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Abstract: Hydrogen is receiving increasing attention as a versatile energy vector to help accel-
erate the transition to a decarbonised energy future. Gas turbines will continue to play a critical
role in providing grid stability and resilience in future low-carbon power systems; however,
it is recognised that this role is contingent upon achieving increased thermal efficiencies and the
ability to operate on carbon-neutral fuels such as hydrogen. An important consideration in the
development of gas turbine combustors capable of operating with pure hydrogen or hydrogen-
enriched natural gas are the significant changes in thermoacoustic instability characteristics
associated with burning these fuels. This article provides a review of the effects of burning
hydrogen on combustion dynamics with focus on swirl-stabilised lean-premixed combustors.
Experimental and numerical evidence suggests hydrogen can have either a stabilising or desta-
bilising impact on the dynamic state of a combustor through its influence particularly on flame
structure and flame position. Other operational considerations such as the effect of elevated
pressure and piloting on combustion dynamics as well as recent developments in micromix
burner technology for 100% hydrogen combustion have also been discussed. The insights
provided in this review will aid the development of instability mitigation strategies for high
hydrogen combustion.
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1. Introduction
1.1. Hydrogen as a Clean Energy Vector

It is widely recognised that significant decarbonisation of large parts of the
world’s energy systems will be required to achieve inclusive energy access while
limiting global temperature rise this century to well below 2 °C above pre-industrial
levels as set out in the UN Paris agreement of 2016 [1,2]. In recent years, hydrogen has
received renewed interest as a clean and sustainable energy carrier to help deliver sig-
nificant emissions reduction and is regarded as a powerful accelerator to achieve a low
carbon future [3,4]. Hydrogen promotes sector coupling in global energy systems [5,6]
and enables deep emissions reduction in sectors that are difficult to decarbonise
through electrification [4,7,8]. Hydrogen facilitates the integration of increasing share
of variable renewable energy technologies (RET) in the energy mix while enhancing
the level of flexibility in the power system [3]. It has been recognised as the most
promising solution for large-scale and long-term carbon-free seasonal energy stor-
age [9,10] and is expected to play a leading role in balancing the intermittent outputs
of solar and wind energy [11]. Zero or low carbon hydrogen can be produced via
water electrolysis using electricity from RET or other low carbon technologies and
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stored in what is known as power-to-gas [12]. The stored hydrogen can then be
reconverted to electricity when required by burning in a gas turbine, for example,
or used in a fuel cell system. Hydrogen therefore has an important role to play in
reducing dependency on fossil fuels in the power sector and ensuring energy security.

1.2. Towards 100% Hydrogen Combustion in Gas Turbines

Gas turbines play a vital role in the power generation mix of today because of their
high efficiencies, operational and fuel flexibility, high power density, low emissions
characteristics and favourable economics [13]. Operating in combined-cycle configura-
tion, they are the cleanest form of fossil fuel power generation [14]. Given the intermit-
tency of RET, gas turbines are relied upon by grid operators to provide dispatchable
power to balance instantaneous supply and demand [14]. Increasing shares of in-
stalled solar and wind power generation capacity [1,15] means advanced gas turbines
will be relied upon even more to meet the system flexibility and energy security needs
of future power systems. However, the role of gas turbines in a low-carbon future is
contingent upon higher plant efficiencies and carbon-neutrality facilitated through
technological innovations in combined heat and power, large-scale carbon capture
and storage as well as operation with carbon-neutral fuels like hydrogen [16–18].

Burning pure hydrogen or hydrogen-enriched natural gas leads to significant
differences in combustion characteristics in comparison to pure natural gas. Gas tur-
bines equipped with diffusion flame combustors can burn up to 100% hydrogen,
albeit requiring expensive nitrogen oxides (NOx) emission abatement strategies which
result in additional power plant complexities and efficiency penalties [19]. Those fit-
ted with lean premixed (LPM) combustors, the current state-of-the-art for low NOx
operation [16,20,21], are generally limited to about 30% hydrogen by volume [14].
LPM combustors operate close to the lean blowout (LBO) with a high degree of fuel–
air premixing which makes them susceptible to thermoacoustic instabilities [22,23].
Also known as combustion instabilities or dynamic instabilities, these refer to dam-
aging pressure oscillations which arise from coupled interaction between unsteady
combustion processes and acoustic waves propagating in the combustor [23,24] and
have generally hindered the development of LPM combustors [24,25]. Research efforts
are ongoing to develop gas turbine combustion technologies which can operate with
any blend of natural gas and hydrogen, including pure hydrogen, while still achieving
low NOx emissions commensurate with natural gas-fired engines [14,18]. However,
operating LPM combustors with very high hydrogen concentrations or pure hydrogen
is fraught with many technical challenges, one of which is the significant changes to
the thermoacoustic instability characteristics of the combustor.

1.3. Purpose and Scope of Review

Motivated by the need to address the technical challenges of burning high hydro-
gen concentrations in LPM combustors, many researchers have carried out detailed
experimental and numerical studies, at laboratory-scale and practical gas turbine
operating conditions, to understand the effect of hydrogen on the combustion char-
acteristics of LPM combustors including combustion instabilities. The purpose of
this article is to provide a review of the challenges of burning pure hydrogen and
hydrogen-enriched natural gas in the context of thermoacoustic instabilities in LPM
combustors based on literature available in the public domain. The primary focus is
on swirl-stabilised systems which form the dominant flame stabilisation mechanism
employed in low emissions stationary gas turbine combustors [20]. Both forced and
self-excitation studies in fully premixed and partially-premixed systems are reviewed.
Self-excited instabilities arise ‘naturally’ from the coupling of heat release oscillations
with one of the acoustic eigenmodes of the combustor. For forced excitation studies,
oscillations are generated by using a siren or loudspeaker to simulate the complex
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acoustic environment during unstable combustion in order to understand the response
of a flame to oscillatory disturbances.

The rest of this article is structured as follows. A summary of the main challenges
of burning hydrogen in LPM combustors is presented in Section 2. To set the context
for subsequent chapters, a general overview of thermoacoustic instabilities is provided
in Section 3. Section 4 discusses the effect of hydrogen enrichment on combustion dy-
namics. In Section 5, additional operational and geometric considerations pertaining
to thermoacoustic instabilities of hydrogen flames are reviewed. Finally, the findings
are summarised in Section 6 where the main insights are discussed and research gaps
identified in order to provide direction for future combustion instability research in
efforts to achieve 100% hydrogen combustion in gas turbines.

2. Challenges of Burning Hydrogen in Lean Premixed Combustion Systems

Hydrogen has different thermophysical and chemical properties in comparison
to natural gas, which leads to contrasting combustion characteristics especially in
the context of LPM combustion. Table 1 compares common combustion properties
of hydrogen to gaseous methane. Key among these properties are its relatively
higher adiabatic flame temperature, flame speed and diffusivity which pose several
technical challenges to LPM combustor operation [19,26,27]. In this section, some of
the main challenges of burning hydrogen in LPM combustors are briefly summarised.
These relate to increased propensity for flashback and autoignition as well higher
NOx emissions and different thermoacoustic instability characteristics arising from its
higher reactivity and burning rates.

Table 1. Thermophysical and chemical properties of hydrogen [26,28].

