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Abstract 

This study investigates the characteristics of thermoacoustic instability in an annular combustor fuelled with 

ammonia-methane mixtures, with a particular focus on the impact of ammonia enrichment on longitudinal 

instability. The experiments revealed distinct transitions in combustion states as the equivalence ratio increased 

from lean to stoichiometric conditions, following the sequence: lean blowout – stable combustion – intermittent 

oscillation – limit cycle oscillation. Ammonia enrichment was found to reduce oscillation amplitudes while 

increasing the lean blowout limit. Using integrated experimental diagnostics of acoustic pressure, OH* emissions, 

flame structure, and phase-averaged flame dynamics, the mechanisms underlying the effect of ammonia addition 

on thermoacoustic coupling were analysed. The instability maps identified at various equivalence ratios and 

ammonia content suggested that ammonia addition remarkably weakened the thermoacoustic coupling, which was 

attributed to the significant increase in convection delay time and ignition delay time by ammonia addition. This 

work highlights the role of ammonia in mitigating thermoacoustic instability and provides valuable insights for 

optimizing ammonia-methane combustion systems. 
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1. Introduction 

In recent years, the global pursuit of low-carbon and 

zero-carbon energy solutions has driven significant 

advancements in sustainable energy technologies. 

Among these, ammonia (NH₃) has emerged as a 

promising zero-carbon fuel, attracting considerable 

attention from both academia and industry due to its 

high volumetric energy density, straightforward 

production processes and well-established transport 

and distribution infrastructure [1,2]. However, its 

lower calorific value (316.84 kJ/mol), 

approximately 39% of that of methane (CH₄, 802.3 

kJ/mol) [3], requires higher volumetric flow rates 

and larger combustion chambers in gas turbines to 

achieve equivalent energy output. In addition, the 

low laminar flame speed, challenging ignition 

characteristics, and relatively low combustion 

efficiency [4] pose significant challenges to its 

adoption as a standalone fuel. 

To address these limitations, researchers have 

proposed blending NH₃ with highly reactive fuels, 

such as H2 [5,6] or CH₄ [7,8], to improve its 

combustion properties. Such mixtures increase 

flame propagation speeds, thereby increasing 

combustion efficiency and flame stability. 

Consequently, NH₃-CH₄ mixtures have attracted 

attention as a fuel that combines energy release, 

ignition performance, and combustion efficiency 

[3]. However, in practical gas turbine operation, the 

application of both pure NH₃ and NH₃-blended fuels 

faces significant challenges, particularly in 

achieving stable combustion under complex flow 

conditions. 

Recent studies [4,9] have demonstrated the potential 

of swirl-stabilized combustion technology to 

achieve stable NH₃-air flames. By creating a low-

velocity recirculation zone within the combustion 

chamber, this technique effectively improves flame 

stability. However, the turbulent flows in swirl-

stabilized combustors are highly complex, with the 

presence of vortices, recirculation zones and shear 

layers often giving rise to various flow instabilities, 

such as precessing vortex core (PVC) instabilities 

[10,11] and Kelvin-Helmholtz instabilities [12]. 

These flow instabilities are closely related to the 

thermoacoustic instability (TAI) of combustion 

systems, which is a critical challenge limiting the 

stable operation of gas turbines [13-15]. TAI arises 

from the in-phase coupling between the acoustic 

pressure and the unsteady heat release rate (HRR). 
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Significant progress has been made in understanding 

the combustion stability of ammonia flames. For 

example, Elbaz et al. [16] conducted an 

investigation into the instability and flame structure 

of NH₃-CH₄-air mixtures stabilized in a combustor 

featuring a double swirl burner. Their findings 

demonstrated that cofiring NH₃ and CH₄ in a double 

concentric swirl burner resulted in a well-defined 

stable flame regime. Khateeb et al. [17] explored the 

stability limits of NH₃-CH₄-air swirling flames. 

