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Abstract: The replacement of hydrocarbon fuels by ammonia in industrial systems is challenging 

due to its low burning velocity, its narrow flammability range, and a large production of nitric oxide 

and nitrogen dioxide when burned close to stoichiometric conditions. Cracking a fraction of ammo-

nia into hydrogen and nitrogen prior to injection in the combustion chamber is considered a prom-

ising strategy to overcome these issues. This paper focuses on evaluating how different levels of 

ammonia cracking affect the overall burning velocity, the lean blow-off limit, the concentration of 

nitric oxide and nitrogen dioxide, and the flame response to acoustic perturbations. Swirl stabilized 

premixed flames of pure ammonia–air and ammonia–hydrogen–nitrogen–air mixtures mimicking 

10%, 20%, and 28% of cracking are experimentally investigated. The results show that even though 

ammonia cracking is beneficial for enhancing the lean blow-off limit and the overall burning veloc-

ity, its impact on pollutant emissions and flame stability is detrimental for a percentage of cracking 

as low as 20%. Based on an analysis of the flame dynamics, reasons for these results are proposed. 

Keywords: flame dynamics; carbon-free fuel; NOx emissions; premixed flame; lean blow-off 

 

1. Introduction 

In the global context of mitigation of greenhouse gas emissions, carbon-free fuels 

such as ammonia (NH3) and hydrogen (H2) are considered alternative solutions to hydro-

carbon fuels in combustion-based energy conversion systems [1–3]. Despite a low higher 

heating value of 22.5 MJ/kg, NH3 has the advantage of a high density at ambient temper-

ature and relatively low pressures, as it liquefies at 8.88 bar for a temperature of 294 K. 

Therefore, storage and transportation of ammonia are key advantages compared to other 

carbon-free fuels. However, the combustion of ammonia has numerous challenges, such 

as a narrow range of flammability [4], a low burning velocity, and large pollutant emis-

sions such as nitrogen oxides (NOx), nitrous oxide (N2O), and unburned NH3 [1,5–7]. To 

increase the flammability range and accelerate the burning velocity, previous studies have 

demonstrated that cracking a fraction of ammonia into H2 and nitrogen (N2) prior to com-

bustion could be very efficient [4–6,8–11]. 

For example, a significant improvement in stability limits has been observed in [4] 

for turbulent ammonia–hydrogen flames by increasing the hydrogen ratio in the fuel com-

position. However, in the case of pure ammonia flames, it has been concluded that adopt-

ing a high-swirl flow of premixed pure ammonia–air flame achieved stabilization without 

the need for fuel blends [12]. Unfortunately, increasing the swirl number tends to narrow 

the operational range [13]. For NOx emissions, rich ammonia–hydrogen blends were 

tested, and a notable NOx reduction could be obtained, but at the expense of lowering 

combustion efficiency [14]. Recently, a numerical study also showed that hydrogen addi-

tion could significantly lower the NO concentration of the burned gases in a domestic 

burner [15]. As for lean ammonia–hydrogen flames, a promising NOx performance was 
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observed for very lean ammonia–hydrogen-air flames, with NO mole fractions limited to 

~100 ppm [4,16]. In [17], it was shown that the relative concentration of NH3 and H2 in 

blends of these fuels could have a dramatic impact on the NO2 concentration in the burned 

gases. The best blend for lean combustion was found to be 95% of NH3 and 5% of H2 (in 

volume). Another strategy studied for the reduction of NOx emissions was to burn am-

monia in a two-stage, rich-lean combustor [18,19]. Note that premixed flames of hydrogen 

and blends of hydrogens with other fuels are known to be susceptible to thermo-diffusive 

instabilities [20–22]. 

Another important aspect to consider, especially for gas turbine applications, is the 

flame dynamics and, more specifically, the susceptibility to thermoacoustic instabilities. 