Property Hydrogen Methane

Specific gravity at NTP 1 0.07 0.55

Lower calorific value by mass (MJ/kg) 119.93 50.02

Lower calorific value by volume at NTP (MJ/m3) 10.05 33.36

Flammability limits in air (by volume) 4 to 75 5.3 to 15

Minimum ignition energy in air (mJ) 0.02 0.29

Autoignition temperature (K) 858 813

Maximum adiabatic flame Temperature in air at
NTP 1,2 (K) 2376 2223

Maximum laminar flame speed in air at NTP 1,2 (cm/s) 306 37.6

Thermal diffusivity at NTP 1,2 (mm2/s) 153.26 23.69

Momentum diffusivity at NTP 1,2 (mm2/s) 105.77 16.81

Mass diffusivity in air at NTP‘1,2 (mm2/s) 78.79 23.98
1 NTP = Normal Temperature and Pressure, i.e., 20 °C and 101.325 kPa. 2 Computed for this article using
Cantera [29] with GRI-Mech 3.0 thermal and transport properties [30].

Flashback is the undesirable, upstream propagation of the flame front from
the combustion zone into the premixing sections of the combustor as a result of an
imbalance between the local turbulent flame speed and flow velocity of the reac-
tants, wherein the former exceeds the latter [31]. Flashback can subsequently lead
to localised flame holding in the premixing passages, resulting in overheating and
hardware damage . The higher turbulent flame speed of hydrogen relative to natural
gas increases the propensity for flashback in LPM combustors [32]. Well-researched
flashback mechanisms include [33]: (i) flame propagation due to combustion instabili-
ties, (ii) flame propagation in the core flow, (iii) flame propagation within boundary
layers and (iv) combustion-induced vortex breakdown.
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The typical inlet pressures and temperatures for modern gas turbines are suffi-
ciently high for autoignition to occur [13]. Autoignition refers to spontaneous ignition
of the combustible fuel–air mixture in the premixing section in the absence of an
ignition source. While the autoignition temperature of hydrogen is only marginally
higher than that of methane [26], hydrogen has a significantly shorter ignition delay
time [19,34] hence a concern for burning hydrogen-enriched fuels in LPM combustors.
The spontaneous ignition delay is the time interval available for a reactive mixture
to react in the absence of an ignition source [20]. If the ignition delay time is shorter
than the fuel–air mixing residence time, then autoignition can occur leading to local
flame holding or flashback.

Even though burning hydrogen produces no carbon emission at the point of use,
NOx emissions are a concern for hydrogen combustion due to its higher adiabatic
flame temperature relative to natural gas. At typical LPM burner stoichiometry,
the adiabatic flame temperature for pure hydrogen is over 150 K higher in comparison
to methane [27]. For a fixed gas turbine configuration, this will result in higher NOx
emissions if the operating conditions are not adapted, for example, by shifting to
leaner equivalence ratio (φ) [19].

Changes in fuel composition can have a significant impact on the thermoacoustic
instability characteristics of LPM combustors [25]. The effect of hydrogen-enrichment
on combustion instabilities is the focus of this paper and is discussed in detail in
Sections 3 and 4.

3. Overview of Thermoacoustic Instabilities

Constituting one of the most challenging fields of combustion research, thermoa-
coustic instabilities refer to undesirable, large amplitude oscillations of one or more
natural acoustic modes of a combustor arising from resonant interaction between oscil-
latory flow and unsteady heat release processes [23,25,35]. The pressure oscillations
can reach amplitudes of the order of a large percentage of the mean combustor static
pressure [36]. Left uncontrolled, these instabilities can lead to many undesirable con-
sequences such as component vibrations, increased heat transfer rates, flame blow-off
and flashback [25,33,37]. Over time, the oscillations can result in substantial system
deterioration while constraining the operating envelope of the engine [38] and in
worst-case scenarios, lead to structural damage [39,40].

The feedback process for self-sustaining combustion instabilities is illustrated
in Figure 1 [41]. Perturbations of the flow/mixture are generated through a driving
process. These flow/mixture perturbations produce heat release oscillations which
induce fluctuations in acoustic pressure and velocity. The acoustic oscillations in
turn generate further flow/mixture perturbations, thus closing the feedback loop.
For confined flames, the acoustic oscillations appear as discrete tones at one of the
natural acoustic modes of the combustor [35,42]. Because combustors are highly
resonant systems and unsteady combustion is an efficient source of acoustic energy,
acoustic waves generated by fluctuating heat release are reflected from the walls of
the combustor to produce flow unsteadiness near the flame [22,38].

Figure 1. Feedback cycle for thermoacoustic instabilities.
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The existence of a time lag is perhaps the biggest reason for thermoacoustic insta-
bilities in premixed combustion systems [43,44]. This is essentially the time it takes for
a fuel particle to be convected to the reaction zone, ignited and its energy released. Sys-
tems incorporating such time delays are inherently unstable because if this time delay
coincides with the convection time of a disturbance from the point of formation to the
region of heat release, instabilities may occur [43]. Furthermore, LPM combustors em-
ploy little to no film cooling or dilution air along the liner walls [20,21,45]. This results
in substantial reduction in acoustic damping in contrast to diffusion-flame combustors
where secondary and dilution air provide excellent sound attenuation [20,22].

The first condition necessary for the occurrence of self-sustained combustion-
driven oscillations, identified by Lord Rayleigh [46], is that the heat release fluctu-
ations (q′) and pressure oscillations (p′) must be in phase (θ < 90°). The second
condition is that the rate at which energy is transferred from the unsteady heat re-
lease process to the unstable acoustic mode must exceed the rate of acoustic energy
dissipation [47,48]. This relationship is mathematically formulated through the modi-
fied Rayleigh criterion shown in Equation (1) [41], where p′(x, t), q′(x, t), Li, t, x, V
and T are, respectively, the acoustic pressure oscillations, periodic heat release oscilla-
tions, ith acoustic energy loss process, time, position within the combustor, combustor
volume and period of oscillation. All practical combustors incorporate some form
of acoustic damping such that the value of the integral in Equation (1) must exceed
the damping integrated over the system volume for instability to occur [49]. Fol-
lowing the onset of combustion instability, the amplitude of the pressure oscillations
initially grows with time at an exponential rate in the linear regime before saturating
into a finite amplitude limit cycle oscillation which arises from nonlinear effects [50].
Limit cycle is the point in the oscillation cycle where the energy addition and dissipa-
tion mechanisms become amplitude dependent and the oscillation amplitude reaches
its maximum value [41].∫

V

∫
T

p′(x, t)q′(x, t)dtdV ≥
∫

V

∫
T

∑
i

Li(x, t)dtdV (1)

Combustion instability driving mechanisms refer to those physical processes
which generate flow perturbations leading to unsteadiness in the flame front and oscil-
latory heat release [23]. Decades of experimental, theoretical and numerical research
have been devoted to the study of these driving mechanisms [51–55]. The mechanisms
which lead to dynamic instabilities can be understood by examining Equation (2) [25],
which relates the volumetric heat release rate Q̇ to the heat of reaction per unit mass
q, the density of the unburnt reactants ρ, the laminar burning velocity SL and the
flame surface area per unit volume A. It follows that fluctuations in flame speed,
heat of reaction and flame surface area can lead to unsteady heat release. For LPM
combustion systems, the dominant driving mechanisms are: (i) velocity fluctuations
and (ii) equivalence ratio oscillations [32,56]. Coupled interaction between two or
more mechanisms can also occur [54,57].