They observed that incorporating NH₃ expanded the 

stable combustion range while minimizing the risk 

of flashback. Recently, Okafor et al. [18] 

innovatively developed and tested a highly efficient 

low-NOx burner designed for liquid ammonia 

injection. By integrating a multi-nozzle twin-fluid 

atomizer with a two-stage combustion strategy, this 

burner achieved highly stable ammonia combustion 

over a wide range of equivalence ratios, while 

maintaining low pollutant emissions. Collectively, 

these studies offer valuable perspectives on the 

stability behaviour of NH₃ flames. However, 

experimental investigations and in-depth analyses 

focusing on the self-excited thermoacoustic 

instabilities associated with NH₃ combustion remain 

limited. Currently, Katoch et al. [19] introduced an 

innovative dual-fuel dual-swirl burner aimed at 

mitigating thermoacoustic coupling in NH₃-H₂-air 

flames. Their experimental findings demonstrated 

that adjusting the degree of mixing between NH₃ and 

H₂ upstream of the flame zone effectively mitigated 

thermoacoustic instabilities. In addition, it is well 

known that the unsteady response of flames to 

acoustic perturbations is a key mechanism in 

thermoacoustic instability, which can be evaluated 

by measuring the flame transfer function (FTF). The 

FTF consists of two primary components: a gain that 

decreases with frequency and a phase lag that 

increases with frequency. Previous studies [20,21] 

have shown that the laminar flame speed of the fuel 

has a first-order effect on both components. 

Furthermore, Wiseman et al. [22] performed the first 

experimental evaluation of FTFs for turbulently 

premixed NH₃-H₂-N₂-air flames. Their results 

demonstrated that, even when the laminar flame 

speed of the fuel was maintained constant, variations 

in fuel composition can significantly alter the 

response of the flame to acoustic perturbations. 

Recently, Liu et al. [23,24] investigated the TAI 

characteristics of NH₃-CH₄ flames, revealing 

potential mechanisms of mode transitions and their 

sensitivity to swirl intensity variations. In addition, 

Jin and Kim [25] highlighted the potential of staged 

combustion strategies to suppress thermoacoustic 

coupling in NH₃-H₂ flames while reducing NOₓ 

emissions.  

Nevertheless, most studies remain focused on 

single-nozzle combustors. Modern gas turbines 

typically employ annular combustion systems, 

where geometric complexity and interactions 

between multi-nozzle flames significantly 

complicate the investigation of TAI. In annular 

combustion systems, the coupling between multiple 

flames significantly alters the characteristics of 

combustion instabilities. The response of flames to 

acoustic excitations differs markedly from that 

observed in single-nozzle combustors. Therefore, 

further research is essential to address these 

challenges and advance the practical application of 

NH₃-based combustion technologies. 

This study addresses these gaps by examining the 

TAI behaviour of ammonia-enriched flames in 

annular combustors. The objectives are twofold: (1) 

to investigate the effect of ammonia enrichment on 

the longitudinal instability mode of an annular 

combustor, and (2) to explore the impact of 

ammonia addition on the neighbouring flame 

interaction and the unsteady flame dynamics in the 

presence of TAI. This research provides theoretical 

insights and practical guidance for optimizing 

ammonia-based combustion systems in modern gas 

turbine applications. 

2. Experimental setup 

Figure 1a shows the schematic of the annular 

combustor consisting of an air plenum connected to 

the combustion chamber via twelve equally spaced 

bluff-body swirl injectors. Premixed fuels and air 

enter the honeycomb to reduce spatial non-

uniformity of gas flow. Each injector has a length of 

120 mm with an inner diameter of 20 mm, and is 

fitted with a centrally located conical bluff-body of 

15 mm diameter providing a blockage ratio of 56%. 

