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Abstract 
Ammonia – a carbon free fuel- is being considered by various research groups and organizations as a potential 

alternative fuel to tackle some global warming issues of the 21st century. However, ammonia faces some 

challenges as a fuel, particularly, the production of unwanted NOx and unburned ammonia traces at the back end 

of combustion systems accompanied by unstable flame regimes. Therefore, new concepts are currently being 

developed to address these challenges whilst also providing stable, high-power operation. This work presents a 

newly designed stratified combustion system for gas turbines capable of operating with both premixed and 

stratified modes. The system has been initially evaluated using these two modes employing solely hydrogen and 

ammonia. Increase of hydrogen stratification resulted in the reduction of NO and NO2, while N2O slightly 

increased due to the reduction of fuel in the premixed system. Further tests were conducted to evaluate the 

potential of the systems to replace fossil fuels. Previous work done using methane as the fuel-to-be-replaced has 

shown interesting trends in terms of emissions and stability. Thus, to progress on the subject, the work conducted 

here attempted propane/ammonia/hydrogen using this innovative strategy. Results denoted how stratification has 

a strong impact on NOx production at the flame front, whilst the mechanism of flame stabilization of the new 

burner enables large operability regions under a great variety of fuel combinations. Strategic injection setups were 

identified, whilst the best propane/ammonia/hydrogen blends for stability and emissions reduction are also 

detailed for further implementation in larger systems.  
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Introduction 
Ammonia appears as a chemical with the potential 

of replacing fossil fuels in the power sector. The net 

zero carbon features of ammonia with its specific 

storage characteristics make it a good replacement 

of various fossil fuels. Although it is known that the 

use of ammonia compared to fossils brings down the 

power outputs of power systems (with a Low 

Heating Values of 18.61 MJ/kg compared to 46.34 

MJ/kg in propane), the chemical is still one of the 

most energy dense fuels in the variety of net zero 

options commercially available, hence opening the 

opportunity for the development of more efficient 

systems that can bridge the energy gap between 

fossil and zero carbon alternatives. For these 

reasons, novel research has been conducted on the 

efficient use of ammonia blends in combustion 

systems, trying to tackle some of the most 

challenging aspects of this fuel, ie. NOx emissions 

and flame stability.  

Ammonia studies go back to fundamental flames 

that were analyzed to determine the propagation and 

flame speed when replacing fossil fuels by ammonia 

[1]. Those studies denoted the low flame speed of 

ammonia compared to other fuels, hence making 

challenging its implementation in industrial 

applications. The works expanded to gas turbines 

that at the time showed low efficiencies, leading to 

the end of those initiatives to use the molecule in the 

power sector [1]. However, the new restrictions in 

power production due to climate change have 
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brough back the interest for the use of NH3. Several 

groups are tackling the challenges concerning flame 

speed, emissions and practical implementation. A 

great variety of analysis and reviews are now 

available on the subject [1–5]. However, there is a 

new trend where efforts on the formation of species 

at the flame front and the use of ternary blends (ie. 

that include hydrogen) are gaining traction.  

Nitrogen oxides in ammonia flames are mainly 

composed by fuel NOx (NO, NO2 and N2O). The 

conversion from the chemically bounded nitrogen to 

NOx emission depends on local fuel concentration 

and combustion characteristics. During combustion, 

some species such as NH3, CN, N, HCN, and NH 

react to promote fuel NOx production or 

consumption. At low hydrogen content, it is known 

that the decomposition starts by the formation of 

OH/O/H radical pools, which interact with ammonia 

to form NHi species that can lead to HNO, main 

molecule preceding the formation of NO  [6]. N2O, 

a greenhouse gas with global warming potential 

(GWP) 280 times than CO2 [7], can also reach high 

concentration levels, as its production/consumption 

is dependent on the availability of NH and H radicals 

[8–10]. Similarly, NO2 is a gas that can have 

detrimental impacts to humans. All these 

implications require further works that need to focus 

on characterizing both experimentally and 

numerically the reaction paths and radical 

interactions of these emissions for their proper 

abatement.     

