute rate of production 
(ROP) values were used in the flame zone, and integrated values of 
production were used in the post flame zone. Initial heat loss values were 
estimated from thermocouple measurements and residence times from 
empirical flow calculations based on combustor volumes and modified 
to give favourable agreement with sampled concentrations at each 
condition. It should be emphasised that moderate uncertainty is asso-
ciated with CRN modelling, and the CRN presented here was primarily 
used for qualitative analysis of trends found in the experimental results, 
rather than detailed prediction of untested conditions. Inlet tempera-
tures always matched their equivalent experimental conditions. The 
reaction mechanism from Stagni et al. [39] with 31 chemical species and 
203 reactions was selected as it showed good correlation with the 

Fig. 2. Chemical reactor network (CRN).
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experimental values in the present study, shown in the supplementary 
material Figs. S1, S2 and S4. It has also shown good performance in 
other recent studies [11,40,41].

3. Results and discussion

3.1. Comparison of 20 %(vol.) cracked ammonia with 70/30 %(vol.) NH3/ 
H2

As discussed previously, 20 %(vol.) cracked ammonia was chosen to 
compare the effects of adding the nitrogen from the cracking process 
into the fuel blend on emissions with a 70/30 %(vol.) NH3/H2 blend. This 
is because it maintains a similar blend of NH3/H2 while preserving the 
required ratio of hydrogen to nitrogen.

Fig. 3 shows sampled emissions of 70/30 %(vol.) NH3/H2 and 20 
%(vol.) cracked ammonia across a wide range of equivalence ratios and 
compares the two normalisation methodologies outlined in Section 2.2
to assess the impact on emissions from nitrogen dilution in the cracked 
ammonia case. Emissions of NO and NO2 followed the expected unim-
odal trend, peaking at Φ = 0.9 and 0.8, respectively. Both NO and NO2 
showed reduced emissions from the 20 %(vol.) cracked ammonia flame 
from both normalisation methodologies. Fig. 3 also shows N2O emis-
sions were negligible for both cases at Φ > 0.8, but below Φ = 0.8, the 20 
%(vol.) cracked case showed a slight reduction in N2O emissions. The 
emissions of unburned NH3 showed the opposite relationship with 
equivalence ratio to the N2O, instead showing negligible emissions 
below stoichiometry, and rapidly increasing at rich conditions. The 
cracked ammonia case emitted significantly more unburned ammonia 
than its equivalent ammonia/hydrogen blend. Fig. 3 also clearly dem-
onstrates the narrower operating range for the 20 %(vol.) cracked 
ammonia. Due to flame instabilities arising from reduced reactivity in 
the lean zone, no emission data could be captured below Φ = 0.7, 
whereas the flame was still stable enough to capture emissions here for 
the 70/30 %(vol.) case. However, the beginnings of flame instability can 
clearly be seen, with unburned NH3 arising at Φ = 0.7 for the 70/30 
%(vol.) case.

One reason for the reduction in NO emissions from the 20 %(vol.) 
cracked flame shown in Fig. 3 relates to the flame morphology shown in 
Fig. 4. The 20 %(vol.) cracked flame stabilised closer to the central axis of 
the burner, suggesting the NH or NH2 radicals would be more likely to 
consume the NO produced there, as suggested from NO PLIF 

measurements in [17], which used an identical burner geometry and 
flow rates as the 70/30 %(vol.) case presented here. This centralisation of 
flame stabilisation may be a result of the nitrogen addition, which 
increased the burner inlet velocity by 2 % and Reynolds number by 2.5 
% at Φ = 0.8. The extra, relatively dense and inert nitrogen may have 
been captured in and disrupted the CRZ, preventing the flame from 
opening as much in the radial direction. Another reason for reduced NO 
emissions, particularly below stoichiometry, is related to flame tem-
perature via NH and OH production. From the present CHEMKIN-PRO 
analysis, HNO is an intermediary chemical which can react with avail-
able H radicals to form NO, as shown in Eq. (1) and can be produced 
from the reaction in Eq. (2). These equations continuously appeared as 
significant in the present CRN study and have previously been identified 
as important in other studies using the same burner configuration [30] 
and different configurations [15,35]. 