The injector is equipped with an axial swirler. The 

swirl number based on the swirler dimensions is SN 

= 0.78. In the present investigation, the swirlers turn 

the flow clockwise (CW) when viewed from 

downstream. Downstream of the combustion 

chamber, a plug nozzle with a 90% blocked area was 

installed for creating an acoustically closed 

boundary and allowing further to adjust the length of 

the combustion chamber. To excite thermoacoustic 

instability, the length of the combustion chamber 

was set at 600 mm throughout the experiments. 

The schematic of the diagnostic system is shown in 

Fig. 1b. Three dynamic pressure sensors (PCB 

112A22, 14.61 mV/KPa, uncertainty ± 1%) are 

positioned 90° apart (marked as M1, M2, and M3 in 

Fig. 1b) to characterize the instability modes. They 

were mounted on waveguide tubes positioned 10 cm 

from the dump plane of the combustion chamber, 

ensuring a safe distance from the hot wall. 

Additionally, a Photomultiplier Tube (PMT, 

CH253) coupled with a bandpass filter (310 ± 10 

nm) is employed for capturing OH* emissions.  
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Fig. 1. Schematic drawings of the annular combustor (a) and the diagnostic system (b).

The flame structure is captured by a high-speed 

CMOS camera (Photron Mini AX 200) with an 

intensifier (EyeiTS-D-HQB-F). In the study, a total 

of 4000 images are captured by using a resolution of 

1024 × 1024 pixels at 4000 Hz. During the tests, the 

camera, PMT, and pressure sensors are triggered and 

synchronized to collect signals. 

The experiments were conducted under ambient 

conditions of 1 atm and 298 K. A summary of the 

operating conditions is described in Table 1. All 

tests were performed at a fixed thermal power (P) of 

65 kW. The tests cover a broad range of equivalence 

ratios (ϕ) from 0.7 to 1 with a 0.05 interval. The 

proportion of ammonia ( ΧNH3
) is defined as the 

volume fraction in the ammonia-methane mixture, 

varying from 0 to 0.4. The range of the mixture bulk 

velocities (UZ) is 11.6 m/s – 16.3 m/s. 

In addition, we conducted a separate set of tests to 

explore changes in the characteristics of the self-

excited combustion instabilities with variations in 

equivalence ratios. This was investigated by 

continuous measurements of dynamics pressure (P') 

and fluctuating heat release rate (HRR). This was 

performed as follows: the equivalence ratio was 

gradually decreased from 1.0 until lean blowout 

(LBO) at a fixed interval (∆ϕ = 0.02). It should be 

noted that for each equivalence ratio, 25 s is a 

refinement step, of which 20 s are used for re-

equilibration and 5 s for data acquisition.  According 

to P', the flame undergoes thermoacoustic 

oscillations when the pressure fluctuations have a 

distinct characteristic frequency, otherwise the 

system is taken to be thermoacoustically stable. 

 

Table 1. Operation conditions. 

P (kW) ΧNH3
 ϕ UZ (m/s) 

65 0, 0.1, 0.2, 0.4 [LBO:0.02:1] 11.6–16.3 

3. Results and discussion 

3.1 Flame structure 

Figure 2 presents direct true-colour images of 

flames with varying NH₃ concentrations (ϕ = 1), 

captured using a Nikon D7500 digital camera. The 

photographs reveal a clear and progressive shift in 

flame colour, transitioning from blue to orange-

yellow as the NH₃ mole fraction increases. This 

change in coloration is predominantly attributed to 

the α-band emission of NH₂ radicals, commonly 

referred to as the "nitrogen glow" phenomenon [26]. 

The blue hue at lower NH₃ concentrations primarily 

originates from CH* chemiluminescence, indicative 

of active hydrocarbon-based reactions, whereas the 

orange-yellow colour at higher NH₃ levels 

highlights the increasing dominance of nitrogen-

based species in the combustion process. 