Important radicals involved in the 

decomposition/reaction of ammonia-hydrogen are 

NHi species. Amidogen, NH2, has been identified in 

ammonia reaction mechanisms since the work from 

Bowman in 1971 [11], whose investigations led to 

an improved mechanism that considered NO 

formation/consumption at the flame. Amidogen, 

formed mostly from the reaction NH3+OH, then 

decomposes into imidogen, NH, preceding HNO at 

high temperatures (1300-1600 K) [12]. This line of 

work, considerably expanded over the years, has led 

to new insights into the impact of NH2 and NH on 

ammonia flames. Amidogen has been recently 

analyzed by Manna et al. [13] using a Jet Stirred 

Flow Reactor. The work approaches the impacts of 

NH2 at various temperatures, including those where 

the DeNOxing paths of the radical are enhanced 

[14]. Of great interest are the insights around the 

recombination of NH2 with H2 to reconvert 

amidogen back to NH3. The reaction 

NH2+H2→NH3+H is assumed to be the reaction 

sustaining the high temperature reaction H+O2. It 

must be noted that NH3 does not only seems to act 

as an OH scavenger in NH3-H2 flames, but it is 

plausible that it acts as a third body in various 

reactions, acting as a strong collider to promote 

especially the reaction H+O2 [7]. However, the role 

of NH2 at higher temperatures is reduced due to its 

faster decomposition to NH, hence inhibiting the 

coupled reaction between ammonia and hydrogen. 

Similarly, studies conducted by Pugh et al. [15] were 

performed to characterize the chemiluminescence 

traces of NH*, NH2* and OH* in ammonia-

hydrogen flames at elevated conditions. The works 

denoted the importance of NH2* as a good marker in 

NO consumption under rich conditions. Follow up 

studies [16] also raised the importance of NH2 in the 

consumption of NO and the relevance of the radical 

in heat release, a process also correlated to OH and 

NH species [17, 18], all of which are sensitive to 

operability conditions [15, 19–21]. Other works 

[22–29] showed intrinsic correlations between the 

NHi radicals and combustion features such as 

laminar and turbulent flame speeds, stretch rate, and 

NO profiles, whilst also denoting their impact on the 

production of other NOx pollutants such as N2O  

[10]. Machine Learning has also been used to define 

equations that correlate NHi radicals to heat release 

rates in ammonia-hydrogen flames [30]. Findings 

show correlations such as [NH]0.952[OH]0.062 and 

[NH2]1.039[OH]0.641 as high reconstruction 

parameters for laminar flames at various 

equivalence ratios. Therefore, being highly relevant 

to the stability and emissions profile of ammonia-

hydrogen blends, it is crucial that these species are 

understood within the context of complex turbulent 

flames as those employed in industrial burners.  

As for the addition of other fuels to ammonia-

hydrogen mixtures, the rationale lays on the 

transition of current power systems to fully net zero 

combinations. It is foreseen that the replacement of 

fossils using ammonia and/or hydrogen will be 

gradual, hence requiring at some point the use of 

fossils in combination with ammonia-hydrogen. 

This fact, combined with potential start-up scenarios 

that will still rely on fossil species, creates a practical 

case to the study of fossil-ammonia-hydrogen 

mixtures. Methane addition in ammonia has been 

extensively studied [31, 32]. However, other light 

alkanes such as ethane, propane or butane have 

received little attention although they serve a large 

portion of power applications. Propane was firstly 

analyzed when co-burning with ammonia by Cellek 

[33] who numerically performed a study of various 

flames enriched by ammonia up to 50% (vol). 

