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Abstract 

Ammonia (NH3) is a promising alternative to fossil fuels, however, its combustion presents challenges 

such as low flame speed, low temperature and high NOx emissions. Therefore, new systems are required 

to overcome these difficulties. In this work, a new burner for NH3 combustion was designed, combining 

swirl and bluff-body recirculation, and tested for NH3/H2/air flames. Stability diagrams were obtained 

for 3 different thermal inputs to assess the operational range of the burner. Afterwards, NOx and NH3 

exhaust emissions were measured for 1.9 kW and for different equivalence ratios (φ) and NH3 molar 

fractions in the fuel (𝑥𝑁𝐻3), as well as measurements of temperatures, NOx and O2 concentrations 

throughout the inside of the combustor. Good stability with relatively wide operational ranges were 

verified, increasing with the thermal input, including for pure ammonia/air flames, achieved only for 

1.9 kW. Temperatures and NOx concentrations were higher in the recirculation zone. NOx concentrations 

increased with the increase of φ and with the decrease of 𝑥𝑁𝐻3 . Also, NOx concentrations decreased along 

the combustor axis, where selective non-catalytic reduction (SNCR) is believed to occur. Globally, the 

burner presented good operational characteristics, producing a wide range of data. Moreover, this work 

opens perspectives on the use of this burner design in future ammonia gas turbines. 

 

Keywords: Ammonia combustions, Swirl burner, Bluff-body flame stabilization, Experimental characterization, 

NOx concentrations, Laboratory-scale burner. 

1. Introduction 

There is an urgent need for new technologies to 

help the countries comply with the regulations im-

posed to reduce their greenhouse gas emissions. 

Renewable energy sources are a great way to op-

pose it, however their applicability is not as world-

wide as desirable. Having that in mind, the need of 

fossil fuel alternatives for power generation has 

grown in the past years. It is in this scenario that am-

monia (NH3) appears as a good solution to substi-

tute fossil fuels [1, 2]. Due to its carbon-free nature, 

ammonia will not produce CO2 during combustion, 

having a lower impact in global warming than other 

conventional fuels. NH3 production is well estab-

lished, which combines nitrogen (N2) with hydrogen 

(H2), the latest coming mostly from natural gas re-

forming. However, new ways to get H2 from renew-

able energy sources are being developed, reaching 

the so-called “green ammonia”. Additionally, am-

monia has been used for a long time, mainly as a 

fertilizer, meaning that a wide network for its pro-

duction and transportation is already existed. 

When compared to H2, which is another promis-

ing alternative to fossil fuels, NH3 has lower conden-

sation pressure and is less reactive, which means 

that can be stored and transported in liquid form 

and at lower pressure, making it safer and easier to 

transport and store. Adding the fact that NH3 pro-

duction and distribution network is already wide-

spread, these factors enhance its viability to be used 

and commercialized when compared to other op-

tions. Despite these advantages, NH3 combustion 

has some drawbacks that soon became noticeable, 

such as its low flame speed, narrow flammability 

range, long ignition delay times and high NOx emis-

sions [3–5]. NH3 has also a problem inherent to its 

toxicity, limiting its use to technologies with good 

control of leak and unburned NH3 emissions, and af-

fecting the public and institutional acceptance of its 

viability.   

After knowing the problems of burning ammo-

nia, the scientific community started to develop and 

explore ways to overcome them. Naturally, the first 



approaches were trying to use the same technolo-

gies used for other fuels. Some authors tried to use 

NH3 in compression-ignition (CI) engines [6–8] and 

others in spark-ignition (SI) engines [9]. The findings 

were similar and conclude that pure NH3 combus-

tion was not possible. Some authors experimented 

ammonia blends with hydrogen [6, 9], methane 

[10], dimethyl ether [11, 12] and even diesel [7]. 

With these mixtures it was possible to burn high 

quantities of NH3 improving the CO2 emissions but 

increasing NOx emissions. Observing the better op-

erability of NH3/H2 blends, which have enhanced 

flame speed and stability ranges than pure NH3, 

some authors tried to create this mixture, only sup-

plying NH3 and cracking it before ignition [13]. 