Fig. 3. Sampled emissions with changing equivalence ratio for 70/30 %(vol.) NH3/H2 and 20 %(vol.) cracked NH3. NO (top left), NO2 (top right), N2O (bottom left) and 
unburned NH3 (bottom right). Out of range NH3 at rich conditions for both cases not plotted. Open and closed symbols refer to normalisation on a mass-power basis 
and a dry volumetric basis, respectively.

Fig. 4. Abel Transformed chemiluminescence (OH*, NH* and NH2*) for 70/30 
%(vol.) NH3/H2 (top row) and 20 %(vol..) cracked NH3 (bottom row) at Φ = 0.8. 
Colourmap of chemiluminescence images normalised to each image’s 
maximum intensity.
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HNO + H ↔ NO + H2                                                                    (1)

NH + OH ↔ HNO + H                                                                   (2)

Fig. 4 shows the changes in radical formation between the two 
blends. Following previous studies [30] and discussed above in detail, 
the assumption of a positive correlation between ground state and 
emitting species was made for these three radicals. Although these im-
ages were normalised to their own maximum values, the images with 
poorer resolution and horizontal artefacts indicate lower signal in-
tensity. The 20 %(vol.) cracked ammonia case had lower OH* and NH* 
intensity as expected from the reduced measured post flame zone tem-
peratures in Fig. 5. It should be noted that these temperature measure-
ments proved less reliable at very rich conditions, likely due to flame 
length effects becoming significant. For example, at very rich conditions, 
the humidified flame was significantly longer and therefore closer to the 
thermocouple than the base condition flame. Although this was a rela-
tively modest reduction of roughly 30 K at Φ = 1.1, the added nitrogen 
would also consume more heat by raising the average specific heat ca-
pacity of the mixture, resulting in less heat being available for producing 
OH and NH for any given temperature. The reduction in reactivity from 
the presence of nitrogen would also reduce ammonia oxidation. Ulti-
mately, HNO formation and consequently NO formation was reduced. 
This is in agreement with the study from Zhu et al. [42], which suggested 
OH* intensities could be a good marker for NO emissions in NH3/H2 
flames.

Fig. 6 shows the NO rate of production (ROP) in the flame zone for 
the two cases, calculated in CHEMKIN-PRO using the CRN shown in 
Fig. 2. The NO dependence on NH and OH via HNO was validated in 
Fig. 6, which shows that when the NO consuming reaction of Eq. (3) was 
approximately equal for both cases, Eq. (1) was less than half for the 20 
%(vol.) cracked NH3 case. 

NH + NO ↔ N2O + H                                                                    (3)

It should be noted that in Figs. 6 and 7, the 70/30 %(vol.) NH3/H2 and 
20 %(vol.) cracked ammonia cases were each normalised by their own 
maximum ROPs to aid in visual comparison of the relative differences 
between reactions across both cases. The aim here was not to compare 
absolute values of ROP for each reaction, but to assess the differences in 
relative importance of each reaction between the two cases.

Fig. 4 also shows an increase in distribution of NH2* intensity for the 
20 % (vol.) cracked NH3 case, which would ordinarily reduce NO emis-
sions from the consumption reactions of Eqs. (4) and (5). However, the 
rate of production analysis showed that for these two specific cases, at a lean equivalence ratio of Φ = 0.9 where NH2* intensity was relatively 

low, these reactions were not significant, unlike at rich conditions. 
Instead, at slightly lean conditions, NH and atomic nitrogen were mainly 
responsible for NO consumption. 

NH2 + NO ↔ N2 + H2O                                                                 (4)

NH2 + NO ↔ NNH + OH                                                               (5)

It is also important to note that the equivalence ratio at which 
negligible measured NO was reached reduced from Φ = 1.2 to Φ = 1.1. 
Also shown in Fig. 3, the peak of 142 ng/J of NO2 was found at Φ = 0.8 
for the 70/30(vol.) NH3/H2 case and was roughly 50 % larger than the 
peak value in the 20 %(vol.) cracked NH3 case. This demonstrates a 
similar relationship between the cases for NO2 and NO, but with a 
smaller difference.

