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Highlights 9 

• Ammonia-hydrogen-air flames feature wider stability limits than ammonia-air or hydrogen-air 10 

flames.   11 

• Nitrogen addition to ammonia-hydrogen fuel blends does not significantly alter stability limits.  12 

• Pure ammonia-air flames feature lower NO emissions than ammonia-hydrogen-air flames. 13 

• Good NO performance is found for “very” lean ammonia-hydrogen-air flames. 14 

Abstract 15 

Hydrogen is a promising carbon-free fuel for power generation in gas turbines. However, 16 

this raises some challenges associated with the storage and distribution of pure hydrogen. Storing 17 

hydrogen chemically in the form of ammonia is a safe and efficient alternative. However, ammonia 18 

as a fuel features a low chemical reactivity compared to hydrogen and natural gas and, as a 19 

consequence, stabilizing turbulent ammonia-air flames is challenging. Offsetting this low 20 

reactivity by enriching ammonia with some amount of hydrogen, which is much more reactive, is 21 

a promising strategy. In this study, the stability limits of technically-premixed ammonia-hydrogen-22 

air flames are measured in a laboratory-scale swirl combustor for a wide range of ammonia 23 

fractions in the ammonia-hydrogen fuel blend. Results are compared to that obtained in the same 24 

combustor for reference methane-hydrogen-air mixtures. Data show that increasing the ammonia 25 

fraction in the fuel blend promotes lean blowout but reduces the flames’ propensity to flashback. 26 

The latter effect is even more pronounced if the volume fraction of ammonia in the fuel blend 27 
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exceeds 0.7. In that case, increasing the equivalence ratio at a fixed bulk velocity does not yield 28 

flashback and rich blowout occurs instead, yielding a much wider range of stable equivalence 29 

ratios. This study also reports exhaust NO mole fractions, measured for large ranges of equivalence 30 

ratio and ammonia fraction in the fuel blend. Regardless of the ammonia fraction, data show that 31 

competitively low NO emissions occur for slightly rich equivalence ratios of  ≥ 1.05, which is 32 

consistent with earlier studies. Stable flames and good NO performance are also found for very 33 

lean ammonia-hydrogen-air mixtures with  ≤ 0.50, demonstrating the strong potential of fueling 34 

gas turbines with ammonia-hydrogen blends. 35 

Keywords  36 

Ammonia, Hydrogen, Swirl flame, Stability limits, NO emissions 37 

 38 

Nomenclature 39 

xNH3 Ammonia volume fraction in the fuel blend 

 Equivalence ratio 

 Equivalence ratio range  

t Exposure time 

Sg Geometric swirl number  

xH2 Hydrogen volume fraction in the fuel blend 

SL Laminar burning velocity 

xCH4 Methane volume fraction in the fuel blend 

Re Reynolds number  

ST Turbulent flame speed 

  40 



 3 

1. Introduction 41 

Environmental problems linked to the use of fossil fuels in power generation systems are 42 

amongst the top industrial challenges. Some of the problems could be mitigated by enabling 43 

carbon-free fuels, for instance hydrogen, to fuel power and heat generation devices such as gas 44 

turbines [1]. However, the fact that hydrogen must be compressed or liquified to be competitively 45 

stored and transported raises challenges related to cost and safety [2]. An alternative is to store 46 

hydrogen chemically in the form of ammonia, NH3, which can be easily liquified at 8 bar and at 47 

room temperature [3,4]. Ammonia can then be burnt directly or dissociated at the energy 48 

production site to generate hydrogen. 49 

Early research studies in the field of ammonia combustion and its performance in gas 50 

turbine combustors were published during the 1960s [5–7]. One important finding from [5] is that 51 

the relatively low chemical reactivity of ammonia makes it very challenging to stabilize pure 52 

ammonia-air flames in combustors developed for natural gas. To illustrate, Table 1 shows some of 53 

the relevant combustion characteristics of ammonia compared to that of hydrogen and methane. 54 

Table 1. Some relevant combustion characteristics of hydrogen, methane, and ammonia. Data 55 

from [3,5,8]. 56 

 Unit NH3 H2 CH4 

Autoignition temperature K 930 810 859 

Adiabatic flame temperature (@  = 1) K 1850 2328 2223 

Density  kg/m3 0.73 0.08 0.66 

Flammability limit range () - 0.63 – 1.46 0.18 – 8.84 0.48 – 1.69 

Heating value MJ/kg 19 120 50 

Laminar burning velocity (SL) cm/s 7 350 35 

  57 

The laminar burning velocity of a stoichiometric ammonia-air flame is very low, only 58 

SL  7 cm/s, compared to SL  350 cm/s for a stoichiometric hydrogen-air flame and SL  35 cm/s 59 

for a stoichiometric methane-air flame [3]. Ammonia-air flames also have a narrower flammable 60 
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range with   0.83 compared to   8.71 for hydrogen-air flames [5] and   1.21 for 61 

methane-air flames [8]. Therefore, even though successful stabilization of pure ammonia-air 62 

flames in swirl combustors has been demonstrated recently [9–12], many studies have focused 63 

instead on blends of ammonia with other, more reactive, fuels [13–20]. Naturally, ammonia-64 

methane blends have drawn a lot of attention and successful flame stabilization has been 65 

demonstrated in different combustors [21–23]. However, blending with methane or any 66 

hydrocarbon introduces carbon and diminishes the benefits associated with utilizing a carbon-free 67 

fuel such as ammonia. Hydrogen is very reactive and carbon-free. It is also a product of ammonia 68 

dissociation. Therefore, ammonia-hydrogen blends are very promising and have also been studied 69 

carefully in the recent years [13–15,18–20,24]. For example, the Cardiff group [15,19,20] 70 