Ammonia-hydrogen delivered the highest NOx 

emissions out of the blends analyzed, whilst 

ammonia-propane showed similar levels to methane, 

although the former blend showed slightly longer 

flames. It was also found that an increase of 

ammonia would also impact emissions with a 

sudden NO reduction at high ammonia levels and 

low equivalence ratios. Laminar burning velocities 

were also investigated numerically and 
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experimentally by Wang [34]. Various pressures and 

ammonia contents were also analyzed to observe the 

behavior of these flames to define Markstein 

lengths, flame thickness, Zeldovich and Lewis 

numbers. The effective Lewis number does not seem 

to be affected at the studied pressures (up to 

0.5MPa), although it was affected by equivalence 

ratio, whilst flame thickness decreases and 

Zeldovich number increases with pressure (although 

thickness eventually becomes insensitive to higher 

pressures). Being flame thickness a parameter that 

characterizes hydrodynamic instabilities and Lewis 

number an insensitive value to pressure, it was found 

that when observing cellularization at the flame this 

was caused mainly by hydrodynamic instabilities in 

these flames. Markstein lengths decrease with the 

increase of equivalence ratio, similar to propane-air 

flames. Although more propane leads to more O/H 

radical pools, there seems to be no significant 

change in the mixture heating value or combustion 

efficiency when using different ammonia 

concentrations (i.e. due to the similar mixture 

heating values of ammonia and propane), whilst 

carbon emissions can be considerably reduced when 

replacing C3H8 with NH3 [34]. NH2 demonstrated to 

be an important contributor in the combustion 

process of ammonia-propane blends. Further 

analyses conducted by Wang et al. [35] also showed 

how ammonia’s OH scavenging effect on OH and H 

is also a dominant parameter when using light alkane 

molecules. Hence, using ammonia fraction for 

laminar flame speed and CO2 reduction might be the 

most practical engineering approach to the use of 

these blends.  

Further, the need to reduce carbon and keep higher 

flame speeds would require the use of ternary blends 

that might include hydrogen recoverable from 

ammonia cracking, eventually replacing fossil 

molecules completely. Thus, the present work 

provides evidence of the effect of fuel switching 

using ternary blends composed by 

ammonia/hydrogen/propane in air. Similar work, 

conducted by Mashruk et al. [36] denotes how the 

variation in species can have a critical impact on 

flame features and emissions profiles when using 

methane. Hence, the addition of ternary flame 

analyses has also been included to provide further 

guidance in the use of these potential blends whilst 

using novel burners combined with non-intrusive 

radical analyses.         

The paper is divided in various sections, namely the 

methods employed, followed by results obtained 

using stratified combustion and ternary blends in a 

novel gas turbine burner, respectively. Finally, 

conclusions are drawn to summarize the most 

important findings of this work.  

Materials and Methods 
This work employed a newly designed stratified gas 

turbine combustion burner, Fig. 1, at Cardiff 

University. The system allows both premixed and 

diffusive operability modes with up to 3 different 

fuels. A premixed tangential swirler with a 

geometric swirl number of Sg = 1.05 was employed. 

Fuel and air flows were supplied using dedicated 

Bronkhorst mass flow controllers (±0.5% within a 

range of 15-95% mass flow).  Supplied H2 had two 

entry points – one for premixing with air and 

ammonia, another around the central injector to burn 

with the aid of surrounding air. A 70/30vol.% NH3/H2 

blend which has shown comparable behavior to 

methane flames [15, 37, 38] was chosen for the 

initial study at different percentages of H2 

Fig. 1. Schematic of the burner 
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stratification (0-100%) and three different global 

equivalence ratios (0.8, 1.0 and 1.2).  

For the ternary blends analysis, the burner was used 

in premixed mode, hence reducing uncertainties 

with respect to the use of the central injector with 

these blends (a topic for future work). Ternary 

blends stability zones were obtained with three 

constant H2vol.% = 10, 30 and 50%. In addition, 

ammonia/propane and ammonia/hydrogen stability 

maps were also investigated. Experiments were 

conducted at atmospheric pressure (1.1 bara) and 

inlet temperature (288 K) with a constant fuel inlet 

thermal power of 10 kW. All the experimental points 

used to determine the stable zones were repeated at 

least three times with error bars incorporated to 

visualise measurement uncertainties. A Logitech 

C270 camera   was used to monitor the flame 

stability at a distance of 5 m from the combustor. 

A pair of LaVision CCD cameras were employed to 

obtain line-of-sight chemiluminescence traces of 

various species. The units were triggered 

simultaneously at a frequency of 10 Hz with 

constant gain. A range of optical (Edmund) filters 

were used for each species of interest, namely OH* 

(309 nm; A2Σ+–X2Π system) [39], NH* (336 nm; 

A3Π–X2 Σ- system) [39–42] and NH2* (630 nm; 

single peak of the NH2 α band) [39, 43]. 