Q̇ = qρSL A (2)

Suppression of combustion instabilities can be achieved by increasing the damp-
ing in the combustion system or by shifting the phase between the pressure and heat
release oscillations to a value greater than 90° to break the feedback loop. Two control
strategies have been employed for controlling combustion instabilities: passive and
active [24,25,56]. Passive control methods involve fixed combustor hardware changes.
Such methods primarily involve the use acoustic dampers such as Helmholtz res-
onators, quarter-wave tubes and perforated liners designed to damp specific frequen-
cies excited within the combustor, fuel injector modifications to alter the convective
time lag thus affecting the timescale associated with the unsteady combustion process
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and the use of diffusion/partially-premixed pilot flames to locally increase the degree
of unmixedness and improve flame anchoring [58]. In active combustion instability
control, certain combustion parameters are externally excited in order suppress the
growth of combustion oscillations by interrupting the coupling between unsteady
heat release and acoustic waves [59]. It involves measurement of a dynamic signal
related to the combustion oscillations such as dynamic pressure fluctuations or chemi-
luminescence emissions and an actuator which dynamically modifies an input to the
combustion system in response to a signal from a control algorithm [38]. In practical
systems, this is mainly achieved by modulating the fuel flow to the combustor [24,25].

4. Influence of Hydrogen Enrichment on Combustion Dynamics

Following a detailed introduction to thermoacoustic instabilities in the previous
section, this section discusses the effect of hydrogen addition on dynamic instability
characteristics of LPM combustors in the context of its impact on dynamic stability
maps, flame structure and combustion dynamics-induced flashback.

4.1. Effect on Stability Maps and Dynamic State Transitions

Observations by several researchers have shown that enriching natural gas with
hydrogen leads to a shift in the dynamic stability characteristics of a given combustor.

Experimental work by Janus et al. [60] investigated the effect of enriching natural
gas with 25% hydrogen by volume on self-excited combustion instabilities in a fully
premixed combustor operating at fixed inlet temperature. Stability maps revealed a
shift in the dynamically unstable region toward lower air flow rates and equivalence
ratios, with lower dynamic pressure amplitude, as a result of hydrogen addition.
This was attributed to the faster reaction rates and shorter convective time scales
of the methane-hydrogen mixture, which affected the phase relationship between
fluctuating pressure and unsteady heat release.

In the work of Figura et al. [61], the researchers characterised self-excited com-
bustion instabilities in a fully premixed, variable length LPM combustor operating
with up to 25% hydrogen by volume blended into natural gas. Keeping the inlet
temperature and Reynolds number constant for fixed combustor lengths, they found
that hydrogen addition shifted the instabilities to lower equivalence ratios with re-
duced dynamic pressure amplitudes. This is illustrated in the stability maps plotted
in Figure 2. For natural gas, the strongest instabilities were observed at φ = 0.7 while
the instabilities occurred at φ = 0.6 for the 25% hydrogen blend with a lower ampli-
tude. The second unstable region at φ = 0.65 for natural gas was also shifted with the
addition of 25% hydrogen to φ = 0.55 with a much diminished amplitude.

Figure 2. Stability maps and corresponding CH∗ chemiluminescence flame images at inlet
temperature of 200 °C and bulk inlet velocity of 75 m/s for (a) natural gas and (b) natural gas
blended with 25% hydrogen by volume. Adapted from Figura et al. [61].
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Taamallah et al. [27,62] investigated methane flames enriched with 0%, 10% and
20% volumetric concentrations of hydrogen at atmospheric pressure by varying φ
while keeping Reynolds number constant. Their findings showed that, in addition
to extending the LBO limit, hydrogen-enriched flames experienced dynamic mode
transitions at lower equivalence ratios compared to pure methane flames as shown
in Figure 3. The strongest instabilities occurred at 0.67 < φ < 0.75 for 100% methane.
For 10% and 20% hydrogen, the instabilities were strongest at 0.64 < φ < 0.7 and
0.6 < φ < 0.65 respectively. Similar dynamic pressure amplitudes were observed for
the three fuels. This shift in the dynamically unstable region of a combustor toward
lower equivalence ratios as a result of hydrogen enrichment has also been reported by
other researchers [63–65]. Extension of the LBO due to the higher strain resistance of
hydrogen is also consistent with findings from other studies [62,63,66,67].

Figure 3. Dynamic stability maps of methane-hydrogen fuel blends. (S) stable, (U) unsta-
ble and (QS) quasi-stable combustion. Solid red line denotes LBO limit. The authors de-
fine quasi-stability as pressure fluctuations with relatively low amplitude. Reproduced from
Taamallah et al. [27].

Transitions in dynamic stability regimes with increasing H2 content was also
observed by Karlis et al. [68], who experimentally investigated self-excited combus-
tion instabilities for blends of CH4 and H2 between 0% and 40% by volume at fixed
equivalence ratio and Reynolds number. They found that the combustor was stable
for H2 concentration up to 20%. Increasing H2 content between 30% and 37.5% led to
intermittent bursts of dynamic pressure and heat release before transitioning to high
amplitude limit cycle oscillations with 40% H2. The authors established thresholds for
extinction strain rates within which the stable, intermittent and limit cycle regimes ex-
isted. Similarly, Zhang and Ratner [65] found that increasing hydrogen concentration
in methane-hydrogen fuel blends altered the dynamic stability characteristics of their
premixed combustor from stable to unstable, transitioning through an intermediate
‘conditionally unstable’ region. The study investigated methane-hydrogen fuel blends
up to 40% by volume of hydrogen for a range of equivalence ratio and Reynolds
number. They also observed that the instabilities were excited at lower hydrogen
concentrations as equivalence ratio was increased.

Mode switching between acoustic resonant frequencies as a result of hydrogen
enrichment has been reported by some authors. Lee et al. [69] studied self-excited
thermoacoustic instabilities for various CH4/H2 flames in a partially-premixed scaled-
down industrial GE7EA gas turbine combustor operated at fuel heat inputs of 40 kW
and 50 kW. Volumetric H2 concentration in the fuel mixture was varied between 0%
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and 100%. At the 40 kW condition, high frequency combustion instabilities were
excited with H2 content between 30% and 80%. Increasing the thermal input to 50 kW
amplified the intensity of the combustion oscillations while extending the range of
H2 content required for triggering instabilities to approximately 5–100%. Different
high frequency acoustic modes were excited depending upon the hydrogen content in
the fuel. Below ~20% H2, a 750 Hz frequency corresponding to the 3rd longitudinal
mode was preferentially excited for both heat input conditions while between ~20%
and ~80% H2, a 1000 Hz frequency which corresponded to the 4th longitudinal
mode was excited. The 6th longitudinal mode instability at a frequency of around
1500 Hz was excited above ~80% hydrogen for the 50 kW thermal input case only.
Similar observations were reported by Park and Lee [70] and Kim et al. [71] in later
investigations using the same burner. The excitation of higher frequency instabilities
due to hydrogen enrichment has also been reported in other studies [64,72,73].