The approaches that followed, were trying to 

create gas turbine burners with the purpose of 

burning ammonia. It was started by using swirl 

burners to improve mixing and stability, also im-

proving the combustions characteristics [10, 14–

17]. Hayakawa et al. [15] explored the effects of the 

equivalence ratio, finding that fuel-rich conditions 

generate high levels of H2 while reducing NOx emis-

sions. Following their work, Kurata et al. [16] 

claimed to be the first time that pure NH3 power 

generation was achieved. They used a 50 kW micro 

gas turbine with a rich-lean staged of combustion 

approach and other combustions techniques. In 

their findings they conclude that this is the better 

way to achieve stable pure NH3 combustion with 

low emissions.   

In this context, this work presents and charac-

terizes a new burner developed to burn ammonia. 

NH3/H2 fuel mixtures were used and the stability 

range of the burner was assessed first for 3 different 

thermal inputs and a range of molar fractions of NH3 

in the fuel. After that, using the higher thermal in-

put, temperatures, NOx and O2 concentrations were 

taken throughout the inside of the combustor for a 

range of equivalence ratios and NH3 molar fractions 

in the fuel. NOx and NH3 exhaust emissions were 

also analysed. All these measurements aimed to 

provide data for the NH3 combustion literature and 

could be used for comparison and improvement of 

the numerical models used on this subject, as well 

as presenting a possible design for future gas tur-

bines. 

 

 

 

2. Material and methods 

2.1 Combustor  

 

 
Figure 1 – Schematic of the combustor with details of the bluff-
body and injection zones. In red it is represented the axis used 

for the measurements. All values in mm. 

Figure 1 shows a schematic of the combustor, in-

cluding details of the burner. The burner combines 

air swirl with a bluff-body to achieve better mixing 

and flame stability. It has two co-axial tubes for fuel 

and air injection. The swirl is created by the tangen-

tial air injection through 2 small tubes with internal 

diameter of 6 mm into the outer tube, with 38 mm 

of internal diameter, while the fuel (mixtures of NH2 

and H2 ) runs through the inner tube, with outer di-

ameter of 22 mm and thickness of 2 mm, being in-

jected radially, through 12 holes with 2 mm of diam-

eter, into the air stream 13.5 mm below the conical 

bluff body. The bluff body has a height of 20 mm, a 

base diameter of 22 mm and a top diameter of 34 

mm. A quartz tube is placed on the top of the burner 

to confine the flame. This tube is insulated with ce-

ramic wool to reduce heat losses. NH3 and H2 are 

fed to the burner from compressed bottles, while 

atmospheric air is injected from a compressor. Cali-

brated rotameters are used for controlling the air, 

NH3 and H2 flow rates. 
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2.2 Experimental techniques and uncertainties. 

In the flame stability tests, the molar fraction of 

NH3 in the fuel, 𝑥𝑁𝐻3, defined as 𝑥𝑁𝐻3  = 𝑉𝑁𝐻3/

(𝑉𝑁𝐻3 +  𝑉𝐻2), was varied from 0.5 to 1 and 3 fixed 

thermal inputs (0.7, 1.3 and 1.9 kW) were investi-

gated. To do so, volume flows of NH3 and H2 were 

kept constant for each condition, while the air flow 

was increased or decreased until extinction or un-

stable regime was detected visually, giving the max-

imum (rich limit) and the minimum (lean limit) 

equivalence ratio (φ) for each condition, respec-

tively. Flashback was detected when the flame sta-

bilized very near of the fuel injector holes. Each test 

was repeated, at least, 3 times, and repeatability 

was found adequate.  

Gas sampling from inside the combustor was ac-

complished using a stainless steel, water-cooled 

probe with an inner diameter of ~1 mm. The probe 

was fixed on a structure that allowed for axial and 

radial movements within the combustor. The O2 

concentration measurements were performed us-

ing a magnetic pressure analyser (Horiba, model 

CMA-331A) and the NOx concentration measure-

ments using a chemiluminescent analyser (Horiba, 

model CLA-510SS). The concentrations acquisition 

was made at 100 Hz for 30 seconds at least 6 times. 

For some conditions, dilution with N2 was necessary 

to bring the NOx values within the analyser scale.  At 

the exit of the combustor, in addition to the meas-

urements of O2 and NOx concentrations, Gastec de-

tector tubes were employed to measure the emis-

sions of NH3. These tubes have a minimum detec-

tion limit of 2 ppm, while allowing for quantitative 

assessments starting at 10 ppm. 