demonstrated that stabilizing ammonia-hydrogen flames in a model gas turbine combustor is 71 

possible with around 30% by volume of hydrogen in the fuel blend. However, blends with a 72 

significantly larger or smaller hydrogen proportion showed increased susceptibility to flashback 73 

and blowout, respectively. This is well in line with earlier results of Verkamp et al. [5] who showed 74 

that partially dissociating (also referred to as cracking) 28% of the ammonia to generate an 75 

ammonia-hydrogen-nitrogen blend yielded stability limits comparable to that of typical 76 

hydrocarbons. Although ammonia-hydrogen blends with different hydrogen enrichments have 77 

been studied, flame stability limits were never consistently reported in a swirl combustor for the 78 

whole range from pure ammonia to pure hydrogen.  79 

For ammonia-methane or ammonia-hydrogen blends to be considered as potential fuels for 80 

gas turbines, it is also necessary that NOx emissions remain competitively low. Therefore, exhaust 81 

NO performances have been measured in different combustors [12,15,21,22,25–28] for different 82 

blends and different equivalence ratios. Similar trends have been observed for ammonia-methane 83 
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and ammonia-hydrogen blends as well as pure ammonia. For premixed flames, poor NO 84 

performances have consistently been reported for lean equivalence ratios  ≈ 0.8-0.9 [10–85 

12,15,17,21,22,26,27,29], with NO emissions in the exhaust gases exceeding a few thousands ppm. 86 

This is much more than what current regulations authorize and is not acceptable. However, several 87 

studies have shown that operation at rich equivalence ratios allows significantly improving NO 88 

performances. For example, Hayakawa et al. [12] measured NO emissions below 100 ppm in 89 

ammonia-air premixed swirl flames with   1.1. Similar results were obtained by Okafor et al. 90 

[22] who reported measured NO performances in premixed swirl flames better for 30ammonia-91 

70methane blends than for methane if   1.3. For a 70ammonia-30hydrogen blend, Valera-92 

medina et al. [19] reported competitive NO emissions (< 100 ppm) for equivalence ratios in excess 93 

of  ≈ 1.3. However, rich operation implies large unburnt ammonia emissions and a secondary 94 

combustion stage is needed to ensure globally-lean operation and avoid emissions and efficiency 95 

penalties [22,30,31]. 96 

A few studies have also reported that progressively decreasing equivalence ratio below 97 

 ≈ 0.8-0.9 allows improving NO performances [12,15,22,23,26,29]. However, due to stability 98 

limits, NO emissions much below 500 ppm could not be evidenced for ammonia-air and ammonia-99 

methane-air premixed flames for any lean equivalence ratio [22,26,29]. Because ammonia-100 

hydrogen blends are more reactive, much leaner flames could be stabilized [15] and NOx 101 

concentrations in the order of 100 ppm were reported for 50ammonia-50hydrogen and  ≈ 0.4. 102 

However, only one fuel blend composition has been examined in [15]. Burning very lean 103 

ammonia-hydrogen mixtures seem to be another promising way of abating NO emissions, with the 104 

added benefit of not requiring a secondary combustion stage. 105 
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Across the range of examined equivalence ratios, the comparatively large NO production 106 

for fuel blends including ammonia compared to hydrocarbons has been attributed to the prevalence 107 

of fuel NOx pathways [11,16,19,22,26,29,32–34]. This is different from the hydrocarbon flames 108 

typically encountered in gas turbines, for which thermal NOx pathways prevail [34,35] and lean 109 

operation is often sought after. Trends of NO emissions with equivalence ratio described above 110 

for fuel blends including ammonia can be explained by considering fuel NOx pathways. The OH 111 

radical has been identified as one of the important species contributing to the formation of NO 112 

[11,17,19,22,29,32,34,36]. Therefore, lean, but close to stoichiometric, flames produce a lot of OH 113 

radicals and, in turn, NO. Different intermediates may react with OH to produce NO. For example, 114 

while the HCN intermediate plays a large role in NO formation for ammonia-methane blends 115 

[22,34], HCN is not present with ammonia-hydrogen blends and pure ammonia and the HNO 116 

intermediate contributes instead [11,26,29,32]. As the equivalence ratio progressively increases 117 

towards stoichiometric and rich, the increased availability of NH2 radicals promotes the reaction 118 

NH2 + NO → H2O + N2, which consumes NO [19,34]. This explains the good NO performances 119 

obtained for rich mixtures. 120 

All the aforementioned studies focused on limited composition ranges and did not 121 

consistently measured stability limits and NO emissions over the whole range of 122 

hydrogen/methane enrichments of ammonia. Therefore, some interesting operating conditions 123 

could have been missed. Recently, authors have reported stability limits and NO emissions of 124 

ammonia-methane swirl flames in an atmospheric laboratory-scale combustor [23]. These were 125 

measured for the whole range of mixtures, from pure ammonia to pure methane. It was showed 126 

that stability limits are bounded by either flashback, lean blowout, or rich blowout. Interestingly, 127 

measurements showed that the largest stable range is for some intermediate methane enrichment. 128 
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The optimum methane enrichment depends on the Reynolds number and takes place when 129 

flashback does not occur when equivalence ratio is progressively increased towards and above 130 

stoichiometric. In such case, rich blowout occurs instead. NO emissions measurement of [23] 131 

corroborated trends previously reported in [10,11,27,29,12,15,17,19,21,22,25,26]. Specifically, 132 