Wicksall and Agrawal [74] experimentally studied combustion instabilities at
atmospheric pressure for methane-hydrogen fuel blends up to 40% hydrogen by
volume over a range of adiabatic flame temperatures in a fully premixed combustor.
At high flame temperatures, sound level measurements and peak sound intensity
levels were considerably higher for the 40% H2 blend compared to lower H2 concen-
trations. The authors indicated that the combustor was rendered thermoacoustically
unstable with 40% H2 in the fuel mixture. Power spectral density plots at a fixed
adiabatic flame temperature revealed a transition in the frequency spectrum from a
multi-modal distribution to a single, narrow peak with very high amplitude as H2
concentration was increased. With 100% methane, two peaks at 450 Hz and 600 Hz
were observed in which the latter concentrated most of the acoustic power. As H2
content was increased in the fuel, a gradual shift in the total sound power from 600 Hz
to 450 Hz was noticeable. When the H2 content reached 40%, the 600 Hz frequency
was totally diminished in favour of the high amplitude 450 Hz peak whose intensity
was an order of magnitude higher compared to lower H2 concentrations.

The above studies highlight that hydrogen enrichment not only extends the
LBO limit, it also leads to a shift in the dynamic instability regions toward lower
equivalence ratios. This feature is intrinsically linked to the higher turbulent flame
speed of hydrogen and the resulting upstream shift in flame position which alters
the thermoacoustic characteristics of the combustor. The implication is that a com-
bustor that is thermoacoustically stable could be rendered unstable and vice versa
depending upon the equivalence ratio. Increasing hydrogen content can also lead
to transitions from stable to unstable combustion through an intermittent regime
characterised by random bursts of high amplitude limit cycle oscillations and sta-
ble aperiodic states. Mode switching between natural frequencies of the combustor,
including the excitation of higher frequency instabilities, can also be triggered as a
result of hydrogen enrichment.

4.2. Effect on Flame Structure and Flame Position

Studies by several authors have revealed correlations between changes in flame
structure/flame position and the occurrence of thermoacoustic instabilities resulting
from hydrogen addition.

The work of Figura et al. [61], earlier discussed in Section 4.1, is one of the first
studies to highlight the effect of hydrogen addition on the relationship between flame
structure and self-excited combustion instabilities. The two-dimensional chemilumi-
nescence images in Figure 2 reveal a similar flame shape and location of the flame
“centre of heat release” for both natural gas and 25% H2 fuel mixture, even though
combustion instabilities were observed at different equivalence ratios. The flame “cen-
tre of heat release” can be interpreted as the average flame location and is a complex
function of flame length, flame shape, flow velocity and frequency [32]. By having the
same location of the flame “centre of heat release”, the two fuel mixtures exhibited
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similar convective time delays and therefore similar dynamic stability characteristics.
These results led the authors to the important conclusion that flames with the same
“centre of heat release” under stable conditions exhibit similar flame structures and
dynamic response.

Studies by Taamallah et al. [62] and Shanbhogue et al. [75] also established
a strong link between flame shapes and the onset of thermoacoustic instabilities
for methane-hydrogen fuel mixtures. The authors identified distinct changes in
the flame shape at the same φ where transitions in dynamic modes were observed
(see Section 4.1). Testing with pure methane, 10% H2 and 20% H2 by volume revealed
a similar sequence of flame structures from stable conditions to limit cycle oscillations
as φ was increased, with very similar thermoacoustic modes and spectral characteris-
tics. This is illustrated in Figure 4 which shows that the flame shape transitions were
similar irrespective of fuel composition; the only difference being that the transitions
occurred at lower equivalence ratios with increasing hydrogen content. The appear-
ance of a flame in the outer recirculation zone (ORZ) was identified as a precursor
to unstable combustion in the three cases. Shanbhogue et al. [75] demonstrated that
the higher extinction strain rates of the high hydrogen mixtures was the enabling
mechanism which allowed the flame to penetrate into the ORZ and stabilise at lower
equivalence ratios compared to pure methane, hence the reason for the flame shape
transitions at lower equivalence ratios.

Many researchers have observed that the addition of hydrogen to natural gas
leads to a transition in flame shape from a V-shape to an M-shape, although with
different effects on dynamic instabilities [63,72,75–77]. Referring back to Figure 4
from the work of Shanbhogue et al. [75], it can be observed that the 100% CH4
flame at φ = 0.58 exhibited a V-shape and was reported as being thermoacoustically
stable. At the same equivalence ratio, an M-shaped flame is observed (Figure 4) as
the hydrogen concentration was increased to 10% and 20%. The authors noted that
these flames were fully anchored in the ORZ and were thermoacoustically unstable.
The transition from a V-shaped to M-Shaped flame at lower equivalence ratios for the
hydrogen flames was found to be a consequence of the higher extinction strain rates,
which arise from the higher diffusivity of hydrogen compared to methane.

On the contrary, the work of Lantz et al. [72] revealed that transition to an
M-shaped flame due to hydrogen enrichment in their combustor coincided with a
suppression of self-excited combustion instabilities. The authors investigated natural
gas flames enriched with up to 80% hydrogen by volume at atmospheric pressure us-
ing a third generation dry low emissions (DLE) burner employed by Siemens Energy
in their SGT-700 and SGT-800 industrial gas turbines. Adiabatic flame temperature
was fixed as the volumetric concentration of hydrogen was varied in the fuel mixture.
Changes in the shape and size of the flame were observed as the hydrogen concen-
tration in the fuel was increased. Chemiluminescence and OH planar laser-induced
fluorescence (PLIF) images revealed that above 60% hydrogen, the flames not only
propagated upstream to stabilise in the premixing section, the flame shape changed
from V-shape to M-shape. The 80% H2 flame in particular was found to be anchored
on the burner tip in the ORZ. Dynamic pressure measurements revealed that the
amplitude of the dominant axial mode was nearly completely suppressed with 60%
hydrogen. With 80% hydrogen, the axial mode reappeared but with a much reduced
amplitude compared to 100% methane. However, a higher frequency mode was also
excited with 80% hydrogen which the authors suggested was a transverse mode insta-
bility. The lower pressure amplitudes observed for the hydrogen-rich flame coincided
with a reduction in the observed flame front fluctuations compared to the pure natural
gas flame. Subash et al. [76] extended the work of Lantz et al. [72] by comparing the
dynamics of pure natural gas and pure hydrogen flames using an optimised version
of the same DLE burner. The pure hydrogen flame was shorter, more compact and
stabilised closer to the burner exit compared to the pure methane flame. The flame
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shape was also M-shaped, penetrating into the ORZ, as opposed to the V-shaped
methane flame. Consistent with previous findings [72,78], they found that firing
pure hydrogen damped the dominant axial mode relative to the pure methane flame.
A higher frequency mode, albeit with a relatively smaller amplitude, could also be
observed in the FFT spectrum. Using probability density maps of OH gradients as
an indicator of flame front fluctuations, the authors observed that the pure hydrogen
flame exhibited significantly lower flame front fluctuations in the inner shear layer
compared to the pure natural gas flame.

