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ABSTRACT 

The pressing need to realize carbon neutrality in gas turbine applications has recently led to a new wave of research 
on low-carbon energy alternatives, among which hydrogen and ammonia, as carbon-free fuels, have attracted great 
attention. This work studies the impact of hydrogen or ammonia addition on combustion instability characteristics of 
partially premixed methane/air flames. Bifurcation behaviors of the low-frequency thermoacoustic system (around 100 Hz) 
are experimentally identified and explored by decreasing global equivalence ratios (ϕ) from 0.7 to 0.45 at a fixed Reynolds 
number (Re = 10,000). Three different fuel cases are selected for comparative analysis, namely 100% methane (100M), 
75%-25% (vol) methane-hydrogen (75M25H) and methane-ammonia (75M25A) blends. High-speed diagnostics and 
acoustic measurements are conducted to resolve different flame dynamics and thermoacoustic characteristics. The results 
show that co-firing methane with hydrogen or ammonia has significant impacts on thermoacoustic bifurcation behaviors 
and flame dynamics. For the 100M case, a clear mode switch occurs at ϕ = 0.63-0.61 from a low-amplitude limit cycle 
with a relatively higher frequency (Regime I) to a high-amplitude one with a relatively lower frequency (Regime II), while 
the mode transition point moves downward to ϕ = 0.59-0.52 with 25% hydrogen addition. Distinctively, no mode transition 
is observed with 25% ammonia addition, showing purely Regime II within the studied range of ϕ. Besides, the dominant 
frequency increases with hydrogen addition but decreases with ammonia addition. The three cases show roughly identical 
flame motions, exhibiting a rapid-extinction-slow-recovery process in the period of combustion oscillation. However, the 
flame intensity notably strengthens with hydrogen addition but weakens with ammonia addition and phase delay. 

INTRODUCTION 
The great demands for fuel flexibility and combustion decarbonization in gas turbine applications have recently led to 

a new wave of research on renewable energy alternatives. Among fuel candidates, hydrogen (H2) and ammonia (NH3), as 
carbon-free fuels, have attracted great attention in recent years (Kobayashi et al., 2019). 

Ammonia is an efficient hydrogen carrier, but it is challenging to burn ammonia in gas turbines due to its narrow flame 
stabilization limits. On the contrary, hydrogen is extraordinarily reactive and its combustion in gas turbines is susceptible 
to autoignition and flashback. One potential strategy for implementing ammonia and hydrogen in industrial gas turbines is 
through co-firing with natural gas which is mainly constituted of methane (CH4). The largely different chemical properties 
of hydrogen and ammonia from that of methane, e.g. laminar flame speed and adiabatic flame temperature, present 
significant challenges. These different combustion physics affect the performance of gas turbine combustors such as 
ignition and blow-off, combustion instability limits, and pollutant emissions. Zhang et al. (2021) compared the blow-off 
characteristics and flame macrostructure transition behavior of ammonia/air and ammonia/methane/air flames. The results 
show that the ammonia flame possesses a very poor lean flame stability limit, and its blow-off process flame is much faster 
than that of the methane flame with a more substantial effect of excessive stretch on the local extinction. Khateeb et al. 
(2021) measured the stability limits of premixed ammonia-air swirl flames enriched with either methane or hydrogen at 
atmospheric and elevated pressures up to 5 bar. 

Most recent works have focused on the lean blowout (LBO) performance regarding ammonia/hydrogen/methane 
blending in gas turbine model combustors (GTMC). However, there are limited studies on the combustion instability 
characteristics in swirling flames with hydrogen or ammonia addition. Self-excited thermoacoustic instabilities are 
recognized to occur with coupled unsteady heat release and combustor acoustics (Huang and Yang, 2009). For partially 
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premixed methane/air flames, there are extensive experimental and numerical studies about self-excited oscillations 
(Allison et al., 2013; Stöhr et al., 2017; Murugesan et al., 2018; Chterev and Boxx, 2021), which revealed that equivalence 
ratio fluctuations and velocity perturbations are two key factors triggering the thermoacoustic feedback loop individually 
or simultaneously. Oberleithner et al. (2015) concluded the essential impact of processing vortex core on the random 
transition between V- and M-shape flames. Shanbhogue et al. (2016) found the onset of combustion oscillations is linked 
to the transition of flame topology with flame propagating into the outer recirculation zone. In summary, the correlation 
between flow dynamics and thermoacoustic response is well understood in partially premixed flames. However, the fuel 
effect is another important factor that needs to be investigated particularly in fuel blending systems. 