NO emissions below 100 ppm were reported for rich equivalence ratios (  1.1). Also, lean 133 

blowout did not allow stabilizing flames with equivalence ratios lean enough to sufficiently 134 

improve NO emissions performances. 135 

The objective of the present study is analogue to that of [23] but for ammonia-hydrogen 136 

blends instead of ammonia-methane blends. Stability limits and NO emissions were measured in 137 

the same model gas turbine combustor, across the whole range of ammonia fuel fractions, from 138 

pure hydrogen to pure ammonia. 139 

2. Experimental Setup  140 

The model gas turbine combustor used in this work has been used before to measure the 141 

stability limits of ammonia-methane-air flames [23]. It is shown in Fig. 1. Here, ammonia-142 

hydrogen-air mixtures are examined, spanning the full range of ammonia volume fractions in the 143 

fuel blend from 0 (pure hydrogen) to 1 (pure ammonia). Dissociating ammonia produces 144 

hydrogen-nitrogen blends with a 3:1 volume ratio and can be used to boost chemical reactivity [5]. 145 

Therefore, ammonia-hydrogen-nitrogen fuel blends are also examined, always maintaining the 3:1 146 

hydrogen:nitrogen volume ratio. For reference and to bridge the gap between this study and the 147 

sister study on ammonia-methane-air mixtures [23], stability limits are also measured for methane-148 

hydrogen fuel blends, ranging from pure methane to pure hydrogen. Table 2 summarizes the 149 

operating conditions examined in this study. It shows the fuel blends, the Reynolds numbers, and 150 
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the ranges of methane or ammonia fractions for which stability limits and NO emissions were 151 

measured. 152 

Table 2. Operating conditions, showing the fuel blends, the Reynolds numbers, and the ranges of 153 

methane or ammonia fractions for which stability limits and NO emissions were measured. 154 

Fuel blend Re  Range for stability limits Range for NO emissions  

CH4-H2 5000 xCH4 = 0 - 1 - 

NH3-H2 7000 xNH3 ≥ 0.50 - 

NH3-H2 5000 xNH3 = 0 - 1 xNH3 = 0.70 – 1.00 

NH3-H2 4000 xNH3 ≥ 0.60 - 

NH3-H2 3000 xNH3 ≥ 0.60 - 

NH3-H2-N2 5000 xNH3 = 0 - 1 xNH3 = 0.70 – 0.90 

NH3-CH4 5000 - xNH3 = 0.80 

 155 

 156 

 157 
Figure 1. Schematic of the swirl flame combustor showing where reactants are injected in the 158 

plenum; (a) two axial air inlets, (b) four tangential fuel-air inlets (dimensions are in mm). Repeated 159 

from [23]. 160 

Fuel and air are injected into the plenum through two axial inlets at the bottom of the 161 

combustor assembly (inlet a in Fig. 1) and through four tangential inlets (inlet b in Fig. 1), 162 

distributed azimuthally, 140 mm upstream of the injection plane. Only air is injected through inlet 163 

a and a mixture of fuel and air is injected through inlet b. A ceramic honeycomb of 20-mm 164 

thickness is located 80 mm downstream of inlet a in order to distribute the air uniformly before 165 
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mixing with the fuel-air mixture. Swirl is imparted to the flow because of the tangential injection 166 

from inlet b [37]. The swirl number Sg can be controlled by varying the ratio of the tangential 167 

momentum to the axial momentum [38] and Sg is calculated from equation 7 available in [39]. 168 

Effects of the swirl number on flames’ stability and topology have been reported in a previous 169 

work using the same combustor [23], where swirl numbers ranging from Sg = 0.5 to Sg = 1.5 were 170 

examined. In this study, the swirl number is fixed to Sg = 1. Effects of Reynolds number are also 171 

of interest in this work. The Reynolds number here is defined with bulk flow properties at the 172 

combustor’s throat, whose diameter is 44.4 mm. The flow rates of ammonia, methane, hydrogen, 173 

nitrogen, and air are controlled with mass flow controllers (MKS Instruments and Brooks) with an 174 

accuracy better than 2%. Gases are injected in the combustion chamber at a temperature of 293 K. 175 

Experiments are conducted at atmospheric pressure. Measurements are repeated at least three times 176 

for each test and deviations around the mean will be expressed as error bars in the upcoming 177 

figures. 178 

A cylindrical ceramic wall is used to confine the flame and to mitigate heat losses. It has a 179 

length of 330 mm and a diameter of 152 mm. A quartz window is mounted on one side to provide 180 

optical access. A refractory chimney is mounted immediately downstream of the ceramic 181 

confinement and a stainless-steel probe is mounted at the chimney’s outlet, 450 mm downstream 182 

of the injection plane to measure the NO mole fraction in the exhaust gases. The probe is 80 mm 183 

long and it has an inner diameter of 4 mm. It is connected to a thermally-insulated flexible tube 184 

that feeds a gas analyzer (Horiba, model VA-3000, chemiluminescent sensor). The flexible tube is 185 

heated to 150C to prevent water condensation. Sensitivity and precision of NO mole fraction 186 

measurements are estimated to ~100 ppm and ±1%, respectively. More details are provided in 187 