Experimental work at atmospheric pressure conditions by Kim et al. [77] pro-
vided great insight into the forced flame response and structure of hydrogen-enriched
natural gas. The study investigated blends of natural gas with H2 up to 60% by
volume. Observations of stable flame shapes, obtained using CH* chemiluminescence
imaging at fixed inlet temperature and velocity, revealed a transition from a V-shaped
flame to an M-shaped flame with increasing H2 concentration. The same flame shape
transition was also found to occur at a higher equivalence ratio for the pure methane
flame due to higher burning velocity. This is a clear indication that the higher burn-
ing velocity of hydrogen was responsible for the occurrence of the flame structure
transition at a lower equivalence ratio. A decrease in the gain and phase of the flame
transfer function (FTF) was found for the hydrogen blends relative to the pure natural
gas flames at low forcing amplitudes. Figure 5 plots the gain and phase of the FTF for
pure methane and a blend of 85% methane with 15% hydrogen to illustrate the effect
of hydrogen addition. The researchers identified this as a characteristic feature of the
shorter, compact M-shaped flames that allows them to damp flow perturbations in
the combustor, with the implication that hydrogen-enriched natural gas flames could
be more dynamically stable than pure natural gas flames. They also noted, however,
that the M-shaped hydrogen flames could still couple with higher frequency modes
of the combustor.

Figure 4. Flame shape transitions as function of equivalence ratio for pure methane, 10% H2

and 20% H2 by volume. Reproduced from Shanbhogue et al. [75].
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(a) Gain (b) Phase
Figure 5. Influence of hydrogen enrichment on gain and phase of FTF at low forcing amplitude. Operating conditions:
inlet temperature = 200 °C, bulk velocity = 60 m/s, equivalence ratio = 0.6. Adapted from Kim [79].

In contrast to the aforementioned studies, experimental work by Ge et al. [80]
found that hydrogen-enrichment resulted in a transition from an unstable M-shaped
flame to a stable V-shaped flame. The researchers investigated the combustion perfor-
mance of hydrogen-enriched natural gas at atmospheric pressure conditions using a
radially staged, partially-premixed DLE burner with both main and pilot fuel streams
operational. Hydrogen concentrations up to 26% by volume were tested at fixed
thermal output while keeping the pilot to main fuel ratio fixed at 11% and 89% respec-
tively. Flame imaging revealed a more compact flame as hydrogen concentration was
increased above 11%. With increasing H2 content, the flame in the ORZ was found
to gradually diminish before disappearing as the combustor became more stable.
A 75% drop in the dynamic pressure amplitude was observed with H2 content greater
than 5%. These observations coincided with a marked decrease in the value of the
Rayleigh Index (RI) in the ORZ suggesting that the presence of a flame in the ORZ
may have been the reason for instability in the natural gas flame. The addition of
hydrogen suppressed the instability through the action of altering the flame structure
and changing the flame shape from an unstable M-shaped flame anchored in the ORZ
to a stable V-shaped flame. The contradictory flame shape transition in this study may
be due to the high pilot fuel percentage used in the experiments.

Forced response studies for hydrogen-enriched flames were also carried out
by Wang et al. [81]. The effect of increasing hydrogen content in methane, up to 40%
by volume, on combustion instability was investigated at a low forcing amplitude over
a range of acoustic forcing frequencies. In the frequency range of 170–240 Hz, the gain
of the FTF was found to decrease with hydrogen addition. An increase in the phase
lag between heat release and velocity fluctuations was observed, indicating a damping
effect. Flow field visualisation, using particle image velocimetry (PIV) and heat release
rate imaging using CH* chemiluminescence, at a forcing frequency of 180 Hz revealed
that flame-vortex interaction was diminished as hydrogen content was increased.
As shown in Figure 6a, large-scale vortices shed from the burner outlet reduced in
size as hydrogen content increased, thus reducing their ability to roll up the flame and
enhance the heat release rates leading to weakened combustion instability. Within the
frequency range of 110–160 Hz, however, the authors reported an increase in the gain
and decrease in the phase of the FTF with increasing hydrogen content, indicating
a higher heat release response to velocity oscillations which enhanced combustion
instability. Flow field visualisation, shown in Figure 6b, revealed greater interaction
between large-scale coherent structures shed from the burner outlet and the flame,
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leading to greater flame roll-up and heat release rate oscillations. The vortex structures
became bigger in size with increasing hydrogen in the fuel mixture. This study shows
that hydrogen addition can have a significant influence on flame-vortex interaction
which can alter the dynamic state of a combustor.

(a) 180 Hz (b) 140 Hz
Figure 6. Flow field visualisation showing effect of hydrogen enrichment on suppressing (a) and enhancing (b) flame-vortex
interaction dynamics at two forcing frequencies. Adapted from Wang et al. [81].

The work of Zhang and Ratner [65] investigated methane-hydrogen fuel blends
up to 40% by volume for a range of equivalence ratio and Reynolds number with
the primary aim of understanding the flame front characteristics during self-excited
combustion instabilities. Stable flame images, analysed using OH PLIF, revealed that
hydrogen addition induced more flame front wrinkling. For the unstable flames,
hydrogen addition was observed to enhance flame-vortex interaction leading to
stronger coupling between heat release oscillations and unsteady pressure fluctuations.
The local flame surface area was shown to increase with increasing hydrogen content
in the fuel mixture. This is a very important finding because variation in flame surface
area can have a profound impact on heat release rate and thus impact thermoacoustic
instabilities [25,43].

Lee et al. [69] also observed that combustion instabilities, driven by flame-vortex
interaction, were excited due to hydrogen enrichment. They investigated the effect
of varying the H2 concentration between 0% and 100% by volume where they found
that increasing the hydrogen content above 5% triggered high combustion instabili-
ties. Time-averaged OH* chemiluminescence images showed that the flame became
narrower and more compact as H2 content was progressively increased in the fuel
mixture. Using proper orthogonal decomposition (POD) analysis, the flame oscilla-
tions were found to be generated by distinct coherent structures and large-scale flame
roll-up. Two-dimensional RI maps, which provide a visual representation of regions
of thermoacoustic instability driving and damping, showed that the highest positive
RI region (strongest instability driving) was shifted closer to the nozzle as hydrogen
content was increased. Their findings showed that hydrogen addition in the fuel
affected the locations and intensity of combustion instability driving and damping.

The effect of hydrogen enrichment on combustion instabilities has also been
studied in low swirl injector (LSI) flames. The LSI burner does not exhibit vor-
tex breakdown with a central recirculation zone (CRZ) for flame stabilisation like
conventional swirl-stabilised burners; rather the key aerodynamic feature for flame
stabilisation is a non-swirling centre flow which inhibits vortex breakdown and pro-
motes the formation of a central divergent zone, thereby creating a lifted flame [82].
Therkelsen et al. [64] experimentally compared the dynamic instability behaviours of
self-excited LSI flames burning 100% CH4 and a volumetric blend of 10% CH4 with
90% H2 at atmospheric pressure. Flame imaging revealed a lifted, deep-bowl shape
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for the CH4 flame while the 90% H2 flame was anchored to the burner rim with a
characteristic M-shape. For the CH4 flame, coherent flame motions were observed
below the trailing edge of the flame in the outer shear layer (OSL) only whereas for the
H2 flame, large scale vortices were observed throughout the flame front including in
the central divergent zone. Flame oscillation frequencies for both flames, derived from
POD analysis, were found to be consistent with the dominant peaks in the acoustic
pressure spectra, clearly indicating thermoacoustic coupling. Davis et al. [83] extended
the work of Therkelsen et al. [64] to better understand the unsteady flow structures
and instability driving mechanisms. Using PIV, the flow fields for both 100% CH4 and
90% H2 flames were found to be dominated by vortex shedding from the burner rim
where the former burned intermittently while the latter burned consistently. Different
instability driving mechanisms were identified for the two flames. Vortex roll-up in the
OSL was reported as the main driving mechanism in the CH4 flame, whereas merging
of the reacting rolled-up vortices in the OSL with the central part of the flame was
the key mechanism for the high H2 flame. Hydrogen addition therefore altered the
combustion instability driving mechanism in the combustor.