Temperatures inside the combustor were meas-

ured using a 76 μm diameter fine wire plati-

num/platinum-13% rhodium thermocouple 

mounted on a probe fixed on the same structure 

used for the gas species concentration measure-

ments. The temperature data acquisition was made 

at 100 Hz for 30 seconds at least 3 times. 

The maximum relative uncertainties for all the 

parameters evaluated in this work are represented 

in Table 1. 

 
Table 1 - Estimated uncertainties for the parameters evaluated. 

Parameter evaluated  Uncertainty  

𝑥𝑁𝐻3 4.4 % 

φ 2% 

temperature 2% 

NOx 18% 

O2 14% 

NH3 ± 50 ppm 

 

3. Results and discussion 

3.1 Flame stability  

In Figure 2  the results from the stability tests are 

represented. It is seen that for a given value of 𝑥𝑁𝐻3  

the flame stays stable for a relatively wide range of 

values of φ, except for 𝑥𝑁𝐻3  > 0.9, a condition that 

was only achieved  for the highest thermal input, 1.9 

kW. When the thermal input increases, the stability 

range is improved, mainly due the increase of the 

rich limit. The widest range of equivalence ratios for 

all the thermal inputs was seen for 𝑥𝑁𝐻3  = 0.7. From 

that point, the rich limit decreases while increasing 

𝑥𝑁𝐻3 due to the lower flame speed of the fuel mix-

ture and decreases with the decrease of the 𝑥𝑁𝐻3 

due the high content of H2, which makes the mix-

ture more reactive and causes flashback. In fact, for 

all the thermal inputs, for 𝑥𝑁𝐻3  < 0.7 flashback oc-

curred while reaching the rich limit, while for the 

other conditions the flame has simply extinguished.  

With increasing air, and thus decreasing equiva-

lence ratio and increasing the velocity and the swirl 

intensity of the flow, the phenomenon of blow-out 

was observed below the minimum equivalence ra-

tio for all conditions. Pure ammonia flames were 

achieved but the stability range narrows considera-

bly, especially due to the higher lean stability limit, 

φ ≈ 0.8, but also due to the lower rich limit, φ ≈ 1.1. 

These results show the need for improvement of 

the burner to be able to burn pure ammonia flames, 

probably increasing the thermal input used would 

widen the stability range of those flames. 



 
Figure 2 - Stability diagram for the thermal inputs studied. Filled symbols refer to the points where flashback occurred.

3.2 Test conditions and exhaust emissions 

 

Table 2 - Flame conditions and flue gas data. Thermal input for 
all flames was 1.9 kW. 

Flame 𝑥𝑁𝐻3  𝜙 NOx NH3 

(dry volume ppm @ 

13% O2) 

1 0.7 0.8 1302 14 

2 0.8 0.8 806 16 

3 0.9 0.7 248 75 

4 0.9 0.8 628 13 

5 0.9 0.9 661 15 

 

After getting the stability across the thermal in-

puts, it was decided to work with the highest one, 

1.9 kW and 5 flame conditions were defined to 

study and make the measurements. Altogether, 

they allow for an assessment of the effects of φ and 

𝜒𝑁𝐻3  on the performance of the combustor. Table 2 

shows the 5 flame conditions, also represented in 

Figure 3, and their exhaust values of NH3 and NOx. 

Looking at the values, NH3 emissions remain rel-

atively low and close to each other, exception made 

for flame 3, which has a considerably higher value. 

NOx emissions decreased while increasing 𝜒𝑁𝐻3 and 

were similar while varying φ, exception made again 

for flame 3, which has lower value. Both results for 

flame 3 can be an indicator of poorer NH3 conver-

sion or incomplete combustion in this condition. 

 
Figure 3 - Stability diagram for 1.9kW. Stars represent the flame 
conditions studied for all the measurements listed in Table 2. 

As mentioned before, this work aimed to give an 

extensive data from the inside of the combustor, 

therefore all the measurements were taken for a “r” 

and “z” couple, being “r” the radial distance from 

the combustor center and “z” an axial distance from 

the bluff-body level. “r” values were varied from 0 

to 30 mm with 5 mm of increment. The “z” values 

were varied with increasing increments down-

stream, being z= 30, 50, 70, 90, 120, 150, 200, 250 

and 300 mm. 
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Figure 4- Temperature, NOx and O2 concentrations along the radius for all heights (z) studied. This graph represents the results for flame 4 

(𝑥𝑁𝐻3 =0.9 and φ = 0.8). 