[23]. For illustration purposes, time-averaged broadband flame images are recorded with a DSLR 188 
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camera (Nikon D700, AF-S Nikkor 24-70 mm F2.8G ED) with varying exposure times, an aperture 189 

of f/7.1, and an ISO number of 250. Stability limits (lean blowout, rich blowout, and flashback) 190 

are also measured with the same method as in [23].  191 

3. Results and discussion 192 

In [23], flames’ stability limits were measured for ammonia-methane fuel blends. For 193 

reference and also to facilitate comparisons with ammonia-hydrogen blends of interest here, 194 

stability limits were also measured for methane-hydrogen blends. These measurements are 195 

described in Sec. 3.1.1. Then, stability limits of ammonia-hydrogen-air and ammonia-hydrogen-196 

nitrogen-air flames are discussed in Sec. 3.1.2 and 3.1.3, respectively. Exhaust NO mole fractions 197 

measured for the aforementioned fuel blends are shown in Sec. 3.2. 198 

3.1 Stability limits 199 

3.1.1 Methane-hydrogen-air flames 200 

Figure 2 shows the measured stability limits (circle and triangle symbols) of methane-201 

hydrogen-air flames for methane volume fractions in the fuel blend ranging from xCH4 = 0 (pure 202 

hydrogen) to 1 (pure methane) for Sg = 1.00 and a Reynolds number Re = 5000. Circle and triangle 203 

symbols correspond to flashback and lean blowout, respectively. Consistent with expectations, the 204 

stable range (dark grey area) is a subset of the flammable range, depicted by the light grey area. 205 

The equivalence ratio of both flashback and lean blowout limits increase nearly linearly with the 206 

methane fraction increase. The equivalence ratio at lean blowout is  = 0.17 for pure hydrogen 207 

and  = 0.52 for pure methane. The equivalence ratio at flashback increases from  = 0.27 for pure 208 

hydrogen to  = 0.67 for pure methane. The range of stable operation marginally widens when the 209 

methane fraction increases but it is always around   0.15. Results of Karim et al. [40] clearly 210 

show that enriching methane with hydrogen improves reactivity and increases the flame speed 211 
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across the whole range of equivalence ratios. Therefore, progressively increasing the methane fuel 212 

fraction for the methane-hydrogen-air swirl flames examined here reduces the flashback 213 

propensity and promotes lean blowout. This is why the equivalence ratio of both flashback and 214 

lean blowout limits increase when methane progressively replaces hydrogen in Fig. 2.  215 

 216 
Figure 2. Stability limits of methane-hydrogen-air flames for different methane fractions in the 217 

fuel blend for Sg = 1.00 and Re = 5000. The light grey area corresponds to the flammable zone 218 

while the dark grey area corresponds to the stable zone bounded by flashback (circle) and lean 219 

blowout (triangle) limits. 220 

3.1.2 Ammonia-hydrogen-air flames 221 

Figure 3 shows the measured stability limits of ammonia-hydrogen-air flames for ammonia 222 

fractions in the fuel blend from xNH3 = 0 (pure hydrogen) to 1 (pure ammonia), also for Sg = 1.00 223 

and Re = 5000. Consistent with expectations, the measured stable range (dark grey area) remains 224 

a subset of the flammable zone (light grey area). Like with methane addition, adding ammonia to 225 

the fuel blend decreases chemical reactivity and, in turn, modifies the stability limits by increasing 226 

both the flashback and lean blowout equivalence ratios. The equivalence ratio at lean blowout first 227 

increases almost linearly from  = 0.17 to  = 0.38 between xNH3 = 0 and 0.70 but it then increases 228 
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rapidly up to  = 0.79 for xNH3 = 1.00. Across the whole range of equivalence ratios, increasing 229 

the ammonia fraction in the hydrogen-ammonia fuel blend decreases reactivity and flame speed 230 

[36], which promotes lean blowout. 231 

The behavior is different for the upper stability limit. Note that square symbols are now 232 

plotted as well (xNH3  0.7) and these correspond to rich blowout that, in some cases, defines the 233 

upper stability limit instead of flashback. Between xNH3 = 0 and 0.40, the equivalence ratio at 234 

flashback increases when the ammonia fuel fraction increases. This can also be explained by 235 

considering trends of the flame speed with increased ammonia fuel fraction [36]. However, for 236 

xNH3 > 0.50, the equivalence ratio at flashback increases much more rapidly compared to for 237 

xNH3 < 0.50. It increases from  = 0.47 for xNH3 = 0.50 to  = 0.90 for xNH3 = 0.70. The bulk velocity 238 

is comparable for all flashback conditions depicted by circle symbols in Fig. 3. Therefore, it can 239 

be argued that the turbulent flame speed is also comparable at these conditions. The laminar 240 

burning velocity plays a big role in controlling the turbulent flame speed (note that the Reynolds 241 

number is constant across all conditions in Fig. 3). Therefore, the non-linear trend of equivalence 242 

ratio at flashback as a function of the ammonia fuel fraction can be explained by the typical bell 243 

shape of the curve plotting the laminar burning velocity versus equivalence ratio and the fact that 244 

increasing the ammonia fuel fraction decreases the laminar burning velocity [36]. As the 245 

equivalence ratio gets closer to stoichiometric, any increment in ammonia fuel fraction requires a 246 

larger increment in equivalence ratio to maintain the laminar burning velocity constant compared 247 

to leaner conditions. This also explains the faster increase of equivalence ratio at lean blowout for 248 

xNH3 > 0.80 compared to smaller ammonia fuel fractions. Above an ammonia fuel fraction of 249 

xNH3 = 0.70, there is yet another sudden change of behavior. For xNH3 > 0.70, flashback does not 250 

occur when the equivalence ratio is increased above  = 0.90. Instead, rich blowout is ultimately 251 
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reached for equivalence ratios larger than 1. This transition behavior from flashback to rich 252 

blowout was observed previously in [23] for the ammonia fuel fractions in exceeds of 0.5 in 253 

ammonia-methane-air flames. In [23], transition from flashback to rich blowout roughly occurs 254 

for the ammonia fuel fraction yielding flashback for   1. This is because progressively increasing 255 

equivalence ratio above   1 or 1.1 reduces the flame speed [41,42] and is not likely to yield 256 

flashback if it did not already occur at a higher flame speed. Here, some data interpolation suggests 257 

that transition from flashback to rich blowout also roughly occurs for the ammonia fuel fraction 258 

yielding flashback for   1. Rich blowout occurs at an equivalence ratio close to  = 1.40 for 259 

xNH3 = 0.70. The equivalence ratio at rich blowout decreases down to  = 1.22 for pure ammonia.  260 