The above studies have shown that the higher reactivity of hydrogen-enriched
fuels can have a significant influence on flame structure and flame position as well
as flame-vortex interaction which can alter the thermoacoustic state of a combustor.
Hydrogen addition can also change the instability driving mechanism of a combustor.

4.3. Effect on Flashback

Strong correlations between periodic flashback events and thermoacoustic instabili-
ties in methane-hydrogen fuel mixtures have been reported in literature. Tuncer et al. [84]
experimentally investigated methane-hydrogen fuel blends with up to 50% H2 by
volume in a fully premixed burner at atmospheric pressure conditions. Hydrogen ad-
dition was found to increase the measured root mean square (RMS) pressure am-
plitudes and cause an abrupt shift in the dominant frequency to a lower frequency.
This transition occurred around 20% to 25% H2 and was found to coincide with the
conditions at which flashback was initiated. The spectra for pressure, heat release and
flashback are plotted in Figure 7 which shows no flashback for the pure methane case
and a 40 Hz flashback signal for the 50% H2 flame. The periodic flashback signal was
found to be in phase with the pressure and heat release oscillations at the higher H2
concentrations and occurred at the pressure oscillation frequency. The understanding
is that the flame oscillated back and forth inside the premixer and produced heat re-
lease oscillations at the flashback frequency, which then coupled to one of the acoustic
modes of the combustor.

García-Armingol and Ballester [85] also observed coupling between flashback
and combustor acoustics with a volumetric blend of 50% CH4:50% H2. Though no
mode shift was identified as in the work of Tuncer et al. [84] reviewed above, the RMS
pressure fluctuations for the 50% H2 blend was two orders of magnitude higher
compared to 100% methane . Periodic flashback events during an instability cycle,
as captured by phase-resolved OH* chemiluminescence images, corroborated the
coupling between combustion instabilities and oscillating flashback events.

These studies not only highlight the increased propensity for flashback induced
by thermoacoustic instabilities as a result of hydrogen addition to natural gas, they also
reveal the potential for coupling of periodic flashback events with combustion insta-
bilities.
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(a) Pure methane (b) 50% H2 by volume
Figure 7. Flashback induced by combustion instabilities due to hydrogen enrichment. Pressure, heat release and flashback
spectra at φ = 0.7. Reproduced from Tuncer et al. [84].

5. Additional Combustion Instability Considerations for High Hydrogen Fuels

In this section, other operational and geometric considerations pertaining to
combustion instabilities for pure hydrogen and hydrogen-enriched natural gas are
discussed. Specifically, combustion instability studies of hydrogen flames at elevated
pressure conditions including practical gas turbine operating conditions are reviewed.
The effect of piloting on the dynamics of hydrogen flames and the few available
studies relating to thermoacoustic instabilities in micromix burners are also discussed.

5.1. Elevated Pressure

Combustion instabilities for hydrogen-enriched flames have been investigated at
elevated pressure conditions. Zhang and Ratner [65] carried out combustion insta-
bility studies for methane-hydrogen flames at atmospheric pressure, 2 bar and 3 bar
conditions for blends of up to 40% hydrogen by volume over a range of equivalence
ratio and Reynolds number. At the same operating pressure, OH PLIF images revealed
more flame front wrinkling with increasing hydrogen content in the fuel mixture.
For the same hydrogen concentration, increasing the operating pressure was found
to also enhance flame front wrinkling. Figure 8 shows the effect of pressure on the
dynamic stability of the hydrogen-enriched fuel mixtures for equivalence ratios of
0.7 and 0.8 at a fixed bulk inlet velocity of 5 m/s. At both equivalence ratios, increasing
the combustor pressure was found to lower the concentration of hydrogen required to
trigger the combustion instabilities. This effect was more pronounced as equivalence
ratio was increased from 0.7 to 0.8 due to the increase in turbulent burning veloc-
ity. Investigation by Emadi et al. [67] also found that elevated combustor pressure
induced more flame front wrinkling for methane-hydrogen fuel blends compared to
pure methane.

Runyon et al. [86] compared the effect of elevated pressure on self-excited ther-
moacoustic instabilities for fully premixed pure methane and hydrogen-enriched
flames. The methane/hydrogen fuel mixture was made up of 85% CH4 and 15% H2
by volume. Both flames were operated at an equivalence ratio of 0.55 and pressures
ranging from 1.1 bar to 3.3 bar. In order to maintain similar flow fields, a constant
non-dimensional mass flow was maintained with increasing pressure such that only
the effects of turbulence (increased pressure) and thermochemistry (hydrogen addi-
tion) can be attributed to any observed changes in flame structure. Results showed
that both flames were acoustically coupled at the resonant frequency of the combustor.
Elevating the pressure resulted in an increase in dynamic pressure amplitudes for
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both flames; however lower amplitudes were measured for the hydrogen-enriched
flame relative to pure methane. Chemiluminescence imaging revealed higher heat
release rates with increasing combustor pressure for both fuels, which explains the
higher pressure fluctuations. With increasing combustor pressure, the pure methane
flame became increasingly stretched with a thickening of the mean flame brush but
with no appreciable change in flame position. In contrast, the hydrogen-enriched
flame was more resistant to aerodynamic stretch and was stabilised further upstream
closer to the burner outlet with a reduction in the thickness of the mean reaction zone.
Increasing the combustor pressure was observed to shift the flame even further upstream.

Figure 8. Dynamic instability maps for hydrogen concentration as function of combustor
pressure. Reproduced from Zhang and Ratner [65].

Some gas turbine manufacturers have reported studies of combustion instabilities
for hydrogen and hydrogen-rich flames in practical gas turbine combustors operating
at pressurised engine conditions . Lam and Parsania [87] investigated the combustion
performance of the Siemens Energy SGT-400 industrial gas turbine combustor burning
blends of natural gas and up to 20% hydrogen by volume at full engine pressure
and temperature. A sharper rise in the amplitude of combustion oscillations with
increasing inlet pressure and combustor exit temperature was found for the hydrogen
enriched fuels. At the same full load firing temperature, the RMS pressure fluctuations
were reported to be three times higher compared to 100% natural gas operation.
Prior high speed imaging at atmospheric pressure using the same combustor [88]
showed a more compact H2 flame compared to the methane flame with more intense
burning and unsteady heat release characteristics. This indicates that hydrogen
addition not only rendered the combustor unstable, the effect was exacerbated with
increasing pressure. Mitsubishi Heavy Industries Ltd. [89] tested blends of natural
gas with up to 30% H2 by volume in a single combustor rig at simulated J-class gas
turbine firing conditions with only a small decrease in the amplitude of the resonant
frequency. Ansaldo Energia [90] demonstrated the capability of operating their GT36
constant pressure sequential combustor with volumetric blends of natural gas and
hydrogen ranging from 0% to 100% hydrogen. While still within their design limits,
the amplitude of the dominant longitudinal mode instability was shown to increase
by a factor of four with hydrogen content above 30%. The amplitude of the higher
frequency transverse thermoacoustic mode was observed to slightly decrease above
30% hydrogen.