Thermoacoustic instabilities can happen if a flame is strongly responsive to acoustic per-

turbation of the incoming flow. The response of premixed hydrocarbon-air swirl flames 

to acoustic modulation of the flow has been extensively studied, and it is relatively well 

understood [23–30]. The flame roll-up around a vortex shed in the shear layer at the exit 

of the injection tube (flame vortex roll-up), and the swirl number fluctuation controls the 

flame response to perturbations. Recently, Wiseman et al. [30] compared partly cracked 

ammonia flames with methane flames. They showed that the cut-off frequency for partly 

cracked ammonia flames was higher than for methane flames and that the phase gradient 

was lower. In other words, they demonstrated that partly cracked ammonia-premixed 

flames could be susceptible to thermoacoustic instabilities for a larger range of acoustic 

frequencies than methane flames. However, as in their study, only large fractions of am-

monia cracking were considered, and the critical level of hydrogen addition to having a 

responsive flame was not investigated. 

The objective of the present study is to provide a comprehensive assessment of the 

effect of cracking on the lean blow-off, overall burning velocity, pollutant emissions, and 

flame susceptibility to the thermoacoustic coupling of ammonia flames. This study is per-

formed in an atmospheric pressure swirl burner of a few kilowatts of thermal power. The 

results show that even though ammonia cracking can enhance the lean blow-off limit and 

the overall burning velocity, its impact on pollutant emissions and flame stability is det-

rimental for a percentage of cracking as low as 20%. 

2. Materials and Methods 

In this section, first, the experimental setup and the diagnostics utilized are de-

scribed. Then the methodology followed is detailed. Uncertainties and limitations of this 

study are also discussed. 

2.1. Experimental Setup 

The experimental setup utilized in this study has been presented in detail in [28,31]. 

It consists of an atmospheric pressure swirl stabilized burner equipped with an acoustic 

forcing system. The flames are stabilized over a rod 10 mm in diameter using a swirling 

flow produced by a radial swirler of 1.67 swirl number (calculated based on [32]). The 

flames are confined in a quartz tube of 70 mm in inner diameter and 200 mm in length, 

except otherwise specified. Four different fuels were studied: pure ammonia and three 

mixtures of NH3, H2, and N2, mimicking the thermal cracking of ammonia upstream of 

the burner. The percentage of cracking, , is defined as: 

𝛼 =
𝑌𝐻2+𝑌𝑁2

𝑌𝑁𝐻3+𝑌𝐻2+𝑌𝑁2

 , (1) 

with 𝑌𝐻2
, the mass fraction of hydrogen, 𝑌𝑁2

, the mass fraction of nitrogen, and 𝑌𝑁𝐻3
, the 

mass fraction of ammonia. With this definition, the balance equation for the stoichiometric 

combustion of partly cracked ammonia is: 

(1 − 𝛼)NH3 + 𝛼 (
3

2
H2 +

1

2
N2) +

3

4
(O2 + 3.76N2) →

3

2
H2O + 3.32N2. (2) 
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The three blends of NH3, H2, and N2 studied in this work correspond to 10% cracking, 

20% cracking, and 28% cracking. This maximal cracking of 28% was chosen because, at 

this condition, the flammability limits approach those of methane–air flames [8]. Table 1 

summarizes the mass flow rates of the gases for each of the conditions studied during the 

investigation of the flame response to acoustic modulation of the flow. For all conditions, 

the equivalence ratio was 0.95, the bulk flow velocity was 7 m/s, and the flame thermal 

power (calculated for adiabatic combustion) was about 3.4 kW. The corresponding Reyn-

olds number was around 4500. 

Table 1. Mass flow rates for the four fuel–air blends utilized for the measurements of the flame 

transfer functions. The equivalence ratio was 0.95, the bulk flow velocity was 7 m/s, and the corre-

sponding thermal power released during adiabatic combustion was about 3.4 kW. 

Condition 
Ammonia 

(SLPM) 

Hydrogen 

(SLPM) 

Nitrogen  

(SLPM) 

Air  

(SLPM) 

Pure NH3 15.53 0 0 58.36 

10% cracking 13.69 2.28 0.76 57.15 

20% cracking 11.92 4.47 1.49 56.01 

28% cracking 10.56 6.16 2.05 55.12 

A perfect mixture of all gases was injected into the burner; therefore, the flames could 

be classified as perfectly premixed. Figure 1 presents examples of direct visualization of 

these four flames obtained with a DSLR camera with an exposure time of 67 ms. Both the 

color and the shape of the flames are different. This will be discussed in Section 3.1. 