Work using NO Planar Laser Induced Fluorescence 

(PLIF) appears as a relevant method to adequately 

characterise the formation of NO species [44]. 

Hence, 2-D NO-PLIF data was obtained by exciting 

NO species at 235.782 nm. A 10 Hz Nd:YAG laser 

(Continuum PowerliteTM Precision II) operating at 

the third-harmonic (355 nm) was used to pump a dye 

laser (Sirah Cobra-Stretch) operating on Coumarin 

102 dye solution. The dye has a peak of 473 nm, 

which then doubled to produce an output 

wavelength of ~236 nm. The offline signal was 

recorded at 235.803 nm and subtracted from the 

online signal to minimise interference. Shot-to-shot 

variations were recorded using LaVision Davis 10 

system and corrected for the acquired data.  

Temperature profiles were obtained via K and R 

type thermocouples feeding a data logger with a 

frequency of 1 Hz. Thermocouple data were taken 

for 120 s for each point and averaged. Exhaust 

emissions (NO, N2O, NO2, NH3, CO, CO2, O2 and 

H2O) were measured using a bespoke Emerson 

CT5100 Quantum Cascade Laser analyser at a 

frequency of 1 Hz, a repeatability of ±1%, 0.999 

linearity, and sampling temperature up to 190°C. A 

heated line at 160°C was employed to avoid 

condensation and capture exhaust samples. A 

dilution methodology was introduced by adding N2 

in the sample using a high precision Bronkhorst EL-

FLOW Prestige Mass Flow Controller (MFC). The 

N2 then heated up to 160°C by the system prior to its 

mixing with the exhaust samples. 

Results 
Effects of H2 stratification 

Figure 2 shows the changes in radicals and NO 

formation with increasing percentages of H2 

stratification at stoichiometry (global ϕ = 1.0). Note 

that the origin corresponds to the burner centreline. 

Measured NH2* intensities were found to be 

significantly higher than OH* and NH* intensities 

across all flames, with NH* being the lowest among 

the three species. The radicals and NO formations 

concentrate towards the central axis as the H2 

stratification increases from the central injector. 

Also, OH*, NH* and NH2* intensity decreases and 

concentrate closer to the burner exit with increasing 

H2 stratification, which results in lower NO 

production in the flame zone. Earlier studies [45–47] 

have identified HNO as the main intermediary for 

NO productions with reactions NH + OH ↔ HNO + 

H and NH2 + O ↔ HNO + H as the main 

contributors for HNO production. Similar to 

previous studies [15, 42, 48], a positive correlation 

Fig. 2. Abel transformed chemiluminescence (OH*, 

NH* and NH2*) and NO-PLIF images with changing 

H2 stratification at stoichiometry. Colourmap for the 

chemiluminescence images are normalized to species 

dataset max. The red dashed line in the top right NO-

PLIF image is the laser sheet crossing the flame. 
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assumption between ground state and emitting 

species would indicate a drop in these radicals 

(either by reduced formation or faster consumption 

with other species) with increasing H2 stratification, 

which will in turn reduce HNO production in 

combination with less O/H free radicals, thus 

suppressing NO formation. Temperature measured 

at the burner nozzle with various thermocouples also 

indicate drops in temperature with increasing H2 

stratification, which is in line with the measured 

OH* and NO intensity, as they are both temperature 

dependent.                                                     

 

Figures 3 and 4 report the measured NO and NO2 

emissions at the exhaust. Similar to NO-PLIF data, 

measured NO at the lean and stoichiometry 

conditions display decreasing trends with increasing 

H2 stratification. However, NO2 data display an 

increase at 20% stratification, followed by a 

decreasing trend. NO2 readings were negligible at 

stoichiometry and rich condition, in line with 

previous studies conducted by Mashruk et al. [21, 

37, 49]. Further kinetic analyses are necessary to 

understand these trends using stratified flames. 