This work targets to identify and explore the impact of hydrogen or ammonia addition on thermoacoustic 
characteristics of partially premixed methane/air flames. High-speed diagnostics and acoustic measurements are conducted 
to resolve different flame dynamics and thermoacoustic characteristics. Specifically, Bifurcation behaviors of the self-
excited thermoacoustic system are comparatively analyzed for different methane/hydrogen/ammonia fuel blends. 

EXPERIMENTAL SETUP 

Test rig and methodology 
Prototypical partially premixed flames featuring self-excited thermoacoustic oscillations in this work were stabilized 

on a single-swirl GTMC. The design of the burner, shown in Figure 1(a), is consistent with that used in our previous work 
(Dulin et al., 2021; Xi et al., 2022), except for a cylindrical quartz liner with a diameter of 90 mm and a length of 200 mm 
installed on the base plate to confine the flame. Figure 1(b) shows details of the radial swirler with a swirl number of about 
0.8, which features 12 orifices with a diameter of 3 mm for fuel injection into corresponding vane channels, along with the 
nozzle and the central conical bluff body. Inside the nozzle, fresh air and fuel are mixed at a rather limited distance before 
entering the burner. The distance between the fuel injection holes and the dump plane, i.e. the maximum premixing length, 
is 54 mm. 

Figure 1(c) shows the schematic of the experimental setup. The local dynamic pressure was measured in the plenum 
and burner using two dynamic pressure (DP) transducers (Sinocera-CY-YD-200) and the signal was then acquired by a 
data acquisition instrument (Sinocera-YE7600). The global HRR, commonly indicated by the integrated OH* 
chemiluminescence (CL) (Hardalupas and Orain, 2004; Chterev and Boxx, 2021), was recorded by a photomultiplier tube 
(PMT, Hamamatsu H10722-110) equipped with a bandpass interference filter (Edmund Optics, 310 ± 5 nm). All dynamic 
data were synchronously collected by a DAQ system (National Instrument, NI 9230) with a 10-kHz sampling rate over 5 
seconds. To explore the transient flame dynamics undergoing self-excited oscillations, simultaneous PIV/OH* CL 
measurements were conducted at 5 kHz over 1s. The present high-speed diagnostic system mainly consists of two high-
speed cameras (HSCs, Phantom v2012) and a dual-cavity Nd:YAG laser Q-switched and frequency-doubled to emit 527-
nm pulse laser pairs. One HSC equipped with an intensifier (Lambert HiCATT) and a bandpass interference filter centering 
at 310 nm was used to image the OH* CL, while the other equipped with a narrowband interference filter center at 527 nm 
was used to collect 5,000 dual-frame Mie scattering images per run. A programmable timing unit (LaVision PTU-X) was 
used to synchronize the whole diagnostic system. 

 
Figure 1 Schematic of the test rig: (a) GTMC with two DP transducers (DP1 and DP2), (b) radial swirler 

and (c) diagnostic system including a PMT, and two HSCs. 
Additionally, a Cartesian coordinate system was used for PIV measurements with the position vector x = (X, Z)T and 

corresponding velocity vector u = (ux, uz)T, and cylindrical coordinates were used for the inverse Abel-transformation of 
CL image analysis with the position vector x = (Z, r, θ)T. The orientation of both coordinate systems is labeled in Figure 
1(a), with the Z-axis coinciding with the nozzle axis and orientated in the streamwise direction. 
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Operating conditions and procedures 
The present study is operated at ambient pressure with intake air of ambient temperature at a fixed Reynolds number 