 

3.3 In-flame data 

In Figure 4 it is represented the temperature dis-

tribution, the NOx and O2 concentrations across the 

radius (r) for all heights (z) for flame condition 4 

(𝑥𝑁𝐻3 = 0.9 and φ = 0.8), which are the conditions 

common both to φ and 𝑥𝑁𝐻3 variations studied. 

Looking carefully to Figure 4, and focusing on 

the temperature profiles, it can be observed that 

temperatures, generally had a slight increase until z 

= 50 mm and decrease afterwards being in values 

possible for secondary reactions to occur. The max-

imum temperatures were recorded for z ≤ 50 mm 

and r ≤ 15 mm for all flame conditions, which can be 

considered inside the recirculation zone. 

 For r > 20 mm and z ≤ 90 mm lower tempera-

tures were observed than for the other radial posi-

tions. From that height, the values for r > 20 mm 

started to be close to the other ones, being the tem-

perature profile across the radius relatively con-

stant for z’s close to the exit of the combustor. 

In Figure 5 the graphs are represented with the 

variation, for each z, of the temperature along the 

radius and a comparison between the equivalence 

ratios (a) and the molar fractions of NH3 in the fuel 

(b) used. In the first graph (a) we can see that the 

temperature increases with the increase of the 

equivalence ratio. However, for most of the heights, 

the temperatures of φ=0.9 and φ=0.8 are closer 

when comparing to φ=0.7. This happens because 

while we are decreasing the equivalence ratio, we  
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Figure 5 – Temperatures along the r for each z. a) The curves represent the equivalence ratio variation at a fixed NH3 molar fraction 

(𝑥𝑁𝐻3 = 0.9). b) The curves represent the variation of the NH3 molar fraction in the fuel for a fixed equivalence ratio (φ=0.8). 

 

are subsequently increasing the air used for com-

bustion, which means that there is more O2 and N2 

during and after combustion, leading to reduced 

temperatures.  

Observing the second graph (b), the temperatures 

are more similar between the flame conditions than 

the first one, only having more different values be-

tween the curves for z’s closer to the bluff body. 

This is probably because we are using the same 

equivalence ratio, which gives a similar air flow rate 

and a similar afterburn concentrations of O2 

throughout the combustor. In general, the temper-

atures increase with the decrease of the NH3 molar 

fraction in the fuel. This was expectable since in this 

way we are increasing the H2 molar fraction, which 

is more reactive and has a higher flame tempera-

ture than NH3, therefore increasing the flame tem-

perature of the mixture. 

Looking again to Figure 4, and focusing in NOx 

concentrations it is easily observable that, as for the 

temperatures, the NOx concentrations for r > 20 mm 

and z < 120 mm are much lower than for the other 

radial positions, since in this region there is no com-

bustions and the temperatures are not enough to 

produce NOx. Still regarding the NOx, the higher val-

ues were recorded for what it was considered to be 

the recirculation zone, r < 20 mm and z < 120 mm, 

which is a zone with higher temperatures and 

higher concentration of combustion products, in 

this case NOx. The concentration of NOx increased 

while getting closer to the bluff body and the center 

of the combustor. After z = 120 mm the NOx differ-

ences between the center and the other radial po-

sitions starts to decrease being almost constant at 

the exit. 

For r < 20 mm, a decrease of NOx concentration 

can be seen across the axial axis (z), which could be 

explained by species diffusion caused by the flow, 

however, it may not be the only mechanism occur-

ring there. For z > 70 mm, in theory, selective non- 
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Figure 6 – NOx profiles along the radius (r) for all heights (z). (a) conditions with the same NH3 molar fraction (𝑥𝑁𝐻3 =0.9) and (b) conditions 

with the same equivalence ratio (φ = 0.8). 

 

catalytic reduction (SNCR) could be taking place, 

where some ammonia that had not been consumed 

in combustion may be consumed in this region re-

ducing NOx, since the temperatures are in favoura-

ble values for this phenomenon to happen. 