 

Figure 1. Direct visualization of ammonia, ammonia at 10% cracking, ammonia at 20% cracking, 

and ammonia at 28% cracking flames, with a thermal power of 3.4 kW, a bulk flow velocity of 7 m/s, 

an equivalence ratio of 0.95, and a swirl number of 1.67. 

The acoustic forcing was obtained with the help of a loudspeaker located at the bot-

tom part of the burner (see Figure 2). A function generator was used to generate the sine 
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signals at the targeted frequencies, sent to an audio amplifier connected to the loud-

speaker. More details can be found in [28,31]. 

 

Figure 2. Schematic representation of the experimental setup with diagnostics. 

2.2. Diagnostics 

Figure 2 presents a schematic representation of the experimental setup with the di-

agnostics utilized in this study. Measurements of velocity, heat release rate (HRR), aver-

age concentrations of NO and NO2 in the burned gases, as well as chemiluminescence 

imaging of the flames were performed. 

A hot wire anemometer (Dantec miniCTA) was located 1.5 cm upstream of the 

swirler and utilized to characterize the acoustic forcing of the incoming flow. Due to the 

large difference between the thermal conductivity and density of the gases, a calibration 

of the hot wire for each of the four flammable mixtures was necessary. Figure 3 presents 

the calibration plots obtained for velocities up to 10 m/s. The overall uncertainty of the 

velocity measurements is estimated to be about 10%. It is mainly induced by the calibra-

tion procedure and apparatus. In Figure 3, the error bars correspond to the maximal dis-

crepancy between two measurements at the same condition. 
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Figure 3. Output voltage of the hot-wire anemometer as a function of the flow velocity for the four 

mixtures used in this study. Error bars correspond to the maximal discrepancy between two meas-

urements at the same condition. 

The determination of HRR fluctuation was necessary to quantify the response of the 

flame to acoustic modulation of the flow. As the gases were perfectly premixed, OH* 

chemiluminescence was used as a tracer of HRR [30,33,34]. The light emitted by the flames 

was focused with a convex length (75-mm focal length) on a photomultiplier tube (PMT, 

Hamamatsu Model H10721) equipped with a bandpass filter centered at 310 nm, with an 

FWHM of 10 nm (ASAHI model ZBPA310). 

The dynamics of the flame were analyzed based on phase-locked imaging of OH* 

chemiluminescence. An intensified CCD camera (Princeton Instrument, Pimax 4) 

equipped with a bandpass filter centered at 310 nm, with an FWHM of 10 nm (ASAHI 

model ZBPA310), was utilized. The synchronization between the acoustic forcing and the 

camera was obtained with the help of a function generator (NF WF1973). 

Finally, the composition of the exhaust gases was analyzed using a commercial gas 

analyzer (Testo 350) equipped with NO, NO2, and O2 sensors. The uncertainty in the con-

centration measured was about ±5 ppm for measured values between 0 and 99 ppm, ±5% 

for measured values between 100 and 1999 ppm, and ±10% for measured values between 

2000 and 4000 ppm for NO; ±5 ppm for measured values between 0 and 99 ppm and ±5% 

of measured value between 100 and 500 ppm for NO2, and ±0.8% for O2. 

2.3. Methods 

The lean blow-off limit of a flame was determined, starting from a stable flame, by 

gradually increasing the airflow at a slow speed of 1 SLPM per minute. Each measurement 

was repeated four times. The equivalence ratio at blow-off was reached when no more 

flame was visible in the combustion chamber. At this point, the corresponding bulk flow 

velocity was calculated. It was slightly higher than the initial bulk flow velocity due to the 

increase in airflow. 