In addition to the colour transformation, the flame 

morphology undergoes a noticeable change. As  

ΧNH3
 increases, the flame structure anchored on each 

bluff body in the annular combustion chamber 

transitions from an M-shaped configuration to a V-

shaped one. This morphological shift suggests a 

weakening of the reaction intensity in the outer 

recirculation zone (ORZ) of the flame as NH₃ is 

introduced. The reduced activity in the ORZ can be 

attributed to the lower reactivity and slower burning 

velocity of NH₃ compared to hydrocarbon fuels, 

which diminishes the extent of recirculation-driven 

mixing and combustion in these zones. 

 
Fig. 2. Time-average broadband photographs of 

NH3-CH4-air flames in the annular combustor 

under steady operation conditions with ϕ = 1 and   

P = 65 kW. 

 

3.2. Stability maps 

Figure 3 shows the dominant frequency and the 

corresponding pressure oscillation amplitude 

measured at M2 in the (ϕ, ΧNH3
) domain at P = 65 

kW. These iso-contour maps represent constitutive 

stability features for several relevant parameters. 

Note that combustion is stable in the white region of 
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the plots. One notes that the frequency of TAI is in 

the range of 200-230 Hz, correlating with the 

longitudinal instability mode of the combustor. First, 

we can observe a significant effect of ammonia 

addition on the instability characteristics. The 

frequency decreases with increasing ΧNH3
. The range 

of operating conditions for thermoacoustic stability 

is remarkably widened. Second, the amplitude of 

pressure oscillations reduces significantly as ΧNH3
 

increases. The results suggest that a certain amount 

of ammonia enrichment can weaken the 

thermoacoustic coupling in the annular combustion 

system. However, at ΧNH3
 = 40%, a lower dominant 

frequency (~80 Hz) is observed, which is different 

from the acoustic mode of the combustor. This could 

be an entropy-related instability mode that requires 

further investigation to determine. This result 

emphasizes that flames at high ΧNH3
 are prone to 

exhibit low frequency instability under certain 

specific conditions, possibly because the slower 

reaction rate of ammonia enhances the sensitivity of 

flame to turbulence disturbances. 

 
Fig. 3. Illustration of iso-contour instability maps as a function of the ΧNH3

 and ϕ. The instability frequency (left) 

and pressure oscillation amplitudes (right) are presented at various operation conditions. The white regions 

mean that the system is thermoacoustically stable.  

3.3 Oscillation mode transitions 

Figure 4 shows the amplitude of the pressure 

oscillations at P = 65 kW and the corresponding 

power spectrogram obtained by continuous wavelet 

transform (CWT). The results show that the 

combustion dynamics for both cases show similar 

trends as the equivalence ratio (ϕ) decreases. 

Initially, when ϕ is close to 1, the self-excited 

oscillatory system operates at a relatively low 

amplitude. However, as ϕ decreases to 

approximately 0.9, a distinct transition occurs in the 

combustion system, which abruptly shifts to a higher 

amplitude unstable state. With further reduction of ϕ, 

the oscillation amplitude undergoes a further 

significant decrease and the instability begins to 

show noticeable intermittency. A similar transition 

phenomenon was reported in spray flames [27] and 

stratified flames [28]. Then, the combustion system 

stabilizes at ϕ close to 0.7. Finally, as ϕ continues to 

decrease, the flame blows out due to insufficient fuel 

for sustained combustion. Throughout the process, 

different types of combustion oscillations can be 

classified as follows: 

(i) Stable combustion: Characterized by the 

absence of a dominant frequency in the power 

spectrum. 

(ii) Intermittent oscillation: Characterized by low-

amplitude pressure oscillations and the 

intermittent presence of a dominant frequency.  

(iii) Limit cycle oscillation: Defined by high 

amplitude pressure oscillations with the 

presence of weak secondary harmonic 

frequencies. 