Using Large Eddy Simulation (LES), Moëll et al. [73] simulated the effect of
hydrogen enrichment on combustion instabilities in the third generation DLE burner
used by Siemens Energy in the SGT-800 industrial gas turbine. The computational
model was based on an experimental test rig which has been used for various stud-
ies [72,76,88]. The study [73] compared the flame dynamics of 100% CH4 with a blend
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of 70% CH4 and 30% H2 by volume at the same adiabatic flame temperature. The FFT
spectrum showed that the two fuels excited the same dominant longitudinal acoustic
modes. The hydrogen-enriched fuel resulted in a one-third decrease in the amplitude
of the lower frequency mode, which was found to be excited due to strong interaction
between the premixed pilot flame and the pressure field in the combustion chamber.
However, the amplitude of the higher frequency mode was doubled as a result of
hydrogen addition. The authors [73] have not reported the mechanism responsible
for the excitation of the higher frequency resonant mode.

The above studies indicate that combustion instabilities in hydrogen-enriched
flames can be further amplified due to an increase in combustor operating pressure.
Importantly, research suggests that the concentration of hydrogen required to trigger
the dynamic instabilities is lowered as pressure is elevated. It is also clear, however,
that whether a combustor is stabilised or destabilised as a result of hydrogen enrich-
ment at elevated pressure is very much dependent upon the specific combustor design
and operational parameters.

5.2. Pilot/Secondary Fuel Injection

The use of pilot fuel injection as a passive control strategy for suppressing com-
bustion instabilities has been introduced in Section 3. The effect of pilot fuel on the
dynamic stability characteristics of hydrogen-enriched natural gas flames has been
reported in literature.

Lam and Parsania [87] compared the effect of pilot fuel on combustion insta-
bilities as a function of volumetric hydrogen concentration in the Siemens Energy
SGT-400 DLE combustor operating at engine full load conditions. Above 14% hydro-
gen content, the authors found that increasing the pilot split, defined as the ratio of
pilot fuel to total fuel, increased the amplitude of the resonant acoustic mode. Below
14% hydrogen, no effect of increasing pilot split was observed.

Subash et al. [76] investigated the effect of pilot fuel injection on the flame
structure of various natural gas/hydrogen fuel mixtures up 80% hydrogen by volume
in an industrial DLE burner. This was achieved by injecting 3% of the total fuel
mixture through pilot fuel injection holes distributed around the circumference of the
burner outlet to form mini-diffusion flames. In the absence of pilot fuel, the flames
were stabilised in the ORZ as M-shaped flames but were not anchored to the burner
tip. Addition of the pilot fuel was found to increase the OH signal in both the CRZ and
ORZ and the flame was observed to anchor on the burner tip. Pilot addition therefore
enhanced the flame’s resistance to extinction allowing it to anchor on the burner tip.
Although no report of the effect on dynamic pressure was provided, the change in
flame stabilisation and increased heat release rate is expected to have an impact the
flame’s dynamic response.

The work of Oztarlik et al. [91] is particularly instructive in improving our
understanding of suppressing combustion instabilities in swirl-stabilised flames using
minute quantities of pure hydrogen as a pilot diffusion flame. Comparisons with
piloting using pure methane and fully premixing the same quantity of hydrogen
in the main fuel stream showed that piloting with pure hydrogen had significant
advantages in suppressing combustion instabilities. Using 3.3% H2 by volume as pilot
fuel, which corresponded to 1% thermal power, the number of unstable points in the
dynamic stability map was reduced by a third. The number of unstable points was
further reduced with 6.6% H2. Flame visualisation of stable flames showed that the
hydrogen piloted flames reduced the flame height with a redistribution of the heat
release toward the root of the flame, which the authors implied to be the reason for
the different flame response. The gain and phase of the FTF were significantly affected
by piloting using pure hydrogen, whereas other injection strategies had a negligible
impact on the flame response.
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The above studies demonstrate that the injection of pilot fuel, either as pure
hydrogen or as a blend with natural gas, can impact the dynamic instability character-
istics of hydrogen-enriched flames.

5.3. Micromix Combustion

In efforts to achieve 100% hydrogen combustion, many gas turbine manufacturers
are focusing their combustor developments on micromix combustion to eliminate
the risk of flashback while achieving low NOx emissions [17,92–94]. In contrast to
conventional swirl-stabilised LPM combustors, micromix combustors consist of a large
number of small-scale, closely spaced injectors which result in an array of distributed,
compact flames with small recirculation zones. The primary objective is to reduce the
distance within which fuel and air are mixed [95]. While some micromix concepts
feature short premixing sections to promote rapid premixing time scales [92,93,96],
other designs feature small-scale jet-in-crossflow arrangements to ensure fast and
intense mixing of non-premixed fuel and air while achieving good aerodynamic
flame stabilisation [97]. Both concepts, examples of which are shown in Figure 9,
result in miniaturised flames with very short residence time of reactants in the flame.
The improved NOx emissions performance and increased flashback resistance of
such novel burners have been demonstrated [92–95]. Consequently, researchers are
studying the dynamic instability characteristics of these combustor architectures in
the context of pure hydrogen and hydrogen-enriched natural gas flames.

(a) (b)

Figure 9. Types of micromix combustor concepts. (a) Premixed concept developed by Mitsubishi Hitachi Power Systems
Ltd. [93]. (b) Jet-in-crossflow concept developed by Aachen University and Kawasaki Heavy Industries Ltd. [94,97,98].

Lee and Kim [96] investigated self-excited combustion instabilities in a micromix
combustor, comprising an array of 60 fully premixed nozzles, to understand the key
differences in flame dynamics between lean premixed hydrogen flames and methane
flames. 100% CH4 and 100% H2 flames were studied at fixed inlet temperature and
Reynolds number over a range of adiabatic flame temperatures and combustor lengths.
Flame images taken under thermoacoustically stable conditions revealed that the CH4
flames were characterised by interactions between neighbouring flames, with very
wrinkled flame surfaces and irregular detachment from the nozzle exit. The hydrogen
flames, on the other hand, formed very compact reaction zones stabilised at each
nozzle exit, devoid of interaction with adjacent flames. Analysis of thermoacoustically
unstable flames revealed that the hydrogen flames preferentially excited several higher
order resonant modes as the combustor length was varied. The methane flames,
however, only excited the first longitudinal acoustic mode of the combustor and with
lower amplitudes compared to the hydrogen flames. Figure 10a,b show the differences
in dominant acoustic modes excited by the two flames as a function of combustor
length for two adiabatic flame temperature conditions. Flame imaging revealed that
the two flames exhibited radically different oscillatory motions during limit cycle
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oscillations as shown in the peak heat release plots in Figure 10c,d. The methane
flames merged together to form a large-scale global oscillation whereas the compact
hydrogen flames oscillated in isolation in the vicinity of the burner exit without
any flame-to-flame interaction. From instantaneous OH PLIF images, the authors
identified flame annihilation [99] as the main instability driving mechanism for the
compact hydrogen flames.

(a) (b)

(c) (d)

Figure 10. Combustion dynamics of hydrogen flames in a micromix combustor. Top row—comparison of measured
dominant combustion instability frequencies for hydrogen and methane flames as a function of combustor length for
adiabatic flame temperatures of (a) 1881 K and (b) 2009 K. Bottom row—comparison of peak OH* chemiluminescence
intensities during limit cycle oscillation for (c) methane flames and (d) hydrogen flames. Flow direction is from top to
bottom. Adapted from Lee and Kim [96].