The N2O reduction shown for the 20 %(vol.) cracked case in Fig. 3 is 
also related to flame morphology. On a temperature basis, the addition 
of N2 into the fuel slightly reduces the reactivity and hence flame speed, 
elongating the flame as shown in Fig. 3. Fig. 7 shows the N2O ROP in 
both the flame zone and post-flame zone for the two cases, calculated 
using the CRN shown in Fig. 2. It shows that in the flame zone, con-
sumption of N2O by Eq. (7) was 11 % higher for the 20 %(vol.) cracked 

Fig. 5. Temperature captured by a thermocouple in the post-flame zone against 
equivalence ratio for each of the four cases considered. (Corrected for radiative 
and convective heat losses from the thermocouple).

Fig. 6. Flame zone rate of production (ROP) for the most significant NO re-
actions for 70/30 %(vol) NH3/H2 (orange) and 20 %(vol.) cracked NH3 (green).

Fig. 7. Absolute and integrated ROPs of flame zone (top) and post flame zone 
(bottom) for the most significant N2O reactions for 70/30 %(vol.) NH3/H2 (or-
ange) and 20 %(vol.) cracked NH3 (green).
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ammonia case, over the 70/30(vol.) NH3/H2 case. This compounds with 
the longer 20 %(vol.) cracked flame providing the increase in residence 
time that Eq. (7) requires [30], as well as a larger flame volume to act in. 
There was a 3 % reduction in consumption of N2O via Eq. (6) for the 20 
%(vol.) cracked ammonia case, which was expected as the required free H 
atom availability for that reaction is temperature dependent, and the 
cracked ammonia case had a cooler temperature, shown in Fig. 5. Fig. 7
also showed that although consumption of N2O was slightly lower in the 
post flame zone for the 20 %(vol.) cracked NH3 case, it was not enough to 
offset the increase in consumption found in the flame zone. 

N2O + H ↔ N2 + OH                                                                     (6)

N2O + (M) ↔ N2 + O + (M)                                                          (7)

The same mechanism affected emissions of unburned NH3, with the 
20 %(vol.) cracked case producing a roughly 600 % increase in NH3 slip 
over the 70/30 %(vol.) NH3/H2 blend at Φ = 1.1. This alone demonstrates 
the reduction in measured NOx emissions is not solely the result of 
diluting the exhaust gas sample with the added nitrogen, as that would 
have also reduced NH3 emissions. The right-hand axis in Fig. 3 confirms 
this, showing on a mass/power basis, nitrogen dilution had a relatively 
small effect on emissions and all trends were maintained across both 
methodologies. This was to be expected considering the small amount of 
nitrogen injected – just 2.3 % of the total inlet mass flow at stoichiom-
etry. When further increasing the equivalence ratio above Φ = 1.1, the 
unburned NH3 values for both blends were higher than the gas analyser 
limit and are therefore not present on this plot.

These findings of reduced NO and NO2 but increased NH3 emissions 
indicate that using 20 %(vol.) cracked ammonia as a fuel in a single stage 
burner would have to be at an equivalence ratio of less than 1.1, at which 
point NO emissions become an issue again. Therefore, a potential NO 
mitigation strategy of humidification was investigated in more detail.

3.2. Effect of varying inlet temperature and humidification on 20 %(vol.) 
cracked NH3

In this section, only the 20 %(vol.) cracked NH3 case was examined. 
First, inlet temperatures were increased from 295 K to 390 K. Then, 
steam injection was investigated, with a volumetric H2O fraction in the 
fuel of 30 % whilst maintaining the higher inlet temperature of 390 K. 
The inlet temperature was maintained at 390 K for the humidification 
case so that the steam generated within the burner head would not 

condense back into liquid water upon injection into the premixing 
chamber. As a result, the quenching effect of water vaporisation within 
the flame would be minimal due to effective experimental design – only 
steam is injected into the flame, with no water droplet transport. 
Furthermore, wall cooling of the face plate due to waste heat being used 
to vaporise water into steam was accounted for in the CRN with changes 
in simulated heat loss.