The flame transfer functions (FTFs) quantify the response of a flame to acoustic mod-

ulation of the incoming flow for a large range of acoustic frequencies. For relatively small 

amplitudes of these fluctuations (typically less than 15% of the mean flow velocity), the 

response of the flame is linear. The FTF can be defined as the ratio of HRR relative fluctu-

ation to velocity relative fluctuation in the frequency domain: 

𝐹(𝑓) =
�̂̇�(𝑓)/�̇�

�̂�(𝑓)/𝑢
 , (3) 

where �̇� is the HRR, 𝑢 is the axial velocity of the incoming flow, and 𝑓 is the frequency. 

The symbol 𝑋 ̂ denotes the Fourier transform of 𝑋, and 𝑋 is its average value. The FTF 

can also be expressed in terms of a gain, 𝐺, and a phase, 𝜑, such as: 

𝐹(𝑓) = 𝐺(𝑓)e𝑖𝜑(𝑓). (4) 

In Equation (4), 𝐺  reflects the magnitude of the flame response, while 𝜑  corre-

sponds to the delay between the global HRR fluctuations and the velocity fluctuations, 

measured by the hot wire. For the entire range of frequencies, i.e., between 16 and 670 Hz, 

the amplitude of the velocity fluctuation was kept constant at 10% of the mean flow ve-

locity. For each forcing frequency, the acoustic forcing signal (sinusoidal wave produced 

by a function generator, sent to the audio amplifier connected to a loudspeaker installed 

at the bottom of the burner), the hot wire signal, and the PMT signal were recorded for 10 

s by an oscilloscope (Agilent Technologies Infiniium, 2.5 GHz, Santa Clara, California, 

United States), with a sampling rate of 20 kHz. For each forcing frequency, the amplitude 

of the acoustic forcing was adjusted by changing the amplitude of the sine wave generated 

by the function generator until the hot wire measured a velocity oscillation of 10% of the 

bulk flow velocity. Then the measurements were recorded. 

https://www.google.com.hk/search?q=Santa+Clara&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDTNMbBQ4gAxi8ySK7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYuYMT80oSFZxzEosSd7Ay7mJn4mAAAOVRp6lZAAAA&sa=X&ved=2ahUKEwjvvqegmOT8AhV8pmMGHQHQCYUQmxMoAXoECGgQAw
https://www.google.com.hk/search?q=Santa+Clara&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDTNMbBQ4gAxi8ySK7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYuYMT80oSFZxzEosSd7Ay7mJn4mAAAOVRp6lZAAAA&sa=X&ved=2ahUKEwjvvqegmOT8AhV8pmMGHQHQCYUQmxMoAXoECGgQAw
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The average concentration of NO and NO2 was measured in the quartz tube, 4 cm 

below its upper end. For these measurements, the length of the quartz tube was 40 cm to 

ensure good mixing of the burned gases at the location of sampling. A scan over the di-

ameter of the tube (70 mm) was performed, and the results obtained were averaged. For 

a given combustion condition, the root mean square (RMS) error of the concentrations 

obtained during a scan was negligible compared to the measurement uncertainty. There-

fore, the error bars in the figure correspond to the measurement uncertainties. 

Flame dynamics were studied for a unique forcing frequency of 192 Hz. This fre-

quency has been chosen because it corresponds to a local maximum of flames of ammonia 

at 20% and 28% cracking, as will be shown in Section 3.4. The period was split into 10 

phase intervals of 36°. For each phase interval, 2000 snapshots at a 250 s exposure time 

were recorded and averaged. Since the mean flames were symmetric, Abel deconvolution 

could be applied to obtain the spatial distribution of OH* chemiluminescence in the cen-

tral plane. Phase 0° in the figures corresponds to 𝑢 = 𝑢 and 𝜕𝑢 𝜕𝑡⁄ > 0 at the location of 

velocity measurements, i.e., 6 cm upstream of the top of the central rod. 

3. Results 

In this section, first, the effect of ammonia cracking on the overall burning velocity is 

presented. Then the lean blow-off limits for the four mixtures investigated are summa-

rized. The third subsection focuses on the average concentrations of NO and NO2 in the 

burned gases. Finally, the FTFs of the flames presented in Figure 1 are reported (Supple-

mentary). 