McClure et al. [100] numerically investigated the forced response of hydrogen
micro-diffusion flames using a single injector element in a jet-in-crossflow arrange-
ment. FTF results, computed using steady-state Reynolds-Averaged Navier-Stokes
simulation , showed that the gain of the FTF did not decrease substantially until very
high frequencies (>2000 Hz). This is unlike typical FTF observations in conventional
LPM combustors burning natural gas [99,101–103]. This suggests that the hydrogen
flame is able to amplify thermoacoustic oscillations over a wider range of frequencies.
It also indicates that the hydrogen micromix combustor may be more susceptible to
higher frequency combustion instabilities.

From these studies, it can be inferred that firing micromix combustors with
hydrogen has the potential to excite higher frequency combustion instabilities which
may lead to accelerated hardware damage without any mitigation strategies.

6. Summary and Concluding Remarks

It is clear from this review article that the combustion of pure hydrogen and
hydrogen-enriched natural gas can have a profound impact on the thermoacoustic in-
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stability characteristics of LPM gas turbine combustors. The higher reactivity of hydro-
gen compared to natural gas leads to differences in flame stabilisation, topology and
dynamics. Whether a combustor is rendered thermoacoustically stable or unstable
as a result of hydrogen addition is very much dependent upon the specific design of
the combustor and its operational parameters. However, recognition of the effects of
hydrogen on thermoacoustics and factoring these implications in the design and oper-
ation of LPM combustors is of paramount importance. From the preceding sections,
the following insights can be drawn.

• Due to higher turbulent flame speeds, pure hydrogen and hydrogen-enriched
natural gas result in compact flames which are shifted upstream closer to the
burner outlet in comparison to pure natural gas flames. As the flame position
is shifted upstream, so does the flame “centre of heat release”. The shorter
convective timescale alters the phase relationship between unsteady heat release
and pressure fluctuations, thus affecting the dynamic instability characteristics
of the combustor. Flame position therefore plays a crucial role in determining
the dynamic state of hydrogen and hydrogen-enriched natural gas flames.

• Hydrogen enrichment has been reported to shift regions of thermoacoustic insta-
bilities to lower equivalence ratios/flame temperatures. This implies that a gas
turbine combustor that is dynamically stable at a given equivalence ratio/flame
temperature may be rendered dynamically unstable and vice versa as a result
of hydrogen addition. This may also have implications on attempts to achieve
lower NOx emissions by exploiting the benefit of sustaining combustion at lower
equivalence ratios with hydrogen addition.

• Mode switching between acoustic resonant frequencies can occur in LPM com-
bustors as a result of burning hydrogen or hydrogen-enriched natural gas.
This can have an impact on extant combustion instability control strategies
developed for natural gas operation. The excitation of higher frequency instabili-
ties has also been reported, which can lead to accelerated structural damage if
left uncontrolled.

• It has been observed that hydrogen addition can lead to regions of intermittent
dynamics in the transition between dynamically stable and unstable combus-
tion. Intermittency is an active area of combustion instability research where
the phenomenon is exploited as a precursor to impending combustion insta-
bility. Extending these studies to hydrogen combustion would help in the
development of predictive algorithms that could detect and actively control
combustion instabilities.

• Several researchers have reported a change in flame shape from a V-shaped to an
M-shaped flame as a result of hydrogen enrichment, with different consequences
on combustion instabilities. There is a consensus that this flame shape transi-
tion is due to the higher extinction strain rates of the fuel mixtures containing
hydrogen, arising from its higher diffusivity, which enables the flames to propa-
gate through the velocity gradients of the outer shear layer and into the ORZ.
Hydrogen has also been shown to alter the flame-vortex interaction dynamics as
well as instability driving mechanism in LPM combustors. These can influence
the thermoacoustic state of a combustor.

• Depending upon the forcing frequency, hydrogen can have a significant im-
pact on the forced response characteristics of a combustor. However, there is
a gap in the understanding of the nonlinear response of hydrogen flames in
swirl-stabilised LPM combustors. More research is required in this field in or-
der to develop models that can accurately predict the limit cycle behaviour of
combustors burning hydrogen and hydrogen-enriched natural gas fuels.

• Hydrogen-enrichment has the potential to increase the propensity for combustion
dynamics-induced flashback. It can also promote the coupling between periodic
flashback events and thermoacoustic instabilities.
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• Elevated combustor operating pressure can amplify combustion instabilities
in hydrogen-enriched flames while lowering the hydrogen content in the fuel
mixture required to excite the dynamics. The latter observation is the more
relevant finding for this discourse. Firstly, it indicates that atmospheric test re-
sults of hydrogen concentrations at which combustion instabilities occur cannot
be directly applied or extrapolated to pressurised conditions. Secondly, as gas
turbines become more efficient due to higher pressure ratios, the concentration
of hydrogen required to trigger combustion instabilities is likely to be lower.
Increasing combustor operating pressure has also been reported to induce more
flame front wrinkling in hydrogen-enriched natural gas flames compared to
pure natural gas flames which has an impact on thermoacoustic instabilities.
Currently, detailed elevated pressure studies of combustion instabilities in prac-
tical combustor geometries are, generally, very limited. Hydrogen flames at
practical gas turbine operating conditions should be included in future research
efforts to close this gap.

• Pure hydrogen injection in minute quantities, as a pilot diffusion flame, has been
shown to have potential for suppressing combustion instabilities. More work is
required in this area in the context of swirl-stabilised flames to better understand
the flame dynamics, impact on dynamic stability maps over a wide range of
operating conditions and the best injection strategies for achieving an optimal
compromise between combustion instabilities and NOx emissions.

• Micromix combustion technology is evolving as a novel burner concept to enable
100% hydrogen combustion in gas turbines. The few published studies on
combustion instabilities have highlighted the tendency to excite higher frequency
dynamics in these combustors. More research effort is required to understand
the combustion instability characteristics of these burners. The closely-spaced,
small-scale flames increases the potential for flame-to-flame interaction with
significant implications on the flame response to flow perturbations and the
instability driving mechanisms. Transverse-mode instabilities can also exist in
such burner configurations which will lead to added complexities.

• Numerical simulations are increasingly being utilised to complement experi-
mental approaches in the development and optimisation of low emissions gas
turbine combustors. LES has evolved as a very powerful computational tool
for accurately simulating the highly turbulent reacting flows found in practical
combustion systems including the effects of flame-acoustic interactions. How-
ever, numerical combustion instability studies for pure hydrogen and hydrogen-
enriched natural gas flames in swirl-stabilised LPM combustors are very limited.
LES has the potential to provide deep insights into phenomena which are pro-
hibitively expensive to investigate with experiments. A research area of immedi-
ate interest is the simulation of combustion instabilities for hydrogen-enriched
flames at the elevated pressures and temperatures obtainable in real-world
gas turbines.
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Abbreviations

φ Equivalence ratio
CRZ Central recirculation zone
DLE Dry low emissions
FTF Flame transfer function
LBO Lean blowout
LES Large Eddy Simulation
LPM Lean premixed
LSI Low swirl injector
ORZ Outer recirculation zone
OSL Outer shear layer
PIV Particle image velocimetry
PLIF Planar laser-induced fluorescence
POD Proper orthogonal decomposition
RET Renewable energy technologies
RI Rayleigh index
RMS Root mean square
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