 

Figure 5 shows the measured N2O emissions at the 

exhaust. NH3 emissions are not reported here as 

Fig. 3. Sampled NO emissions with 

changing H2 stratification and ϕ. 

Fig. 4. Sampled NO2 emissions with 

changing H2 stratification and ϕ. 

Fig. 5. Sampled N2O emissions with 

changing H2 stratification and ϕ. 

Fig. 6. Stability map of propane/ammonia flames. The dark area is the stable zone 

bounded by LBO and RBO. 
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unburnt ammonia emissions were negligible up to 

stoichiometry. However, concentrations were 

beyond the measurement capability of the analyzer 

passing ϕ = 1.3, suggesting the need of another 

equivalence ratio for improved emissions (NH3 and 

NOx) and maximized performance.  

 

Interestingly, N2O emissions increased with 

increasing H2 stratification at global Φ = 0.8, even 

though negligible N2O were reported for 

stoichiometry and rich conditions. This could be 

attributed to the constant splitting ratio between fuel 

streams which ensures leaner premixed flames due 

to a decrease in H2 flows. Previous studies [8, 9, 21] 

have showed the increase in N2O formation at lean 

conditions (Φ ≤ 0.7) in ammonia-hydrogen flames 

due to decrease in H radical production and 

decreased flame temperature. Further work is 

required to control the air splitting ratio to avoid lean 

conditions at the core which enhances nitrous oxide 

production. 

Stability Mapping 

Initial operability maps using propane/ammonia 

binary fuels, Fig. 6, showed a decrease in stability 

with ammonia addition. The stable region remains 

somewhat constant up to 70vol.% NH3 but further 

increase in ammonia flow reduces the stable zone 

severely as ammonia chemistry becomes dominant. 

The stable zone in propane/ammonia binary fuels 

are bounded by lean blow-out (LBO) and rich blow-

out (RBO) zones but flashback (FB) was not 

observed in these binary blends as the flame speeds 

were not high enough to force flashback. 

Figure 7 shows the stability map of 

propane/ammonia/10% hydrogen blends. Up to 

20vol.% ammonia, the stable zone limits were similar 

to the binary propane/ammonia blends. However, 

from 30-50vol.% ammonia, propane mole fraction 

decreases by a certain margin to allow hydrogen 

chemistry becoming dominant and thus enhancing 

the stable zone region. As ammonia mole fraction 

Fig. 7. Stability map of propane/ammonia/10% hydrogen flames. The dark area 

is the stable zone bounded by LBO and RBO. 

 

Fig. 8. Stability map of propane/ammonia/30% 

hydrogen flames. The dark area is the stable zone 

bounded by FB, LBO and RBO. 

 

Fig. 9. Stability map of propane/ammonia/50% 

hydrogen flames. The dark area is the stable zone 

bounded by FB, LBO and RBO. 
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increases beyond 50%, ammonia chemistry takes 

over and the stability zone shrinks.  

Figures 8 and 9 show the ternary operability limits 

with constant 30vol.% and 50vol.% H2, respectively. 

With XH2 ≥ 0.3, the flashback phenomenon is 

observed as the flame speed increases substantially. 

For the 30vol.% hydrogen flames, the stability zone 

only widens when the propane mole fraction drops 

below 30% and performs better than 10vol.% H2 

scenarios. Even though flashback was only observed 

for the 70/30vol.% NH3/H2 blend in Fig. 3, flashback 

was observed for 50vol.% H2 in a wider set of cases 

(XNH3 ≥ 0.3). For these cases, XNH3 ≥ 0.3, wider blow 

off limits were also observed due to high hydrogen 

and low propane presence in the blends. 

Based on the results and analysis of the operability 

limits, 12 blends were chosen for further analysis, 

Table 1. Experiments were carried out at four 

equivalence ratios (0.6,0.8,1.0 and 1.2) for these 

blends. Chemiluminescence (OH*, NH*, C2*, 

NH2*), spectrometry (200 – 1050 nm range), 

temperature (5 locations [8]) and exhaust emissions 

measurements (NO, NO2, N2O, NH3, CO, CO2, O2 

and H2O) were taken at each point to identify 

possible suitable blends for decarbonization 

purposes. These analyses will be discussed in the 

following section. 