Fig. 8 shows the emissions results from these three cases. As in 
Section 3.1, the NO and NO2 emissions from each case followed the same 
unimodal shape, peaking around Φ = 0.9 and Φ = 0.8, respectively. NO 
and NO2 also have the same trend, with the emissions increasing with 
increased inlet temperature, and then reducing with the injection of 
steam, compared to the base case of 20 %(vol.) cracked NH3 at 295 K inlet 
temperature. All three cases reached negligible NO emissions at Φ = 1.1. 
N2O emissions were all negligible at and above Φ = 0.8, apart from for 
the humidified case, which additionally proved significantly higher than 
the other two cases at Φ = 0.7. Here, the case with increased inlet 
temperature emitted half of the N2O. For all cases, both unburned fuels 
were undetectable at and below stoichiometry, but began to rapidly 
increase above Φ = 1. The NH3 emissions for the humidified case were 
notably high, and all three cases were above the gas analyser’s dilution 
range already at Φ = 1.2 and are therefore not present in Fig. 8. This was 
likely due to decreased reactivity as discussed in Section 3.1.

Interestingly, trends inverted between unburned NH3 and H2. For 
NH3, humidification resulted in higher emissions than the base case and 
increased inlet temperatures resulted in lower emissions. The opposite 
was true for emissions of unburned H2, but these results are likely 
related. The approximately 50 K lower temperature post-flame zone 
measured in Fig. 5 for the humidified case at Φ = 1.1 could result in less 
of the unburned NH3 being thermally cracked into H2 and N2 in the 
absence of oxygen in the exhaust. This would result in higher unburned 
NH3 and lower unburned H2 than the base case, as shown in Fig. 8. 
Above Φ = 1.3, unburned H2 emissions began to reduce, which could 
also be related to generally lower post flame zone temperatures cracking 
less NH3 into H2 and N2, regardless of injection temperature or humid-
ification. Fig. 8 also demonstrates an increase in flame stability when the 
inlet temperature was increased to 390 K, with emissions stable enough 
to measure at Φ = 0.6. At this same equivalence ratio in Fig. 3, unburned 
NH3 emissions were significant, demonstrating the flame instability. 
However, the 20 %(vol.) cracked NH3 case at an inlet temperature of 390 
K had comparatively far lower NH3 emissions, suggesting that the 
reduction in stable operating range from the nitrogen present in cracked 

Fig. 8. Sampled emissions with changing equivalence ratio for 20 %(vol.) cracked NH3 at ambient and increased inlet temperature and with humidification. NO (top 
left), NO2 (top right), N2O (bottom left) and unburned NH3 and H2 (bottom right). Out of range NH3 at rich conditions not plotted for all three cases.
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ammonia flames was compensated by an increase in inlet temperature of 
just 100 K.

To reduce graph complexity, emissions are presented only on a mass/ 
power basis in Fig. 8 as it provides a more representative comparison 
than a dry volumetric basis by accounting for both nitrogen and steam 
dilution in the exhaust gases for all emissions apart from H2. In order to 
calculate non-zero emissions on a mass/power basis, the concentration 
of all exhaust gases must be known. As unburned NH3 was not 
measurable above Φ = 1.1, H2 emissions could not be calculated in ng/J, 
so are presented here as dry, 15 % O2 volumetric percentage.

However, at Φ = 1.1, both unburned NH3 and H2 were measurable at 
the same time. To check whether steam dilution influenced emissions 
results here, the H2 emissions were calculated on a mass/power basis. 
Fig. 9 below shows NH3 and H2 emissions at Φ = 1.1, as well as calcu-
lated combustion efficiency for each of the three cases from Eq. (8). It 
shows the same inversion of trends as shown for 15 % O2, dry, proving 
that dilution from H2O (discussed in detail in Section 2.2) did not change 
the trends shown in Fig. 8. These H2 values also emphasise that although 
~1 % emission of H2 appears exceptionally high, they can be explained 
by hydrogen’s low density, and on a mass/power basis, emissions of H2 
are similar to those of unburned NH3. Fig. 9 also shows that despite the 
inversion of trends of emissions of NH3 and H2, the combustion effi-
ciency follows the expected trend of elevated inlet temperature having 
higher efficiency, and humidification having lower efficiency than the 
base 20 %(vol.) cracked case. None of the cases emitted detectable 
amounts of unburned fuel at Φ < 1.1, resulting in combustion effi-
ciencies of 100 %. All cases produced too high emissions of unburned 
NH3 to measure at Φ > 1.1, so combustion efficiency could not be 
calculated. 