3.1. Effect of Ammonia Cracking on the Overall Burning Velocity 

The overall burning velocity can be determined from the mass conservation across 

the flame front: 

�̇� = 𝜌𝐴𝑓𝑙𝑆𝑓𝑙, (5) 

where �̇� is the mass flow rate of the unburned mixture, 𝜌 is the density of the unburned 

mixture, 𝐴𝑓𝑙  is the flame surface area, and 𝑆𝑓𝑙  is the flame velocity. In this study, the 

flames are turbulent; therefore, 𝐴𝑓𝑙 is a function of time, 𝐴𝑓𝑙(𝑡), which is extremely diffi-

cult to measure. From the time-integrated OH* chemiluminescence images, after Abel 

transform, it is possible to determine an overall burning area, 𝐴𝑏𝑢𝑟𝑛, as the integration 

over 𝜋 of the average flame front. This average flame front is defined as the maximal 

intensity of the flame brush. Thus, 𝐴𝑏𝑢𝑟𝑛 is a constant allowing the determination of an 

overall burning velocity, 𝑆𝑏𝑢𝑟𝑛, defined as: 

𝑆𝑏𝑢𝑟𝑛 =
�̇�

𝜌𝐴𝑏𝑢𝑟𝑛
 . (6) 

With this definition, it is not possible to determine a flame velocity because the cor-

rugation of the flame front is not known, and the four mixtures have different Lewis num-

bers. However, the comparison of the overall burning velocities for the four mixtures in-

vestigated allows the assessment of the effect of ammonia cracking. Another relevant pa-

rameter to illustrate the effect of cracking is the overall flame length, 𝐿𝑓𝑙𝑎𝑚𝑒, defined as 

the vertical distance between the top of the rod and the top of the flame. Figure 4 presents 

the overall flame length, 𝐿𝑓𝑙𝑎𝑚𝑒, and the overall burning velocity, 𝑆𝑏𝑢𝑟𝑛, for the four mix-

tures detailed in Table 1, i.e., ammonia–air, and partly cracked ammonia–air flames, with 

an equivalence ratio of 0.95 and a bulk flow velocity of 7 m/s. 
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Figure 4. Overall flame length and overall burning velocity of the four NH3–H2–N2–air blends with 

a global equivalence ratio of Φ = 0.95, a bulk flow velocity of 7 m/s, and a corresponding flame 

thermal power of about 3.4 kW. Error bars represent uncertainties in the flame dimension measure-

ments. 

As expected, cracking of ammonia monotonically decreases the flame length, from 

more than 12 cm for pure ammonia to less than 4 cm for 28% cracking. This decrease by a 

factor of three is accompanied by an increase in the overall burning velocity by a factor of 

six, i.e., from 5.2 cm/s to 32.0 cm/s. These results illustrate the effect of cracking on the 

reactivity of the mixture but do not allow for the inference of any quantitative increase in 

the laminar burning velocity. In any event, these results are in adequation with the effect 

of cracking on the laminar burning velocity of ammonia flames reported in [5], with a 

laminar burning velocity of 5–7 cm/s for stoichiometric pure ammonia flames and a lam-

inar burning velocity of 16–19 cm/s for stoichiometric ammonia at 28% cracking flames. 

3.2. Lean Blow-Off Limits 

The effect of ammonia cracking on the lean blow-off limit was investigated for a 

range of bulk velocities from 4 to 13 m/s. Figure 5a presents the equivalence ratio at blow-

off as a function of the bulk flow velocity for the four NH3–H2–N2–air blends considered 

in this study. 
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Figure 5. (a) Equivalence ratio at blow-off as a function of the bulk flow velocity for pure ammonia 

flames (black squares), 10% cracking (green circles), 20% cracking (blue triangles), and 28% cracking 

(red stars). Each condition was repeated four times. (b) Equivalence ratio at blow-off as a function 

of ammonia cracking for two bulk flow velocities, 7 m/s and 12 m/s. Error bars correspond to un-

certainties in the measurements. 