Consistent with experimental observations by others [13–15,18–20,43], these flame 261 

stability measurements show that ammonia addition to hydrogen allows widening the stable range 262 

of this swirl combustor. Contrary to previous work, the whole range of ammonia fractions in the 263 

fuel blends was investigated, from pure hydrogen to pure ammonia, which allows inferring the 264 

optimal ammonia fraction for flame stability. For this combustor and Re = 5000, the widest stable 265 

range is found for 0.70 < xNH3 < 0.80. It is   0.95 and it spans lean to rich equivalence ratios. 266 

This value is much larger than that obtained for pure hydrogen,   0.08, and pure ammonia, 267 

  0.43. 268 
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 269 
Figure 3. Stability limits of ammonia-hydrogen-air flames for different ammonia fractions in the 270 

fuel blend for Sg = 1.00 and Re = 5000. The light grey area corresponds to the flammable zone 271 

while the dark area corresponds to the stable zone bounded by rich blowout (square), flashback 272 

(circle), and lean blowout (triangle) limits. 273 

It is also interesting to examine the flames’ topology within these stability limits. This is 274 

done here with time-averaged broadband flame images recorded with a DSLR camera. Figure 4 275 

shows such images for ammonia-hydrogen-air flames for four different ammonia fuel fractions 276 

ranging from xNH3 = 0.40 to 0.70 for  = 0.40, Sg = 1.00, and Re = 5000. The exposure time is set 277 

to t = 1/6 seconds. 278 

 279 
Figure 4. Time-averaged broadband images of ammonia-hydrogen-air flames for four different 280 

ammonia fuel fractions ranging from xNH3 = 0.40 to 0.70 for  = 0.40, Sg = 1.00, and Re = 5000. 281 

These four flames all feature a V shape, which is very typical of premixed swirl flames in 282 

non-adiabatic combustors [44,45] and is, therefore, expected. They also have a similar size. 283 
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However, the two flames with the highest hydrogen fuel fraction slightly protrude upstream, inside 284 

of the injection tube. This is consistent with their closer proximity to flashback (see Fig. 3). It is 285 

interesting to note that these flames feature a white hue, also visible with the naked eye. A similar 286 

color has been observed before in [15], also for a very lean ammonia-hydrogen flame. This is 287 

different from the yellow hue typically associated with ammonia flames [23,26]. A comprehensive 288 

spectroscopic analysis of the chemiluminescence signature of these flames is being conducted and 289 

will be published elsewhere. 290 

Figure 5 shows time-averaged broadband images of ammonia-hydrogen-air flames for four 291 

different equivalence ratios ranging from  = 0.60 to 1.20 for xNH3 = 0.80, Sg = 1.00, and Re = 5000. 292 

The exposure time is set to t = 1/20 seconds. 293 

 294 
Figure 5. Time-averaged broadband images of ammonia-hydrogen-air flames for four different 295 

equivalence ratios ranging from  = 0.60 to 1.20 for xNH3 = 0.80, Sg = 1.00, and Re = 5000. 296 

These flames, that feature a larger equivalence ratio and ammonia fuel fraction than those 297 

of Fig. 4, now feature the yellow color typically associated with ammonia flames. These flames 298 

also feature a V shape and are globally longer and larger than those shown in Fig. 4. 299 

3.1.3 Ammonia-hydrogen-nitrogen-air flames 300 

Dissociating ammonia to produce hydrogen allows boosting the mixture’s chemical 301 

reactivity [5]. However, dissociating ammonia produces a hydrogen-nitrogen blends with a 3:1 302 

volume ratio. Therefore, ammonia-hydrogen-nitrogen fuel blends with a 3:1 hydrogen:nitrogen 303 

volume ratio should also be examined. Figure 6 shows the measured stability limits of ammonia-304 
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hydrogen-nitrogen-air flames for xNH3 = 0 to 1 and Sg = 1.00 and Re = 5000. The dashed lines 305 

correspond to the stability limits of ammonia-hydrogen-air flames already shown in Fig. 3 and are 306 

repeated for comparison purposes. Figure 6 shows that nitrogen dilution does not have a drastic 307 

effect on stability limits. On average, the equivalence ratios at flashback, lean blowout, and rich 308 

blowout are only increased by   0.05. To explain these trends, Fig. 7 plots the laminar burning 309 

velocity computed with Chemkin and the chemistry mechanism from Okafor et al. [29] as a 310 

function of equivalence ratio for different ammonia fuel fractions, with (solid lines) and without 311 

(dashed lines) nitrogen dilution. For the range of equivalence ratios relevant to the flashback limit 312 

of Fig. 6, it can be seen that effects of nitrogen dilution (3:1 hydrogen to nitrogen volume ratio) 313 

can always be compensated by a slight increase of equivalence ratio of around  = 0.05. This is 314 

roughly the magnitude of the shift between the curves obtained for ammonia-hydrogen and 315 

ammonia-hydrogen-nitrogen fuel blends in Fig. 6. Of course, using laminar burning velocity data 316 

to explain the stability limits of swirl flames is approximative, especially for very lean mixtures 317 

where chemistry mechanisms are not well validated. However, these laminar burning velocity data 318 

are consistent with the fact that nitrogen dilution (3:1 hydrogen to nitrogen volume ratio) do not 319 

drastically alter stability limits in terms of equivalence ratio. 320 
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 321 