In an attempt to assess the symmetry of the 

flames, temperature measurements were made for 

symmetrical radial position, relative to the combus-

tor axis. It was found that the values had small dif-

ferences between each other, only few points hav-

ing more significant discrepancies. These findings 

help to conclude that, due to the nature of the flow 

of this burner, there is reasonably good symmetry 

on the flame. 

Still analysing Figure 4 and looking to the O2 pro-

files, it can be seen that, like NOx concentrations, for 

z > 120 mm the O2 concentration tends to stabilize 

across the radial positions becoming relatively 

constant. For z < 120 mm we can notice 3 different 

behaviors. For r < 20 mm the values of O2 remain 

low, slightly increasing across the radius. As men-

tioned, this region corresponds to the recirculation 

zone, therefore it was expected that the O2 concen-

tration was low. For r = 20 mm, there is a peak of 

the O2. This radius is near the injection zone of the 

reactants which mean that, depending on the con-

dition and the height, the maximum O2 is recorded 

for this radius because the combustion is not hap-

pening yet in this region making the O2 injected in 

there not yet consumed. This peak was observed at 

r = 20 mm for all flames. For r > 20 mm, O2 concen-

tration decreases again, being slightly higher than 

the values for r < 20 mm. This could happen due to 

the fact that this is a zone outside the recirculation 

zone, where there is no combustion and there is 
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some non-consumed O2 from the reactants present 

there. 

In Figure 6 it is represented a comparison of the 

NOx concentrations while varying the φ (Figure 

6 (a)) and the 𝑥𝑁𝐻3  (Figure 6 (b)). Looking to Figure 

6 (a) it can be seen that the profile tendencies for φ 

= 0.8 and φ = 0.9 are similar being the values pretty 

close between them, and overall higher for φ = 0.9, 

verifying only a greater difference for the zone of r 

< 20 mm and z < 70 mm. For φ = 0.7, the tendency 

for lower z’s is much different from the other 2 con-

ditions and the values for all heights are considera-

bly lower. This fact could indicate that, for some rea-

son, incomplete combustion could be happening 

which would mitigate NOx production during the 

combustion process. On the other hand, an incom-

plete combustion, in theory, would lead to a higher 

amount of unburned fuel in the products which 

could be the same to say higher amount of NH3. This 

theoretical increase of NH3 presence in the products 

could improve the SNCR intensity reducing the al-

ready lower concentration of NOx. 

Looking now to Figure 6 (b), it is worth mention-

ing that for flame 1 (blue line), measurements were 

not completed due to technical issues with the ana-

lyser, but for comparison, the measured values are 

presented here. Comparing the flames 2 (red line) 

and 4 (black line), it can be seen that the tendencies 

are very similar to each other on every height (z), 

being the values for flame 2 always higher than 

flame 4. However, for the recirculation zone (r < 20 

and z < 70), the difference between the values is 

considerably higher than in the other regions. Also, 

it can be seen that, for flame 1, the values of NOx 

concentration are much higher for all measured 

points than for the other flames, being the differ-

ence between flame 1 and 2 also much higher than 

between flame 2 and 4. This increase on NOx con-

centration with the decrease of NH3 molar fraction 

in the fuel (𝑥𝑁𝐻3) observed here is directly corre-

lated with the fact that while decreasing the quan-

tity of NH3, in this dual fuel approach adopted for 

this work, it is increased the quantity of H2 present 

in combustion. The increase of H2 concentration in 

the fuel makes the mixture more reactive due to the 

H2 higher reactivity, higher flame speed and higher 

flame temperature than NH3. This increase in the 

mixture reactivity will increase the generation of OH 

and O radicals due to the H2 oxidation pathways. 

These radicals are fundamental for the HNO path-

way, which is the most important on the NO for-

mation [18, 19]. In this way the increase of H2 in the 

fuel mixture will lead to higher intensity in the 

chemistry behind NOx formation increasing the val-

ues of NOx concentration. 

The same kind of comparisons made in Figure 6 

can be made for O2 concentrations. Generally, the 

profiles have similar tendencies for all the flames. 

As expected, the O2 concentrations increased while 

decreasing the φ because of the higher excess air 

used for combustion. While varying the 𝑥𝑁𝐻3, the O2 

concentration profiles remain very close to each 

other, mainly due the fact that they all have the 

same equivalence ratio, therefore the amount of air 

used for combustion are very similar resulting in 

similar afterburn O2 concentrations. For all flames, 

the profiles near the exit are practically constant. 