(Re = 10,000). Table 1 summarizes the range of operating conditions for 5 cases of specific fuel blends with various 
ammonia or hydrogen addition, i.e. 100% methane (100M), 75% methane-25% hydrogen (75M25H), 90% methane-10% 
hydrogen (90M10A), 75% methane-25% ammonia (75M25A) and 50% methane-50% ammonia (50M50A) blends at two 
typical equivalence ratios (ϕg = 0.7 and 0.55). Operating parameters include separate fuel flow rates and the corresponding 
volumetric contents of methane, ammonia, and hydrogen. Besides, the theoretical thermal power (Ƥth), adiabatic flame 
temperature (Tad) and laminar flame speed (SL) of the fuel/air mixture for each case is calculated by CHEMKIN PRO with 
a detailed reaction mechanism (Okafor et al., 2018). It can be noted that Ƥth is roughly identical for all fuel blends at the 
same equivalence ratio. However, Tad and SL both increase with hydrogen addition but decrease with ammonia addition. 

For each case, thermoacoustic characteristics are explored by continuous measurement of dynamic pressure (p’) and 
fluctuated HRR (q’) to detect system bifurcation, by gradually descending ϕ from 0.7 until LBO with a refined step (Δϕ = 
0.01) every 15 seconds comprising 10 seconds for re-balance and 5 seconds for data acquisitions. According to p’, the 
flame is defined as an acoustically resonant flame when the pressure fluctuation, , is at least twice that of the 
nonreacting flow case, otherwise stable flame (Allison et al., 2013). Besides, high-speed diagnostics using 5-kHz 
simultaneous PIV/OH* CL imaging are conducted for 100M, 75M25H and 75M25A at ϕg =0.55 to resolve different flame 
dynamics. 

Table 1 Operating conditions; “△” symbolized the conducted measurements. 
Case 

Abbreviation 
CH4 

[sl/min] 
NH3 

[sl/min] 
H2 

[sl/min] 
χCH4 

[% vol.]
χNH3 

[% vol.]
χH2 

[% vol.]
#Ƥth 

[kW]
ϕg 
[-]

Tad 
[K] 

SL 
[cm/s] 

5kHz 
PIV/OH* CL

100M 23.0 0 0 100 0 0 13.7 0.7 1838.6 19.4  
75M25H 21.2 0 7.1 75 0 25 14.0 0.7 1853.3 18.2  
90M10A 22.1 2.5 0 90 10 0 13.8 0.7 1833.8 16.7  
75M25A 20.5 6.8 0 75 25 0 13.8 0.7 1825.3 14.0  
50M50A 16.7 16.7 0 50 50 0 13.9 0.7 1806.6 10.0  

100M 18.1 0 0 100 0 0 10.8 0.55 1575.1 8.7 △ 
75M25H 16.7 0 5.6 75 0 25 11.0 0.55 1588.9 6.3 △ 
90M10A 17.4 1.9 0 90 10 0 10.8 0.55 1572.2 6.8  
75M25A 16.1 5.4 0 75 25 0 10.9 0.55 1567.3 5.6 △ 
50M50A 13.2 13.2 0 50 50 0 10.9 0.55 1556.3 3.9  

# The LHVs of methane, hydrogen and ammonia are 35.8, 10.8 and 14.1 MJ/Nm3, respectively (Khateeb et al., 2020).  

RESULTS AND DISCUSSION 

Thermoacoustic bifurcation of methane/air flames 
Figure 2 shows peak amplitudes of p’ obtained in the separate measurement for 100M case and the corresponding 

Power Spectrum Density (PSD) spectrogram in the frequency domain, which is calculated by using Welch’s algorithm 
(Welch, 1967). It is noted that the thermoacoustic system initiates in mild states with relatively low amplitudes and high 
frequencies when the ϕ starts to descend from 0.7. The system undergoes an explicit bifurcation at approximately ϕ = 0.61, 
after which the thermoacoustic system suddenly switches from the mild states to unstable states with relatively high 
amplitudes and low frequencies. A similar phenomenon regarding this bifurcation was reported in stratified flames (Wang 
et al., 2021) and spray flames (Vignat et al., 2019). For the whole process, distinct types of combustion oscillation can be 
categorized as follows. 