 

Chemiluminescence Analysis 

Figure 10 shows the changes in radical formation at 

stoichiometry for the selected blends shown in Table 

1. Colourmaps are normalized to species maximum 

intensities to display the change of radical 

formation. At stoichiometry, intensities of OH*, C2* 

and NH* decrease with increasing ammonia 

contents in the flames, whereas NH2* follows the 

opposite trend. The flame thickness also increases 

with increasing ammonia content, a characteristic of 

ammonia flames discussed elsewhere [8, 36]. 

Further analyses of OH* and NH2* formations 

across difference equivalence ratio showed that OH* 

intensity peaks at Φ = 0.8, while NH2* intensity 

peaks at Φ = 1.2. Also, OH* intensities were found 

to be peaking at XNH3 = 0.45 which can be attributed 

to the increase in H2 content in the blend with 

sufficient amount of propane still present. These 

changes in radical formations control the emissions 

performances of these blends which will be analyzed 

next.  

Table 1. Selected blends for further analysis 

Fig. 10. Changes in radical formation at 

stoichiometry for the selected blends (Table 1). 

 

Fig. 11. Sampled NO emissions with changing 

blends and Φ. 
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Emissions Analysis 

All the emissions data reported in this section are 

normalised to 15% O2, dry [50]. Figures 11 and 12 

show the sampled NO and NO2 emissions across 

different fuel blends and changing equivalence 

ratios, respectively.  

Both NO and NO2 peak at Φ = 0.8 and XNH3 = 0.45, 

which coincided with maximum OH* production. 

This observation is in line with the findings from 

previous studies [36, 51]. OH reacts with NH to 

produce HNO through the reaction OH + NH ↔ 

HNO + H, which then reacts with OH, O and H 

radicals to produce NO. NO2 is directly related to 

NO through the reactions NO + HO2 ↔ NO2 + OH 

and NO + O + M ↔ NO2 + M and reverts back to 

NO by reacting with H radical [21].  

Sampled N2O and NH3 emissions for different 

blends with changing Φ are shown in Figs. 13 and 

14, respectively. NH reacts with NO to produce N2O 

in the flame but most of these N2O reduce to N2 

through the reactions N2O + H ↔ N2 + OH and N2O 

+ M ↔ N2 + O + M. N2O emissions are a concern at 

Φ = 0.6, a phenomenon likely promoted by low H 

radical production and low flame temperature as 

shown by recent studies [8, 9, 21, 49, 52]. Unburnt 

ammonia emissions are also a concern for highly 

rich conditions, which can be averted by tunning the 

system to the right equivalence ratio and through 

implementation of staged combustion [45, 53, 54]. 

At Φ = 1.2, unburnt ammonia emissions increase 

significantly at XNH3 > 0.5. Below 50VOL.% ammonia 

content in the fuel, high presence of propane ensures 

significant OH production which reduces ammonia 

through the reaction NH3 + OH ↔ NH2 + H2O.  

Negligible CO emissions were found at the lean 

conditions considered here but a high amount of CO 

Fig. 12. Sampled NO2 emissions with changing 

blends and Φ. 

Fig. 13. Sampled N2O emissions with changing 

blends and Φ. 

Fig. 14. Sampled NH3 emissions with changing 

blends and Φ. 

Fig. 15. Sampled CO emissions with changing 

blends and Φ. Rich condition not included as it 

was out of range. 

Fig. 16. Sampled CO2 emissions with changing 

blends and Φ. 
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was observed at the stoichiometry and rich 

conditions, Fig. 15. This was caused by the 

incomplete combustion of propane. CO2 emissions 

decreases with increasing ammonia content in the 

fuel, Fig. 16. CO2 emissions at the lean conditions 

followed each other very closely.  