From a dynamical systems perspective, the 

transition from a stable to an unstable state occurs 

via a Hopf bifurcation [29]. In certain cases, this 

bifurcation may follow an intermittent route, 

influenced by background noise [30,31] or low-

dimensional deterministic chaos [32], as observed in 

our experiments. Notably, the addition of ammonia 

significantly suppresses the strength of the 

thermoacoustic oscillations, while leading to a 

change in the equivalence ratio at which the 

transition of the oscillation type occurs. These 

changes are closely related to the combustion 

chemistry properties of ammonia which will be 

analyzed in depth in subsequent sections. 

Figure 5 illustrates in detail the various combustion 

states captured in the experiment. The 

corresponding time series of dynamic pressure and 

flame intensity fluctuations, spectrum, phase space 

reconstruction, and recurrence plots are presented to 

visualize the different combustion states. First, in the 

stable combustion state, no distinct primary 

frequency is observed. The trajectories in the 

reconstructed phase space are chaotic, primarily due 

to white noise generated by turbulent combustion 

[33]. Second, for the intermittent oscillation, 

noticeable intermittent fluctuations in acoustic 

pressure and flame intensity are observed. 
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Fig. 4. Overview of the thermoacoustic oscillation characteristics of swirl flames at P = 65 kW, (a) pure CH4 

flame and (b) 20% NH3 flame.

The recurrence plot exhibits a transition from 

ordered pressure oscillations to disordered noise 

patterns. For the limit cycle oscillation, both 

pressure and flame intensity exhibit stable amplitude 

periodic oscillations. The oscillation amplitude 

increases significantly. Furthermore, the 

reconstructed phase space shows closed-loop 

trajectories, indicating the system has reached a limit 

cycle state [34]. Lastly, for the 40% NH3 mixture at 

ϕ = 0.95, a multi-frequency mode distinct from the 

structural acoustic modes is observed. Pressure and 

flame intensity fluctuations display multiple low-

frequency peaks. Due to the diversity of oscillation 

frequencies, significant distortion in the phase space 

is evident. 

 

 

Fig. 5. Pressure and flame intensity fluctuation time series, spectral analysis, phase space trajectories, and 

recurrence plots for different combustion states. 
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3.4 Flame dynamics 

Next, we selected the two cases marked in Fig. 3 

(right) to visualize their flame pulsation 

characteristics. Figure 6 initially presents their 

dynamic pressure time series and corresponding 

spectrum. In both cases, pressure measurements at 

three locations (M1 to M3) exhibit in-phase 

synchronized oscillations, indicating longitudinal 

oscillation modes. For pure CH4 flame, shown in Fig. 

6a, high-amplitude pressure and periodic OH* 

oscillations were detected. The instability frequency 

was 237 Hz, with a pressure fluctuation amplitude of 

198 Pa and a normalized OH* fluctuation amplitude 

of 0.35. In contrast, the 20% NH3 flame shows a 

significantly reduced pressure fluctuation amplitude 

(72 Pa), with a slightly lower oscillation frequency. 

Additionally, intermittent flame intensity 

oscillations are observed in Fig. 6b based on the 

envelope of the periodic OH* fluctuations. 

 

Fig. 6. The time series and spectral analysis of pressure and flame intensity fluctuations for pure CH4 flame (a) 

and 20% NH3 flame (b) at ϕ = 0.85. 

 

Figure 7 illustrates the phase-resolved flame 

dynamics for the two cases discussed above by 

phase averaging the captured flame OH* emission 

images. Time series of pressure fluctuations and 

normalized OH* fluctuations during an oscillation 

cycle are also plotted. The black dots in the diagram 

represent the different phases of the flame within a 

single oscillation cycle. Firstly, for pure CH4 and the 

20% NH3 flames, the normalized OH* and pressure 

oscillation signals exhibit phase differences of 

approximately 13° and 37°, respectively. This 

indicates in-phase synchronized oscillations during 

thermoacoustic instability, consistent with Rayleigh 

criterion [35]. In the case of pure CH4, large-

amplitude axial flame oscillations are observed. 

Initially, the flame nearly extinguishes at phase 1. 

From phase 2 to phase 8, the flame propagates 

downstream, with OH* intensity peaking at phase 8. 