(i) Oscillation Regime I (ϕ ˃ 0.63): extremely low-amplitude limit cycle with relatively high dominant frequencies 
covering 115 to 130 Hz, denoted as f1 in the PSD spectrogram; 

(ii) Quasi-periodicity (ϕ = 0.63-0.61): a state remains thermoacoustically unstable but exhibits two self-excited 
natural modes, with an irregular mode switch between Oscillation Regimes I and II featuring coexisted two 
dominant frequencies, f1 and f2; 

(iii) Oscillation Regime II (ϕ = 0.61-0.46): high-amplitude limit cycle with relatively low dominant frequencies 
covering 80 to 95 Hz, as well as second harmonic frequencies, denoted as f2 and 2f2 in the PSD spectrogram; 

(iv) Intermittency or chaos (ϕ = 0.46-0.45): a state with low-amplitude perturbations at low frequencies or with no 
oscillations preceding LBO. 

To intuitively describe the mode transition of the thermoacoustic system, the dynamic pressure data of three typical 
points in Figure 2 (ϕ = 0.7, 0.55, 0.45) were selected for comprehensive deductions. Figure 3 demonstrates a detailed 
analysis including probability density function (PDF), fast Fourier transform (FFT) spectrum and recurrence plots (RPs) 
of p’ for Oscillation Regime I, Regime II and the stable case, respectively. The two unstable cases show a two-peak 
distribution in PDF and a pattern with black parallel diagonal lines in RP indicating a high recurrence or periodicity in the 
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signal (Kabiraj and Sujith, 2012; Nair and Sujith, 2015). For the stable case, a Gaussian-distribution PDF and grainy RP 
for the stable case both imply the chaotic nature with little repeatability of dynamics approaching LBO (Kabiraj and Sujith, 
2012) can be observed. 

 
Figure 2 Overview of the combustion dynamics of 100% methane/air flames (100M): peak amplitude 

|p’| in the FFT spectrum (left) and PSD spectrogram of |p’| as a function of ϕ. 

 
Figure 3 Demonstration of p’ analysis for 100M case at ϕ=0.7, 0.55 and 0.45, respectively, including 

time-series and PDF (top left), FFT spectrum (bottom left), RPs (bottom right) and the corresponding 
fragmentary time series (top right) in each subfigure. 

Impact of hydrogen or ammonia addition on thermoacoustic bifurcation 
Within the full test list shown in Table 1, thermoacoustic characteristics are then comparatively analyzed. Figure 4 

shows the dominant frequency (fpeak) and peak amplitude of p’ (|p’|) as a function of ϕ for 5 different cases of fuel blends 
under unstable conditions. The 100M case is treated as the baseline while the other four are comparatively studied to 
illustrate the impact of hydrogen or ammonia addition on the thermoacoustic mode transition. It can be observed that the 
mode transition point from Oscillation Regime I to Regime II moves to a smaller ϕ for 75M25H while it moves to a larger 
ϕ for 90M10A. For 75M25A and 50M50A, however, no transition point is detected within the studied ranges of equivalence 
ratios, which is likely to be out of the scope at ϕ > 0.7. Thus, blending hydrogen and ammonia into methane/air flames 
presents different impacts on the thermoacoustic bifurcation behavior with the mode transition point shifting in the opposite 
directions. It can also be noted that fpeak increases with hydrogen addition while decreases with ammonia addition. 
Moreover, fpeak decreases with the content of ammonia increases which can be determined from the comparison of 90M10A, 
75M25A and 50M50A. The opposite trends in the shift of mode transition point and variation of fpeak can be likely attributed 
to the significant difference in flame speed and temperature between hydrogen and ammonia. Specifically, fpeak for all cases 
is not identical with any frequencies of pure acoustic modes calculated using the Helmholtz solver of COMSOL 
Multiphysics, i.e. 50 Hz for the pure Helmholtz-type resonance from the plenum (fH) and 913 Hz for the quarter-wave 
mode in the chamber (f1/4). Integrated acoustics that involves a coupling mechanism of plenum Helmholtz resonance and 
convective-acoustic effects (Allison et al., 2013) may associate with the positive shift of fpeak from fH. 