η = 1 −
ṁ(NH3 + H2)out
ṁ(NH3 + H2)in

(8) 

Fig. 10 shows the intensity and spatial variations of OH*, NH* and 
NH2* from the three cases at Φ = 0.9. Each set of OH*, NH* and NH2* 
images was normalised to the maximum intensity found for each species 
across all three cases. Here, that was found in the T = 390 K; 0 % Humid. 
case. This methodology is useful as it allows the variations in intensity to 
be compared qualitatively, while simultaneously maintaining enough 
information within each image to identify any spatial differences. If the 
images were not normalised to each species’ maximum intensity, no 
correlations with the ROP calculations could be drawn. Fig. 11 shows 
the variations in rate of production and consumption of NO in the flame 
zone for the three cases, also at Φ = 0.9. Here, the reason for the increase 
in NO when inlet temperature was increased to 390 K and the significant 
reduction for the humidified case can be explained, as OH* and NH* 
followed the same trend as NO for these cases in Fig. 8. Again, from Eq. 
(2), an increase in NH and OH promotes HNO formation which ulti-
mately forms NO, as demonstrated for the 390 K case in Fig. 11. This is 

further validated by Eq. (9), which consumes OH and rose for the 390 K 
case and decreased for the humidified case in Fig. 11. 

N + OH ↔ NO + H                                                                        (9)

The significant reduction in NO this caused for the humidification 
case should be highlighted, as the peak NO was measured as below 900 
ng/J. As in Section 3.1, the “de-NOxing” [43] effect of NO reduction 
from NH2 in the reactions in Eqs. (4) and (5) were found to be not 
particularly significant at the lean condition (Φ = 0.9) considered here, 
with an increase in inlet temperature, nor with humidification and are 
therefore not shown in Fig. 11. This was expected due to the relative lack Fig. 9. Sampled emissions of unburned NH3 and H2, and resulting combustion 

efficiency at Φ = 1.1 for each case.

Fig. 10. Abel Transformed chemiluminescence (OH*, NH* and NH2*) for 20 
%(vol.) cracked NH3 at ambient (top row), increased inlet temperature (middle 
row) and with humidification (bottom row) at Φ = 0.9. Colourmap of chem-
iluminescence images normalised to the species dataset maximum.

Fig. 11. Flame zone rate of production (ROP) [Unit – mole/cm3‑sec] for the 
most significant NO reactions for 20 %(vol.) cracked NH3 at ambient and 
increased inlet temperatures, and with humidification.
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of NH2 intensity at lean conditions, compared to rich.
Interestingly, humidification was even more effective at reducing 

NO2 emissions than NO emissions. While the NO emissions were reduced 
by 40 %, the NO2 emissions were halved. An in-depth ROP analysis to 
determine the reasoning behind this enhanced reduction in NO2 emis-
sion was not possible due to the employed kinetic reaction mechanism 
not accurately capturing NO2 concentrations, shown in Supplementary 
Material Fig. S3. However, it is hypothesised that the reaction in Eq. (10)
could have played a role as increased concentration of H2O from steam 
injection might have provided more free O atoms to consume NO2. 

NO2 + O ↔ NO + O2                                                                   (10)

The sub-optimal mechanism performance in predicting NO2 con-
centrations has been noted in the literature previously [11], with it 
being suggested that the mechanisms may not accurately account for 
ammonia’s high third body efficiency enhancing the conversion of NO 
into NO2, through the reaction shown in Eq. (11). 