Figure 6. Stability limits of ammonia-hydrogen-nitrogen-air flames for different ammonia 322 

fractions in the fuel blend (3:1 hydrogen:nitrogen volume ratio) for Sg = 1.00 and Re = 5000. The 323 

dark area corresponds to the stable zone bounded by rich blowout (square), flashback (circle), and 324 

lean blowout (triangle) limits. The dashed lines are repeated from Fig. 3. 325 

 326 

 327 

Figure 7. Laminar burning velocity computed with Chemkin and the chemistry mechanism from 328 

Okafor et al. [29] as a function of equivalence ratio for different fuel blends. Solid lines correspond 329 

to blends diluted with nitrogen. Dashed lines correspond to undiluted blends. Ranges of 330 

equivalence ratio are restricted to that relevant to the flashback limit of Fig. 6. 331 



 18 

3.1.4 Effects of the Reynolds number on stability limits  332 

Stability limits are controlled by a competition between the turbulent flame speed and the 333 

local velocity field. Because both of these quantities are modified when the Reynolds number is 334 

modified, it is interesting to conduct experiments for different Reynolds numbers. Figure 8 shows 335 

stability limits for three different Reynolds numbers Re = 3000 (pentagon), Re = 4000 (diamond), 336 

and Re = 7000 (star) for ammonia-hydrogen-air flames. The stable range measured for Re = 5000 337 

(dark grey area) is repeated from Fig. 3 for comparison purposes. For Re = 5000 and 7000, 338 

transition from flashback to rich blowout occurs around xNH3 = 0.70. Such transition occurs at a 339 

larger ammonia fuel fraction if the Reynolds number is reduced below 5000 with xNH3 = 0.80 for 340 

Re = 4000 and xNH3 = 0.90 for Re = 3000. This can be explained as follows. When the Reynolds 341 

number increases, by definition, the bulk jet velocity increases linearly which tends to retard 342 

flashback. At the same time, when the Reynolds number increases, turbulent velocity fluctuations 343 

increase and, in turn, the turbulent flame speed increases [46]. While the rate of increase of the 344 

turbulent flame speed ST with turbulent velocity fluctuations u’ is hard to predict, it usually follows 345 

a relationship of the form ST = SL (1+C(u’/SL)n), where n < 1 [46]. Therefore, it is expected that the 346 

bulk velocity would increase faster than the turbulent flame speed when the Reynolds number is 347 

increased in this study. This is why increasing the Reynolds number retards flashback and yields 348 

transition from flashback to rich blowout at a smaller ammonia fuel fraction, i.e. a more reactive 349 

mixture. At this point, it is not clear why increasing Reynolds number above Re = 5000 does not 350 

decrease the transitional ammonia fuel fraction. Regardless, over the range examined in this study, 351 

increasing the Reynolds number tends to boost the stable range of this swirl combustor for large 352 

ammonia fuel fractions. 353 
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 354 
Figure 8. Stability limits of ammonia-hydrogen-air flames measured near the transition from 355 

flashback to rich blowout for different Reynolds numbers Re = 3000 (pentagon), Re = 4000 356 

(diamond), and Re = 7000 (star) for Sg = 1.00. The dark grey area shows the stable range for 357 

Re = 5000 and is repeated from Fig. 3.  358 

3.2 Exhaust NO emissions 359 

3.2.1 Ammonia-hydrogen-air flames 360 

Ensuring flame stability is not sufficient in practical combustion devices. It is also 361 

necessary that harmful exhaust emissions remain within acceptable limits. For this reason, exhaust 362 

NO emissions were measured for operating conditions within the stability limits. Figure 9 shows 363 

the measured NO mole fraction in the exhaust of ammonia-hydrogen-air flames as a function of 364 

equivalence ratio for four different ammonia fuel fractions xNH3 = 0.70, 0.80, 0.90, and 1.00 for 365 

Sg = 1.00 and Re = 5000. To allow fair comparisons between rich and lean cases with different air 366 

dilutions, NO mole fractions are normalized for a 6% O2 mole fraction following the procedure 367 

described by [47]. Note that the range of equivalence ratios accessible for each ammonia fuel 368 

fraction is restricted by the flames’ stability limits (see Fig. 3). Figure 9 shows that the range of 369 

measured NO mole fractions is large, from less than 100 ppm, for example for   0.50 or  ≥ 1.10, 370 

to around 4,000 ppm for xNH3 = 0.80 and  = 0.85.  371 
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 372 
Figure 9. Measured exhaust NO mole fraction in ammonia-hydrogen-air flames in parts per 373 

million (ppm) as a function of equivalence ratio for xNH3 = 0.70 (triangle), 0.80 (circle), 0.90 374 

(diamond), and 1.00 (square) for Sg = 1.00 and Re = 5000. Results are normalized for a 6% O2 375 

mole fraction. 376 

Regardless of equivalence ratio, the NO mole fraction decreases when the ammonia fuel 377 

fraction increases. Pure ammonia has a better NO performance than ammonia-hydrogen fuel 378 

blends. This feature is in agreement with the literature [4,42,48], and may have various causes. A 379 

similar trend was observed before for methane-ammonia blends [49] and was attributed to the self-380 

inhibiting effects of ammonia on its oxidation, leading to lower NO emissions. This can also be 381 

partly explained by the larger concentration of OH radicals existing when the hydrogen fraction in 382 

the fuel is larger, which positively contribute to the production of NO [11,17,19,22,26,29,32,34]. 383 

Finally, at a given equivalence ratio, the flame temperature decreases with ammonia addition (see 384 