As expected, the flames with the largest fraction of hydrogen were more difficult to 

blow off than those with low or no hydrogen content. For 20% and 28% cracking, the 

equivalence ratio at blow-off is monotonically increasing with the bulk flow velocity, in 

agreement with what has been reported in [4]. For example, at 28% cracking, for a bulk 

flow velocity of 4 m/s, the equivalence ratio at blow-off is about 0.17. It increases up to 

0.27 at about 7 m/s and stabilizes around this value for higher bulk flow velocities. How-

ever, for pure ammonia and ammonia at 10% cracking flames, for bulk flow velocities in 

the range of 4–7 m/s, the equivalence ratio at blow-off is almost constant. At around 8 m/s, 

there was a sharp decrease in the equivalence ratio at blow-off, followed by a slow in-

crease when the bulk velocity was increased. This non-monotonic behavior suggests dif-

ferent stabilization mechanisms at low and high bulk flow velocities. This will be dis-

cussed in Section 4.1. 

The equivalence ratios at blow-off obtained for bulk flow velocities around 7 m/s and 

12 m/s are also plotted in Figure 5b as a function of the percentage of ammonia cracking. 

For both bulk flow velocities, the equivalence ratio at blow-off almost linearly decreases 

with the percentage of ammonia cracking, from about 0.7 for pure ammonia flames, to 

about 0.27 for ammonia at 28% cracking flames. These values are slightly lower than those 

obtained in [4] for ammonia–hydrogen–air swirl flames at ambient conditions. For pure 

ammonia flames, they obtained an equivalence ratio at blow-off of 0.8, and for the flames 

of ammonia with 28% of hydrogen, the equivalence ratio at blow-off was 0.38. This small 

difference might be due to a different thermalization of their experimental setup, as both 

the size of the combustion chamber and the cooling system were different from those used 

in the current study. 

3.3. NO and NO2 Emissions 

Figure 6 presents the average concentration of NOx, including both NO and NO2, in 

the burned gases of the four flames presented in Figure 1, i.e., for a percentage of ammonia 

cracking, 𝛼, varying from 0 to 28%. The equivalence ratio was 0.95, and the bulk flow 

velocity was 7 m/s. Each data point corresponds to an average of four measurements. The 

repeatability of the measurements was good compared to the accuracy of the gas analyzer; 

therefore, the error bars correspond to the uncertainty of the measurements (see Section 

2.2). For pure ammonia, the average concentration of NOx of about 2900 ppm agrees with 

what was reported in other studies for an equivalence ratio close to stoichiometry [4]. At 
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10% of ammonia cracking, the effect on the NOx concentration was negligible, with an 

increase of less than 2%. However, for a larger percentage of ammonia cracking, the con-

centration of NOx in the burned gases increased significantly, up to 6700 ppm for 𝛼 =

28%. 

 

Figure 6. Concentration of NOx (i.e., NO + NO2) as a function of ammonia cracking. For all flames, 

the equivalence ratio was 0.95, and the bulk flow velocity was 7 m/s. 

Figure 7 presents the corrected concentration of NOx, including both NO and NO2, 

as a function of the equivalence ratio, , for pure ammonia (black squares), ammonia at 

10% cracking (green circles), ammonia at 20% cracking (blue triangles), and ammonia at 

28% cracking (red stars) flames. A correction was performed to avoid underestimating the 

amount of NOx produced per unit of fuel burned in lean cases due to dilution by air. The 

corrected concentration [NOx]corr, was obtained from Equation (7) [35]: 

[NOx]corr = [NOx]meas (
20.95 − [O2]ref

20.95 − [O2]meas
), (7) 

with [NOx]meas, the NOx concentration measured in the burned gases, [O2]ref the concen-

tration of oxygen in the percentage of volume for the reference case, and [O2]meas  the 

measured concentration of oxygen in the burned gases in the percentage of volume. The 

reference oxygen concentration was taken at 15% as a representative concentration in 

burned gases of gas turbine engines [35]. For all fuel mixtures, the corrected concentration 

of NOx started to decrease at about 0.8 equivalence ratio. For pure ammonia and 10% 

cracking, [NOx]corr dropped below 500 ppm at  ≈ 0.8. For 20% cracking, [NOx]corr = 500 