The flame subsequently retreats rapidly from phase 

9 to phase 12, accompanied by merging and 

separation in adjacent flame interaction regions. 

Throughout the oscillation cycle, the flame height 

undergoes significant variation, representing a 

pronounced extinguish-reignite oscillation mode. 

Additionally, distinct flame tail roll-ups are 

observed at phase 8 and phase 9, suggesting that this 

oscillation mode is likely governed by vortex 

dynamics in the flow field. 

In contrast, for the 20% NH₃ flame, no significant 

large-amplitude axial flame motion is observed. 

Instead, the flame front exhibits minor axial 

oscillations during the oscillation cycle. This 

process is accompanied by periodic expansion and 

contraction of the distance between adjacent flame 

brushes and forward-backward movement in the 

flame merging region. One key distinction between 

the two cases lies in the weaker OH* intensity 

oscillation in the flame interaction regions for 20% 

NH₃ flame. Correspondingly, the flame height varies 

much less significantly, which aligns with the lower 

pressure oscillation amplitude. Based on the above 

discussion, it can be inferred that the differences in 

instability amplitudes between the two cases are 

primarily attributed to variations in the position and 

intensity of interactions regions between 

neighboring flames. 



 
    

                               

             
                               Liu et al. (2025) 

 

 

38 | P a g e  

 

 

Fig. 7. Phase-averaged flame dynamics for pure CH4 flame (a) and 20% NH3 flame at ϕ = 0.85 (b) (left). The 

time series of pressure and heat release rate fluctuations during an oscillation cycle (right). 

 

The Rayleigh Index (RI) map can provide a 

quantitative assessment of the coupling between 

unsteady heat release rate and dynamic pressure 

fluctuations [36]. The RI is calculated using the 

following expression:  

𝑅𝐼(𝑥, 𝑦)= 𝑇−1 ∫ 𝑃′(𝑥, 𝑦) ∙ 𝐼𝑂𝐻∗
′ (𝑥, 𝑦)

𝑇

0

𝑑𝑡 (1) 

here T is the oscillation period of the instability, 

𝑃′(𝑥, 𝑦)  represents the dynamic pressure 

fluctuations, and 𝐼𝑂𝐻∗
′ (𝑥, 𝑦)  indicates the heat 

release rate fluctuations, derived from the intensity 

of each pixel in OH* images captured by a high-

speed camera. A positive RI denotes an acoustically 

driving region, where pressure and heat release rate 

oscillations are in-phase, reinforcing each other. 

Conversely, a negative value indicates an 

acoustically damping region, where oscillations tend 

to diminish. 

Figure 8 presents the spatially resolved local RI 

maps for the two cases. First, for pure CH4 flame, 

the acoustically driving regions are primarily 

concentrated in the regions downstream of the flame 

and the interaction between adjacent flames. These 

local regions exhibit strong thermoacoustic coupling, 

contributing significantly to instability. However, 

for 20% NH₃ flame, the distribution of acoustically 

driving and damping regions is more dispersed and 

less intense. The weakening and dispersal of strong 

coupling zones indicate that the addition of NH₃ 

reduces the intensity of thermoacoustic coupling. 

This further confirms the results of the experimental 

observations. 

 

Fig. 8. The spatial distribution of the Rayleigh 

index for pure CH4 flame (a) and 20% NH3 flame 

(b) at ϕ = 0.85. 