Table 1), in turn decreasing NO production via thermal pathways [34,35], which still accounts for 385 

a fraction of the total NO production [11,17,19,22,26,29,32,34]. 386 

For any ammonia fuel fraction, relatively large NO mole fractions are found for slightly 387 

lean to stoichiometric equivalence ratios. This is consistent with many previous studies 388 
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[10,11,29,12,15,17,21,22,25–27] and is attributed to the large OH mole fraction that contributes 389 

to NO formation via fuel NOx pathways [11,17,19,22,26,29,32–34]. On the other hand, low NO 390 

mole fractions (< 100 ppm) are found for very lean or rich ( ≥ 1.10) equivalence ratios. Results 391 

for rich conditions are also consistent with existing literature [12,19,22] and can be explained as 392 

follows. As the equivalence ratio progressively increases towards stoichiometric and rich, the 393 

increased availability of NH2 radicals promotes the reaction NH2 + NO → H2O + N2, which 394 

consumes NO [19,34]. 395 

The very good NO emission performance found for very lean equivalence ratios is of 396 

particular interest here. Good performance has been reported before for rich equivalence ratios but 397 

this implied that a second combustion stage is required to avoid unburnt ammonia and efficiency 398 

penalties [22,30,31]. The data reported in Fig. 9 demonstrate that stable operation with 399 

competitively good NO performance may be achieved without secondary combustion stage if 400 

sufficiently lean ammonia-hydrogen fuel blends are used. This is in line with results of [15]. Figure 401 

9 also shows that some hydrogen enrichment is required to stabilize these very lean flames. With 402 

this swirl combustor, good NO performance is possible for   0.70 and xNH3 = 0.90,   0.55 and 403 

xNH3 = 0.80, or   0.50 and xNH3 = 0.70. Note that methane enrichment instead of hydrogen 404 

enrichment did not allow stabilizing flames lean enough to achieve good NO performance in [23] 405 

even though decreasing equivalence ratio below   0.85 did also slightly improve performance 406 

for xNH3 = 0.50 and  xNH3 = 0.60. 407 

3.2.2 Ammonia-hydrogen-nitrogen-air flames 408 

Figure 10 shows the measured NO mole fraction in the exhaust of ammonia-hydrogen-409 

nitrogen-air flames (3:1 hydrogen:nitrogen volume ratio) as a function of equivalence ratio for 410 

three different ammonia fuel fractions xNH3 = 0.70, 0.80, and 0.90 for Sg = 1.00 and Re = 5000. 411 
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Again, results for ammonia-hydrogen fuel blends (dashed lines) are repeated from Fig. 9 for 412 

comparison purposes. Figure 10 shows that nitrogen dilution does not drastically alter exhaust NO 413 

mole fractions. Slightly better NO performance is found for lean equivalence ratios. To corroborate 414 

these measurements, the NO concentration in the post-flame region of 1-D laminar flames has 415 

been computed with Chemkin and the detailed chemistry mechanism from Okafor et al. [29] for 416 

xNH3 = 0.80 and a range of equivalence ratios. Results obtained for ammonia-hydrogen and 417 

ammonia-hydrogen-nitrogen fuel blends are shown in Fig. 11. Trends of computed NO 418 

concentration with equivalence ratio and nitrogen dilution in laminar flames match that measured 419 

in the swirl flames. For xNH3 = 0.80 and no nitrogen dilution, peak NO concentration occurs around 420 

 = 0.85 in both simulations and experiments. It is 4000 ppm in the experiments and 3400 ppm in 421 

the simulations. The NO concentration drops rapidly for either leaner or richer equivalence ratios. 422 

Regardless of equivalence ratio, nitrogen dilution (3:1 hydrogen to nitrogen volume ratio) 423 

decreases NO production in the simulations. For  = 0.85, it decreases from 3400 ppm to 3000 424 

ppm when nitrogen is introduced. For lean conditions, measured effects of nitrogen dilution on the 425 

NO concentration are well predicted by 1-D simulations. For rich conditions, 1-D simulations 426 

slightly over predict the decreases of NO production associated with nitrogen dilution. Regardless, 427 

it can be said that measured NO concentrations reported in Fig. 10 are consistent with 1-D 428 

simulations. 429 

All the conditions reported in Fig. 10 feature an adiabatic flame temperature much below 430 

that of a stoichiometric methane-air flame, which is known to produce around 100 ppm of NO 431 

[22], mostly through the thermal NOx pathways. However, the measured exhaust NO 432 

concentration is much above 100 ppm for most conditions (except  > 1.1) reported in Fig. 10. 433 

This shows that thermal NOx pathways can only be responsible for a marginal fraction of the total 434 
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NO produced. This is consistent with the literature [11,17,19,22,26,29,32–34]. For most conditions 435 

reported in Fig. 10, NO formation is mainly through the fuel NOx pathways and is sensitive to the 436 

OH concentration [11,17,19,22,26,29,32,34]. The slight reduction in NO exhaust concentration 437 

observed for ammonia-hydrogen-nitrogen compared to ammonia-hydrogen is most likely due to 438 

the reduction of OH concentration associated with N2 dilution. The thermal NOx pathways are 439 

larger contributors for rich conditions with NO concentrations around or below 100 ppm [32]. 440 

Figure 10 demonstrates that partially cracking ammonia into hydrogen-nitrogen and tailoring 441 

“very” lean ammonia-hydrogen-nitrogen-air mixtures are promising strategies to boost flame 442 

stability and improve NO performance in swirl combustors. Note that NO2 and N2O were not 443 

measured in this study but are also important to consider due to their toxicity and contributions to 444 

global warming. This will be done at a later stage. This could be particularly important for the 445 