From the above analysis, Φ = 0.6 cannot be 

considered for retrofitting in current industrial 

combustion systems, Fig. 17, unless Selective 

Catalytic Reduction (SCR) is available on-site. NOx 

emissions were found to be quite high for all the 

blends at Φ = 0.6. No carbon monoxide emissions 

were observed for these blends and CO2 emissions 

were below 4%, Fig. 16. These ternary blends can be 

considered for existing combustion systems with 

SCR systems in place during the transition stage 

towards zero carbon fuels. Further, emissions above 

30VOL.% ammonia blends at Φ = 0.6 considerable 

worsen when employing the studied combustion set-

up, with NO and NO2 emissions increasing 

significantly and thus limiting the use of these 

blends.  

However, the use of stratification, as in the previous 

section, could be the solution to these blends. At Φ 

= 1.2, the mixtures show high CO and CO2 (out of 

range), although NO emissions significantly 

dropped with low propane content, Fig. 18. 

Interestingly, NO emissions peaked at XNH3 = 0.5 

and 0.4 for Φ = 0.6 and 1.2, respectively. This can 

be attributed to high flame temperatures due to 

increased hydrogen content in the fuel mixtures 

which results into higher NO production through 

HCN route (HCN → CN → NCO → NO) [12]. 

Also, higher OH under lean conditions. However, 

further increase in ammonia contents in the fuel 

mixtures enhances NH2 production, thus reducing 

NO production. Further kinetic work is 

recommended to understand this phenomenon. NH3 

emissions suddenly increased passing XNH3 > 0.55. 

However, there seems to be an ideal spot at which 

both NOx and unburned ammonia are at their 

minimum. This “sweet” location could be improved 

using hydrogen stratification, as in the previous 

section or employing staged combustion 

technologies which can finish the combustion of any 

remaining CO, whilst also making good use of any 

remaining hydrogen in the flue gases. Such a 

technology promises to drop significantly unburned 

fuel traces with NOx emissions [55–57]. 

Furthermore, transition towards pure 

ammonia/hydrogen blends will ensure absolute zero 

carbon emissions.  

Conclusions 
A new burner was used to evaluate the impacts of 

stratification using ammonia-hydrogen flames, 

whilst also supporting the analysis of ternary blends 

that include propane.  

Effects of hydrogen stratification in premixed 

ammonia/hydrogen/air flames were investigated for 

the first time in a novel burner. The data shows a 

decrease in OH*, NH* and NH2* radicals 

productions with increase in H2 stratification, which 

in turn reduces NO and NO2 formation. However, 

N2O emissions increases at global lean condition as 

hydrogen availability is reduced in the mixing zone. 

Further work is necessary to avoid these induced 

lean zones by changing air splitting ratios.  

Stability maps of fully premixed C3H8/NH3/H2 

ternary blends in such a burner were also defined. 

Increase of hydrogen mole fractions widened the 

operability limits, as expected, given that other two 

fuel mole fractions were in a certain range to allow 

hydrogen to take over the flame chemistry. For XNH3 

≥ 0.7 and XH2 ≤ 0.2, ammonia chemistry becomes 

dominant and shrinks the operability regions. Based 

on these results, 12 blends were chosen for further 

detailed analyses. NO and NO2 emissions peaked at 

Φ = 0.8 and XNH3 = 0.45 due to the high presence of 

OH/O/H radicals. Significant amount of N2O 

emissions were observed at Φ = 0.6 for XNH3 > 0.3 

Fig. 18. Sampled NO, NO2, N2O and NH3 

emissions with changing blends at Φ = 1.2. 

Fig. 17. Sampled NO, NO2, N2O and NH3 

emissions with changing blends at Φ = 0.6. 
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due to lower production of H radicals and low flame 

temperatures. High unburnt ammonia emissions 

were observed for ammonia-hydrogen blends due to 

a lower production of OH radicals. Significant 

amounts of CO emissions were observed at Φ ≥ 1.0 

due to incomplete combustion of propane. The 

analyses highlight the difficulties with retrofitting 

the existing systems at low equivalence ratio 

conditions with these ternary blends. Meanwhile, the 

Φ = 1.2 case shows great promise with ammonia 

mole fraction at 0.55. Although CO will be highly 

produced, the pollutant can be fully converted into 

CO2 by using staged burner systems without any 

SCR system, hence supporting the reduction of COx 

and NOx emissions with low ammonia traces, 

emissions that could be reduced further with 

stratification techniques. 
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