ppm was achieved for  ≈ 0.67, and for 28% cracking,  ≈ 0.6 should be reached to ob-

tain this corrected concentration. Again, these results agree well with what was found in 

previous studies [4], and this will be one of the main challenges of the ammonia cracking 

strategy in industrial systems subjected to regulations on NOx emissions. Note that strat-

egies such as a two-stage, rich-lean combustor [18,19] have shown promising results in 

addressing this issue. Furthermore, a study on the effect of non-equilibrium plasma pro-

duced by nanosecond repetitively-pulsed discharges showed that non-equilibrium 

plasma could be used to decrease the NOx production of ammonia flames [36]. The de-

velopment of plasma actuators could be a potential solution for industrial systems such 

as gas turbine engines. 
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Figure 7. Corrected concentration of NOx (NO + NO2), [NOx]corr, as a function of the equivalence 

ratio, , for pure ammonia, ammonia at 10% cracking, ammonia at 20% cracking, and ammonia at 

28% cracking flames. 

3.4. Flame Transfer Functions 

Figure 8 presents the gain and the phase of the FTFs for pure ammonia and partly 

cracked ammonia flames of 0.95 equivalence ratio for a bulk flow velocity of 7 m/s, corre-

sponding to the conditions summarized in Table 1. The range of frequencies considered 

was 16 to 670 Hz. Experiments were conducted at least four times, and no variability in 

the results could be observed. 

Pure ammonia flames were marginally responsive to acoustic modulation of the flow 

(black squares), with a gain higher than unity only for frequencies below 50 Hz. On the 

other hand, partly cracked ammonia flames were significantly more responsive to acous-

tic forcing. For 10% cracking (green circles), two local maxima at 32 and 128 Hz and a local 

minimum at 80 Hz were obtained, with an almost linear decrease in the phase. This is 

typical of the transfer functions of methane-air swirl flames, such as those studied in 

[28,29]. For a larger proportion of ammonia cracking, multiple local maxima and minima 

can be observed, while the phase remained linear with a decreasing angle when the per-

centage of cracking increased. The reasons behind these different results will be discussed 

in Section 4.2. 
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Figure 8. Transfer functions of a pure ammonia flame (black squares) and flames of ammonia at 

10% cracking (green circles), 20% cracking (blue triangles), and 28% cracking (red stars). For all 

flames, the equivalence ratio was 0.95, and the bulk flow velocity was 7 m/s. 

4. Discussion 

In this section, the results presented in Sections 3.2 and 3.4 are further discussed. This 

discussion is supported by imaging the flames, providing additional insight into flame 

morphology and dynamics. 

4.1. Stabilization Mechanisms 

As presented in Section 3.2, for pure ammonia and ammonia at 10% cracking, the 

equivalence ratio at blow-off, as a function of the bulk flow velocity, did not follow a mon-

otonic trend. For flow velocity below 8 m/s, corresponding to a Re < 5120, the blow-off 

happened at relatively large equivalence ratios, while for bulk flow velocities higher than 

8 m/s, the blow-off happened at significantly lower equivalence ratios. This behavior 

could be explained by different flame stabilization mechanisms. 

Figure 9 presents direct visualizations of pure ammonia flames at (a) an equivalence 

ratio of 0.78 and a bulk flow velocity of 6.8 m/s and (b) an equivalence ratio of 0.70 and a 

bulk flow velocity of 8.5 m/s. The shapes of the two flames are very different. For low 

velocity (a), the flame is aerodynamically stabilized by the swirling flow. The flame is 

compact with the typical shape of a turbulent swirl flame. For high velocity (b), the flame 

is stabilized in the recirculation zone over the bluff body for about 8 cm, and then it de-

velops into a long laminar swirling flame. These two stabilization mechanisms can also be 

observed for flames of ammonia at 10% cracking, as shown in Figure 9c,d. Different sta-

bilization mechanisms had been previously reported for swirl flames in [37]. Even though 

it allows the burning of leaner mixtures, the stabilization mechanism obtained for fast 

flows is not suitable for practical systems. The flame is then too long, and the heat loss to 

the walls is enhanced, lowering the overall efficiency of the engine. 
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Figure 9. Direct visualization of (a) a pure ammonia flame at Φ = 0.78 and a bulk velocity of 6.8 

m/s, (b) a pure ammonia flame at Φ = 0.70 and a bulk velocity of 8.5 m/s, (c) a 10% ammonia crack-

ing flame at Φ = 0.62 and a bulk velocity of 6.8 m/s, and (d) a 10% ammonia cracking flame at Φ =

0.55 and a bulk velocity of 8.5 m/s. 