“very” lean flames, which have been shown in [22] to generate large amounts of N2O. 446 
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 447 
Figure 10. Measured exhaust NO mole fraction in ammonia-hydrogen-nitrogen-air flames in parts 448 

per million (ppm) as a function of equivalence ratio for xNH3 = 0.70 (triangle), 0.80 (circle), 0.90 449 

(diamond), and 1.00 (square) for Sg = 1.00 and Re = 5000. Results are normalized for a 6% O2 450 

mole fraction. Results for ammonia-hydrogen-air flames (dashed lines) are repeated from Fig. 9. 451 

 452 

 453 

Figure 11. NO concentration in the burnt products of a laminar flames computed with Chemkin 454 

and the detailed chemistry mechanism from Okafor et al. [29]. For consistency with measured data 455 

(Fig. 10), these data have been corrected for a 6% oxygen concentration. 456 

 457 
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3.2.3 Comparisons with ammonia-methane-air flames 458 

Figure 12 shows the measured NO mole fraction in the exhaust of ammonia-hydrogen-air 459 

and ammonia-methane-air flames as a function of equivalence ratio for xNH3 = 0.80. These data are 460 

repeated from Fig. 9 for ammonia-hydrogen-air and from [23] for ammonia-methane-air. For 461 

xNH3 = 0.80 and  ≥ 0.80, trends and numbers of exhaust NO mole fractions are comparable for 462 

ammonia-hydrogen-air and ammonia-methane-air flames. The NO mole fraction is only slightly 463 

higher for ammonia-hydrogen fuel blends than for ammonia-methane-air fuel blends. The peak 464 

NO mole fraction is 4065 ppm for ammonia-hydrogen at  = 0.80 compared to 3750 ppm for 465 

ammonia-methane at  = 0.80. The likely reduction of NO concentration if equivalence ratio could 466 

be reduced below  = 0.8 for ammonia-methane cannot be confirmed with Fig. 12 due to flame 467 

stability limit restrictions. However, results of [22] show that NO production also reduces in 468 

ammonia-methane-air flames if the equivalence ratio is sufficiently decreased. Trends are similar 469 

for ammonia-hydrogen and ammonia-methane because, in both cases, NO is mainly produced via 470 

fuel NOx pathways [11,17,19,22,26,29,32–34], except for equivalence ratios sufficiently above 471 

unity. However, while the HCN intermediate plays a large role in the formation of NO via fuel 472 

NOx pathways for ammonia-methane blends [22,34], HCN is not present with ammonia-hydrogen 473 

blends and pure ammonia and the HNO intermediate contributes instead [11,26,29,32]. Regardless, 474 

the increase of NO production observed as the equivalence ratio increases towards   0.8 is due 475 

to the increasing concentration of OH radicals that positively contributes to NO formation via fuel 476 

NOx pathways [11,17,19,22,26,29,32,34]. As the equivalence ratio exceeds   0.8 and increases 477 

towards rich, the increased availability of NH2 radicals promotes the reaction 478 

NH2 + NO → H2O + N2, which consumes NO [19,34]. 479 
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 480 

Figure 12. Measured exhaust NO mole fraction in ammonia-methane-air (yellow triangles) and 481 

ammonia-hydrogen-air (black circles) flames in parts per million (ppm) as a function of 482 

equivalence ratio for xNH3 = 0.80 Results for ammonia-methane-air and ammonia-hydrogen-air 483 

flames are repeated from [23] and Fig. 9, respectively. 484 

Conclusions 485 

The stability limits and exhaust NO emissions of technically-premixed ammonia-486 

hydrogen-air and ammonia-hydrogen-nitrogen-air swirl flames were measured at atmospheric 487 

pressure. The main findings are: 488 

• It is possible to stabilize ammonia-hydrogen-air and ammonia-hydrogen-nitrogen-air flames 489 

for large ranges of ammonia fuel fractions and equivalence ratios. 490 

• If the ammonia fuel fraction exceeds a critical value, that depends on Reynolds number, 491 

flashback does not occur when the equivalence ratio is progressively increased and rich 492 

blowout occurs instead. As a consequence, the stable range of equivalence ratios is wider for 493 

ammonia fuel fractions exceeding this critical value. For Re = 5000, the critical ammonia fuel 494 

fraction yielding transition from flashback to rich blowout is xNH3 = 0.70. For Re = 5000 and 495 
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xNH3  0.70, swirl flames are stable if 0.32    1.40, covering very lean to rich equivalence 496 

ratios. 497 

• Adding nitrogen with a 3:1 hydrogen:nitrogen volume ratio to mimic ammonia 498 

cracking/dissociation does not significantly alter stability limits. 499 

• Consistent with previous studies by others, slightly lean and stoichiometric ammonia-500 

hydrogen-air flames produce large amount of NO but slightly rich ammonia-hydrogen-air 501 

flames yield good NO performance with NO mole fractions limited to ~100 ppm for  ≥ 1.10 502 

and xNH3 ≥ 0.80. More importantly, very lean ammonia-hydrogen-air flames (for example 503 

  0.70 for xNH3 = 0.90 or   0.45 for xNH3 = 0.70) also yield NO mole fractions limited to 504 

~100 ppm. At a fixed equivalence ratio, increasing the ammonia fuel fraction decreases NO 505 

emissions. 506 

• Adding nitrogen with a 3:1 hydrogen:nitrogen volume ratio marginally decreases NO 507 

emissions. 508 

These data demonstrate that dissociating ammonia into hydrogen-nitrogen and fueling 509 

swirl combustors with “very” lean ammonia-hydrogen-nitrogen-air mixtures is promising because 510 

stable flames and competitively low exhaust NO emissions can be achieved without the need for 511 

a secondary combustion stage. Other harmful species such as NO2 and N2O should also be 512 

considered and this will be done at a later stage. 513 
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