Overall, the developed burner worked well for 

the proposed study showing good stable operation 

conditions. The flame was stable during all the ex-

tensive measurements done in the scope of this 

work. The burner revealed to work well with high 

amounts of NH3 in the fuel mixture and with good 

emissions for some of the conditions. 

 

4. Closure 

 

4.1 Conclusions  

 

The main conclusions from this work can be 

summarized as follows: 

• Stability tests showed relatively wide oper-

ational ranges for all 𝑥𝑁𝐻3and for all ther-

mal inputs. The stability increased with the 

thermal input and the maximum φ was 

verified for 𝑥𝑁𝐻3 = 0.7 in all of them. 

• Pure ammonia flame was achieved only for 

1.9 kW, but still with narrow operational 

range. 

• Maximum temperatures were recorded 

for z ≤ 50 mm and r ≤ 15 mm, which is in-

side the recirculation zone. Temperature 

decreases with the decrease of the equiva-

lence ratio, due to the higher concentra-

tion of O2 and N2 during combustion and in-

creases with the decrease of 𝑥𝑁𝐻3 due to 

the higher reactivity and flame tempera-

ture of H2 



• Exhaust measurements showed that NOx 

emissions increase with the decrease of 

the 𝑥𝑁𝐻3. While varying the equivalence ra-

tio, exhaust NOx was relatively similar ex-

ception made for flame 3 (𝑥𝑁𝐻3= 0.9 and φ 

= 0.7), which gave a lower value. Exhaust 

ammonia was found low, except for flame 

3, which gave a relatively high value.  

• O2 concentrations inside the combustor 

were similar while varying 𝑥𝑁𝐻3  and in-

creased with the decrease of φ, having all 

the flames a peak of O2 at r = 20 mm. NOx 

concentrations were higher inside the re-

circulation zone and for lower z’s. There 

was a decrease of NOx concentrations 

along the axis (z) due to the species diffu-

sion and SNCR mechanism, since the tem-

peratures along the combustor are in pos-

sible values for that to happen. 

• NOx concentrations decrease with the de-

crease of the equivalence ratio however, 

they are close for φ = 0.9 and 0.8 and con-

siderably lower for φ = 0.7. Also, they in-

crease with the decrease of 𝑥𝑁𝐻3  due to 

the higher content of hydrogen, which 

prompts the generation of OH and O radi-

cals that favours the NO formation.  

 

4.1 Recommendations for future work  

 

Despite the success of the burner operation, 

some improvements, modifications and different 

techniques can be applied. 

Using different techniques to measure species 

and temperatures would be of great interest be-

cause the ones used in this work are intrusive tech-

niques which certainly will interfere with the flame. 

In this way it will be possible to assess the influence 

of the probes in the values obtained. Moreover, 

with different techniques it could be possible to 

measure different species rather than NOx and O2 

inside the flame which are of interest for better un-

derstanding of what is happening in the combustion 

zone. 

Also, to optimize operational conditions, the 

burner should be tested with higher thermal inputs, 

either to see the maximum supported and to see if 

it can be obtained wider stability for pure ammonia. 

To reduce NOx emissions and production, this 
burner could be tested in rich regime, differently 
from the lean regime that was used in this work, 
which is known to have lower NOx emission. How-
ever, emission of unburned ammonia must be care-
ful assessed, which could be dangerous and threat-
ening for humans. Despite this, using a rich regime 
in this combustor, in theory could open the possibil-
ity of using a second stage of combustion after the 
exit of the combustor. This would make it possible 
to, for example, inject a second combustion air and 
burn the unburnt fuel from the first stage. If neces-
sary, air and fuel could be injected in the second 
stage to help to stabilize the secondary flame. In this 
way NOx production could be reduced in the first 
stage and produce lower concentrations of NOx in 
the lean secondary stage while having near zero un-
burned fuels.  

Regardless of all these possibilities, this burner 

is a laboratory scale combustion rig so that the ap-

plicability of the techniques employed here should 

be investigated when applied to practical industrial 

size burners that can be used, for example, in gas 

turbines for electricity production. 
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