4.2. Flame Dynamics 

The response of the flame to acoustic modulation of the flow was maximal at 192 Hz 

for 20% and 28% cracking, while for 10% cracking, the gain was low (0.45) and almost zero 

for the pure ammonia flame. While the flow and acoustic forcing conditions were similar 

for these four flames, phase-locked OH* chemiluminescence imaging was performed to 

better understand the flame dynamics. The Abel-deconvoluted images obtained for a 10% 

velocity forcing at 192 Hz are presented in Figure 10. 
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Figure 10. Phase-locked Abel-deconvoluted images of the OH* chemiluminescence for the four 

flames of Figure 1 ((a) pure ammonia flame, (b) flame of ammonia at 10% cracking, (c) flame of 

ammonia at 20% cracking, and (d) flame of ammonia at 28% cracking), subjected to acoustic forcing 

at 192 Hz, with a forcing amplitude of 10%. The black isolines correspond to 25% intensity for the 

pure ammonia flame and 50% intensity for the partly cracked ammonia flames. 

For the pure ammonia flame (Figure 10a), the flame is very long, and even though a 

change in the flame geometry can be noticed over a cycle in the area confined in the 

dashed green rectangle, this fluctuation is not sufficient to induce a noticeable gain. This 

is interesting because it shows that the pure ammonia flame is responsive to the flow per-

turbation generated by the acoustic wave, i.e., the vortex propagating in the shear layer 

[25,28,38–40], but due to the overall flame length, this response remains marginal for the 

fluctuation in the heat release rate. 

The flame of ammonia at 10% cracking is more compact than the pure ammonia 

flame (Figure 10b), and a fluctuation of its top can be noticed. This fluctuation is respon-

sible for a gain of 0.45 in the FTF. For flames at 20% and 28% cracking (Figure 10c,d, re-

spectively), the flames are even more compact, and the vortex roll-up at the top of the 

flames features significant changes over a cycle, in agreement with a gain of the FTF larger 

than unity. This strong fluctuation in the flame vortex roll-up can easily be explained by 

the fact that lean hydrogen flames are very resistant to strain rate [41]. Thus, the hydrogen 

content of the mixture helps the flame in burning the vortex generated in the shear layer 

at the outlet of the injection tube. 

5. Conclusions 

The effect of ammonia cracking on the overall burning velocity, lean blow-off limit, 

NOx emissions, and the response of the flame to acoustic modulation of the incoming flow 

was investigated at atmospheric pressure. The main findings were: 

• For a swirl flame of about 3.4 kW, with an equivalence ratio of 0.95 and a bulk flow 

velocity of 7 m/s, cracking of ammonia in the range of 0–28% in mass linearly in-

creased the overall burning velocity. 

• For pure ammonia and ammonia at 10% cracking, the equivalence ratio at blow-off 

did not follow a monotonic trend when the bulk flow velocity was increased from 4 

to 13 m/s. A step at about 8 m/s was observed, corresponding to a change in the sta-

bilization mechanism. 

• While cracking of ammonia was very efficient in enhancing the lean stability limit, 

the concentration of NOx in the burned gases was increased by about a factor of two 

for 28% cracking. In parallel, the response of the flame to acoustic modulation was 

also enhanced for a large range of frequencies, making these flames more prone to 

thermoacoustic problems than pure ammonia flames. 

• The strong response of ammonia–hydrogen–nitrogen–air flames to acoustic pertur-

bation of the incoming flow can be explained by the strong fluctuation of the top of 

the flame, i.e., the flame vortex roll-up, which can be explained by the strong re-

sistance of hydrogen flames to strain rate. 
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