NO + O + M ↔ NO2 + M                                                             (11)

In Fig. 8, N2O halved for the T = 390 K case and more than doubled 
for the humidified case – relative to the base 20 %(vol.) cracked ammonia 
case – and can be explained by considering the flame length and free H 
radical availability. Fig. 12 shows the differences in intensity weighted 
centroid of captured OH* at two different equivalence ratios for each of 
the cases. Together with Fig. 8, they qualitatively and quantitively 
demonstrate that for both equivalence ratios, the flame shortened with 
an increase in inlet temperature and lengthened with humidification, in 
line with the temperatures shown in Fig. 5. Fig. 12 also shows the hu-
midified flames were narrower radially, stabilising closer to the central 
axis of the burner. Furthermore, it shows the significant difference in 
flame length between Φ = 0.7 and Φ = 0.9 for all three cases, suggesting 
equivalence ratio played a larger role in varying the flame morphology 
than humidification did. The significant difference in flame length be-
tween the two equivalence ratios could also explains the larger differ-
ences between cases at Φ = 0.9 compared to Φ = 0.7. OH* 
chemiluminescence was selected for comparing the intensity weighted 
centroid locations instead of NH2* due to Φ = 0.7 being presented. As 
discussed in Section 2.3, at very lean conditions, the influence of NO2* in 
the visible spectrum may become significant when compared to NH2*. 
However, the same trends in centroid variations across conditions 
shown in Fig. 12 for OH* were also found for NH* and NH2* centroids.

Fig. 13 shows the rate of production and consumption of N2O in both 
the flame zone and post-flame zone, calculated using the CRN in Fig. 2
for all three cases. N2O was mostly produced in the flame zone, shown 

by Eq. (3) in Fig. 13. In the post flame zone, the effect of the third body 
reaction (Eq. (7)), requiring a longer residence time [30] is evident. As 
the humidified flame was longer, the required residence time was met 
and so more N2O could be consumed. Conversely, the higher tempera-
ture, shortened flame of the 20 %(vol.) cracked NH3 at 390 K inlet tem-
perature showed less consumption from the third body reaction 
equation. In the flame zone it appears that the reverse trend is followed, 
but the units of the ROP (mole/cm3‑sec) must again be considered. As 
the humidified flame is longer, it must also have a larger flame volume 
and residence time. Therefore, this apparently lower ROP is likely to 
result in more N2O being consumed as the ROP has a larger volume and 
longer time to act in. Ultimately, the largest consuming reaction was 
found to be in the flame zone, with Eq. (6). The free hydrogen atom 
requirement for this reaction has a high temperature requirement, 
demonstrated with the lowest temperature humidified case having the 
lowest negative ROP.

To validate the chemiluminescence images and to concisely show 
how spectral signatures vary with equivalence ratio, the chem-
iluminescence emission from the flame was recorded using an optical 
spectrometer, shown in Fig. 14. Fig. 14 follows the same trend as the 
chemiluminescence images in Fig. 10, in that the 390 K inlet tempera-
ture case had the highest intensity, followed by the 295 K case and with 
the humidified case having the lowest. The OH* and NH* intensities 
follow the same unimodal curve with the peak between Φ = 0.8–1.0 as 
the NO emission curve in Fig. 8, suggesting they could be used as a rough 
analogue for NO emissions if a relatively low-cost spectrometer is the 
only diagnostic tool available. It also again evidences the role OH and 
NH have in NO production via the HNO reactions. From a practical 
perspective, the slight variation in peaks of OH* and NH* between the 
three cases is worth highlighting. For the base 20 %(vol.) cracked 
ammonia case, OH* and NH* peaked at Φ = 0.9 and 1.0, respectively. 
However, for the two other cases of elevated temperature and 30 % 
humidification, both chemiluminescence peaks were shifted leaner, to Φ 
= 0.8 and 0.9. NH2* rose sharply above Φ = 1.0 for all three cases, at 
which point the NH2 reactions’ (Eqs. (4) and (5)) role in NO consump-
tion more than doubled. The previously mentioned shift in peak 
chemiluminescent intensity found for OH* and NH* was not found for 
NH2*, as all three cases peaked at Φ = 1.2.