Figure 5 shows |p’| and the corresponding PSD spectrogram in the frequency domain as a function of ϕ for 75M25H, 
while a detailed analysis of dynamic pressure data at ϕ = 0.7, 0.55 and 0.45 are illustrated in Figure 6. A wide region of 
quasi-periodicity (ϕ = 0.59-0.52) can be observed. Within the region of Regime II, the amplitude increases with descending 
ϕ and peaks at ϕ = 0.45 which is quite different for 100M with no oscillations preceding LBO as shown in Figure 2. The 
LBO limit decreases noticeably to ϕ = 0.36 with 25% hydrogen addition which is far below the studied point ϕ = 0.45. It 
indicates the regulation effect of hydrogen addition on the characteristics of flame stability. 

Figure 7 shows |p’| and the corresponding PSD spectrogram in the frequency domain as a function of ϕ for 75M25H, 
while a detailed analysis of dynamic pressure data at ϕ = 0.7 and 0.55 are illustrated in Figure 8. The minimum equivalence 
ratio point is set at ϕ = 0.5 at which the flame blows out which indicates the low reactivity for ammonia. It can be noted 
that no mode transition occurs with 25% ammonia addition, showing purely Regime II within the studied range of ϕ. 
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Figure 4 Dominant frequency and peak amplitude of p’ for all unstable cases with different fuel blends 

as a function of ϕ, the symbol size denotes the peak pressure amplitude relatively. 

 
Figure 5 Overview of the combustion dynamics of 25% hydrogen addition (75M25H) case: peak 

amplitude |p’| in the FFT spectrum (left) and PSD spectrogram of |p’| as a function of ϕ. 

 
Figure 6 Demonstration of p’ analysis for 75M25H case at ϕ=0.7, 0.55 and 0.45, respectively, including 
time-series and PDF (top left), FFT spectrum (bottom left), RPs (bottom right) and the corresponding 

fragmentary time series (top right) in each subfigure. 

 
Figure 7 Overview of the combustion dynamics of 25% ammonia addition (75M25A) case: peak 

amplitude |p’| in the FFT spectrum (left) and PSD spectrogram of |p’| as a function of ϕ. 
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Figure 8 Demonstration of p’ analysis for 75M25A case at ϕ=0.7 and 0.55, respectively, including time-

series and PDF (top left), FFT spectrum (bottom left), RPs (bottom right) and the corresponding 
fragmentary time series (top right) in each subfigure. 

Comparisons of flame dynamics and response 
The flame dynamics regarding 100M, 75M25H and 75M25A are compared in Figure 9 using snapshots of 

simultaneous OH* CL images and PIV vectors at sequential phases. For quantitative comparisons of the flow field and 
heat release evolutions, phase-dependent evolution of maximum jet velocity at Z = 5 mm in the center plane and integrated 
OH* CL normalized by the local maximum intensity of snapshots in Figure 9 were both extracted, as shown in Figure 10. 
All three cases show relatively strong combustion oscillation as the mode of Regime II at ϕ = 0.55. 

 
Figure 9 Snapshots of simultaneous OH* CL image and PIV vectors at sequential phases for three 
cases: (a) 100M, (b) 75M25H and (c) 75M25A cases. Dashed lines denote zero-axial-velocity points. 
Red points denote stagnation points of IRZ. The reference zero-phase point (φ = 0) is set at peak p’. 

Roughly identical flame motions can be observed for 100M, 75M25H, 75M25A. The velocity field and heat release 
distributions experience large-scale variations during one cycle of large-amplitude thermoacoustic oscillation, which can 
be described as an extinction-recovery process. Firstly, at φ = 0, the flame anchoring point moves deep into the nozzle and 
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results in a critical minimum gap for fresh air flow, which is accompanied by an enclosed inner recirculation zone (IRZ) 
and the minimized core jet velocity. Meanwhile, the heat release reaches a peak value since the limited fresh air flow results 
in the maximum ϕ. However, this critical state of flame anchoring can hardly be sustainable since the air flow rate through 
the nozzle would increase with ascending upstream pressure. It is noted that, consequently, the flame is pushed out of the 
nozzle with the lower stagnation point of IRZ and even lifts upon the dump plane at φ = π/3, forming a rapid extinction 
process. Later the flame becomes almost fully extinct at φ = π, as indicated by the approaching-zero intensity of global 
OH* CL, while the core jet velocity almost triples. Eventually, the observed velocity field variations and the re-ignition in 
local rich regions indicate that the flame takes a long time to recover after the destruction of blockage in the nozzle, forming 
a slow recovery process. On the other hand, the overall OH* CL intensity of the flames changes differently with hydrogen 
and ammonia addition. The flame presents higher intensity with 25% hydrogen addition but becomes much weaker with 
25% ammonia addition which is also related to the difference in laminar flame speed and adiabatic flame temperatures. 