  

3.5 Mechanism analysis 

To explore the mechanism of ammonia addition 

weakening thermoacoustic coupling, two cases 

described above with frequencies and amplitudes of 

(237Hz, 198Pa) and (217Hz, 72Pa), respectively, 

were chosen. It is well known that time delays are 

very important for the development of TAI. The 

time delay between the HRR and the pressure 

determines the amplification or attenuation of 

instability [35]. The changes in this time delay are 

linked to changes in convective time delay (τconv ) or 

chemical reaction time delay (τchem ). The τchem  is 

related to the ignition delay time (IDT) of fuel, 

calculated by Chemkin software [37] with the 

reaction mechanism from the CRECK modeling 

group [38], as shown in Fig. 9b. It can be found that 

the increase in ammonia content leads to a 

significant increase in IDT. For two cases, they are 

1.64 ms and 1.76 ms, respectively. Moreover, the 

adiabatic flame temperature (Tf) was calculated as 

shown in Fig. 9a. The ammonia enrichment reduces 
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the flame temperature, which can explain the 

decrease in TAI frequency due to ammonia addition.  

 

Fig. 9. Calculated adiabatic flame temperatures (a) 

and ignition delay times (b) for different ΧNH3
. 

 

For the τconv , which is the time for the disturbance to 

travel from the source to the flame centre, it can be 

estimated based on the flame height (Hf) through the 

expression [39]: 
𝜏𝑐𝑜𝑛𝑣 =   𝐻𝑓  / 𝑈𝑍 (2) 

where the Hf was calculated based on the mean 

flame shape for both cases, as displayed in Fig. 4. 

The τconv  are 1.45 ms and 1.74 ms for the two cases, 

respectively. Therefore, it can be inferred that the 

addition of ammonia increases both the τconv  and the 

τchem , leading to an increase in the phase delay 

between the pressure fluctuations and the heat 

release rate oscillations, thus weakening the 

thermoacoustic coupling and ultimately leading to a 

decrease in the instability amplitude.  

 
Fig. 10. Mean flame shape at P = 65 kW and ϕ = 

0.85 for pure CH4 flame (a) and 20% NH3 flame (b).  

4. Conclusions 

This study experimentally investigated the influence 

of ammonia addition on thermoacoustic instabilities 

in a premixed, swirl-stabilized annular combustor. 

The mechanisms by which ammonia enrichment 

affected thermoacoustic coupling were explored 

through flame structure observations, phase-

averaged flame evolution, and spatial distribution of 

the RI. The key findings are summarized as follows: 

1. Under fixed combustor length and thermal 

power conditions, longitudinal thermoacoustic 

instability modes were observed over a wide 

range of equivalence ratios. As the equivalence 

ratio continuously decreased from 

stoichiometric conditions, various oscillation 

types were captured. The transition from stable 

combustion to unstable states occurred through 

intermittent oscillatory pathways, ultimately 

progressing to limit cycle oscillations. The 

bifurcation mechanism remained consistent 

regardless of ammonia addition, indicating that 

ammonia enrichment did not significantly alter 

the transition dynamics. 

2. Ammonia enrichment significantly reduced 

thermoacoustic oscillation amplitudes. For 

ammonia-enriched flames, weak axial 

oscillations were observed at the flame tail, 

contrasting with the fully extinguished-to-

reignited oscillatory mode of pure methane 

flames. These changes primarily manifested as 

shifts in the position and intensity of interaction 

regions between neighboring flames. Moreover, 

the RI distribution revealed stronger 

thermoacoustic coupling at the flame tail and 

interaction zones for methane flames, while 

ammonia-enriched flames exhibited more 

dispersed and weaker coupling regions. 

3. By combining fuel chemical kinetics 

calculations, it was found that ammonia 

enrichment increased chemical reaction time 

delays and convective time delays. These 

increased delays resulted in greater phase delay 

between pressure oscillations and heat release 

rate fluctuations, which in turn weakened 

thermoacoustic coupling. Consequently, the 

amplitude of instabilities was significantly 

reduced, underscoring the dampening effect of 

ammonia on thermoacoustic instabilities. 

In conclusion, this study provides insights into the 

role of ammonia in weakening thermoacoustic 

coupling within annular combustion systems. The 

findings deepen the understanding of the 

thermoacoustic stabilizing role of ammonia, offering 

valuable guidance for the development of stable, 

ammonia-enriched gas turbine combustion 

technologies. 
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