Fig. 8 shows a decrease in NO emissions in very lean conditions, 
seemingly suggesting viability for low emission cracked NH3 flames. 

Fig. 12. Intensity weighted centroid locations of Abel transformed OH* 
chemiluminescence images at Φ = 0.9 (empty symbols) and Φ = 0.7 (fil-
led symbols).

Fig. 13. Absolute and integrated ROPs of flame zone (top [Unit – mole/ 
cm3‑sec]) and post flame zone (bottom [Unit – mole/cm2‑sec]) for the most 
significant N2O reactions for 20 %(vol.) cracked NH3 at ambient and increased 
inlet temperatures, and with humidification.
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However, there is also an increase in N2O emissions. Insulating re-
fractory material found in gas turbines, boilers and furnaces would likely 
reduce heat loss in higher power flames, leading to higher temperatures 
in both the flame and post flame zones. From Eq. (6), N2O emissions 
might be reduced further with reduced heat loss [44]. Unfortunately, 
higher temperatures reducing N2O would be offset by producing more 
NO from the HNO reactions discussed previously across Sections 3.1 and 
3.2. This highlights the necessity of operating ammonia flames at more 
rich conditions to reduce emissions of NO, NO2 and N2O to negligible 
quantities simultaneously, as the present work has demonstrated, with 
possible operation at a leaner equivalence ratio (Φ = 1.1) than previ-
ously found. Although humidification was also shown to reduce H2 
emissions, to reduce unburned NH3 emissions concurrently, the mech-
anisms which cause instabilities at the slightly rich condition need to be 
understood and controlled in a future study. Humidification appears to 
complement other methodologies for reducing NO emissions such as 
axial staging and needs to be investigated concurrently.

4. Conclusions

In this study, the emissions performance from a 70/30 %(vol.) NH3/H2 
blend was experimentally and numerically compared with a 20 %(vol.) 
cracked NH3 blend. The 20 %(vol.) cracked NH3 had 50 % lower peak 
NOx emissions mainly due to changes in flame morphology and tem-
perature, but increased unburned NH3 slip, as well as narrower stability 
regions due to a reduction in reactivity.

The 20 %(vol.) cracked NH3 blend was then investigated more thor-
oughly by examining the effects of increased inlet temperature and 30 
%(vol.) fuel humidification. With an increase in inlet temperature, NO 
and NO2 increased due to thermal NOx production and an increase in 
OH and NH forming HNO. However, stability limits were widened and 
N2O emissions decreased due to the enhancement of H radical produc-
tion breaking down N2O to N2.

With humidification, peak NO and NO2 emissions decreased by 40 % 
and 48 %, respectively, mainly due to a reduced production of OH and 
NH. Little difference between cases was found in NO consumption by 
NH2 here at Φ = 0.9 as NH2* intensity was relatively low.

Humidification also caused N2O emission to more than double at the 
very lean condition due to a reduction in the availability of free H 
radicals from lower flame temperatures, despite a longer flame enabling 
the third body reaction to consume more N2O. Unburned NH3 emission 
was higher at rich humidified conditions due to reduced reactivity 
which resulted in flame instabilities. Unburned H2 emission was 
reduced, likely resulting from reduced temperatures in the exhaust 
thermally cracking less of the unburned NH3 into H2 and N2.

Novelty and significance statement

The novelty of this research is the first examination of the emissions 
from humidified cracked ammonia flames, which are significantly more 
practical to industry than ammonia/hydrogen flames. Beyond this, it 
differs from previous works on humidified ammonia/hydrogen flames in 
the literature by measuring NO, NO2, N2O, NH3 and H2 emissions 
simultaneously and corrects for the volumetric dilution effect of the 
steam in the exhaust gas for the first time. Furthermore, it demonstrates 
a more industrially applicable burner design where steam was generated 
by utilising waste heat from the burner, rather than by using a separate 
electrical heating system. It is significant because it demonstrates a 
method to achieve negligible NOx and carbon emissions from a more 
practical fuel, at leaner equivalence ratios than previously found.
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