As shown in Figure 10, the phase delay of heat release recovery for 75M25A (1.1 π) is close to that for 75M25H (1.21 
π) but well above that for 100M (0.79 π). Regarding the long-time delay for recovery of heat release, Polifke et al. (2003) 
attributed it to the inertia and the compliance of the gas inside the plenum or burner in their modeling of premixed flames, 
while in partially premixed flames, equivalence ratio fluctuations are also expected with an important contribution. 

 
Figure 10 Extracted phase-dependent evolution of maximum jet velocity, ujet, max, at Z = 5 mm in the 

center plane and integrated OH* CL normalized by the local maximum intensity of snapshots in Figure 
9 for three cases: (a) 100M, (b) 75M25H and (c) 75M25A. 

CONCLUSIONS 
The present work investigated the bifurcation behavior of low-frequency self-excited combustion oscillations for 

partially premixed flames in a gas turbine model combustor. The thermoacoustic bifurcation has been experimentally 
identified and explored by varying global equivalence ratios at a fixed Reynolds number. High-speed diagnostics and 
acoustic measurements are conducted to resolve different flame dynamics and thermoacoustic characteristics. The impact 
of hydrogen and ammonia addition on the thermoacoustic characteristics and flame dynamics were studied for multiple 
fuel blends with different ammonia or hydrogen addition. The main conclusions and prospects are listed below. 

(a) For the baseline case (100M), a clear mode switch occurs at ϕ = 0.61-0.63 from a low-amplitude limit cycle with 
a relatively higher frequency (Regime I) to a high-amplitude one with a relatively lower frequency (Regime II). 
The dynamic pressure amplitude peaks at around ϕ = 0.53. Co-firing methane with hydrogen or ammonia has 
different impacts on the thermoacoustic bifurcation behavior, with the mode transition point shifting in the 
opposite directions. It moves downward to ϕ = 0.59-0.52 with 25% hydrogen addition while no mode transition 
is observed with 25% ammonia addition, showing purely Regime II within the studied range of ϕ. Besides, fpeak 
increases with hydrogen addition while decreases with ammonia addition. Moreover, fpeak decreases as the content 
of ammonia increases. 

(b) The flame motions for 100M, 75M25H and 75M25A are roughly identical at ϕ = 0.55, exhibiting a rapid-
extinction-slow-recovery process within the Oscillation Regime II region. The overall OH* CL intensity of the 
flames becomes stronger with hydrogen addition but becomes much weaker with ammonia addition. The phase 
delay of heat release recovery for 75M25A (1.10π) is close to that for 75M25H (1.21π) but well above that for 
100M (0.79π). 

(c) Even though the thermal powers are approximately close for the 5 cases, co-firing methane with hydrogen or 
ammonia poses different impacts on thermoacoustic bifurcation behaviors and flame dynamics. The different 
chemical reactivity of hydrogen and ammonia, e.g. laminar flame speed and adiabatic flame temperature would 
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be the key factor. Thus, further work is needed to determine the correlation between flame response and fuel 
chemical reactivity. 

Overall, even though the thermal power is approximate, co-firing methane with hydrogen or ammonia poses different 
impacts on thermoacoustic bifurcation behaviors and flame dynamics. The different chemical reactivity of hydrogen and 
ammonia, e.g. laminar flame speed and adiabatic flame temperature would be the key factor. Thus, further work is needed 
to determine the correlation between flame response and fuel chemical reactivity. 
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