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We investigate the effect of increasing levels of hydrogen en-
richment on the non-linear response and saturation of pre-
mixed bluff-body stabilised methane/hydrogen flames sub-
mitted to acoustic forcing. The thermal power is kept ap-
proximately constant to preserve the nozzle velocity whilst
increasing the flame speed through hydrogen enrichment.
The flame describing function (FDF) is measured for a fixed
frequency and three hydrogen-methane blends ranging from
10% to 50% by power, corresponding to 25% to 75% by vol-
ume. We show that when the flame is forced at the same
frequency at similar power and bulk velocities, increasing
levels of hydrogen enrichment increase the saturation ampli-
tude of the flame. To provide insight into the flame dynamics
responsible for the change in the global non-linear response
and saturation amplitude, the flames were investigated us-
ing high-speed imaging in combination with OH-PLIF at a
range of forcing amplitudes. At lower hydrogen concentra-
tions, the flame is stabilised along the inner shear layer and

saturation in the heat release rate occurs at lower forcing
amplitudes due to large-scale flame-vortex interactions caus-
ing flame annihilation as observed in several previous stud-
ies. At increased levels of hydrogen enrichment, distinctly
different flame dynamics are observed. In these cases, the
flame accelerates and propagates across to the outer shear
layer which acts to suppress large-scale flame annihilation
during roll-up of both the inner and outer shear layers. This
results in a coherent increase in flame surface area with forc-
ing amplitudes significantly increasing the saturation ampli-
tude of the flame. These results show that high levels of hy-
drogen increase the amplitude response to acoustic forcing
leading to higher saturation amplitudes. This suggests that
substituting natural gas with hydrogen in Gas Turbines in-
creases the risk of much higher limit-cycle amplitudes if self-
excited instabilities occur.
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1 Introduction
Developing the technology to burn hydrogen in station-

ary gas turbines may provide a crucial building block towards
zero-carbon power generation. During periods of excess en-
ergy production renewable energy sources can be used to
produce hydrogen which can be easily stored and utilised to
provide energy on demand. However, hydrogen has signifi-
cantly different combustion properties from hydrocarbon fu-
els as it is extremely diffusive, has significantly higher flame
speeds, extinction strain rates and an unknown pressure de-
pendence [1; 2; 3; 4; 5; 6]. Since current gas turbine tech-
nology is optimised around hydrocarbon fuels, shifting to
hydrogen poses new technical and scientific challenges in
terms of thermoacoustic instabilities [7; 8; 9; 10; 11] and
flashback [12; 13]. Understanding the fundamental effects
of hydrogen will aid in the development of new combustor
technologies needed to enable and ensure stable operation
[14; 15; 16; 17; 18].

Recently there has been a large effort studying the ef-
fect of hydrogen on combustion dynamics. Increasing levels
of hydrogen concentration have been shown to have a large
effect on the mean flame stabilisation where the flame tends
to become shorter, more compact and stabilises close to the
flame holder [19; 20; 21; 22; 23; 24; 7]. Shorter flames re-
spond to acoustic velocity fluctuations over a higher range of
frequencies. This can be quantified through a Flame Transfer
Function (FTF) which relates the fluctuations in the heat re-
lease rate of the flame to an imposed acoustic velocity fluctu-
ation [25]. Overall, it has been shown that increasingly com-
pact premixed flames result in an increase in the gain cut-off
frequency and a reduced time-delay [26; 27; 28; 29; 30]. The
increased cut-off frequency of hydrogen enriched premixed
flames can also make them more susceptible to convective
disturbances which could be used for control [27; 31; 32].
Undesirable effects due to the increase in the cut-off fre-
quency have also been observed in mesoscale burners where
thermoacoustic modes were triggered at higher frequencies
compared to natural gas [9; 10; 11; 33; 34]. This change in
behaviour has been observed in annular and can type burners
[35; 36; 37]. Other studies have shown that strategic sec-
ondary hydrogen injection in small mass fractions can in-
crease flame stability [38; 39; 40]. Overall, these studies
demonstrate that the effects of hydrogen can have both detri-
mental or beneficial effects.

Most of these studies to date have focused on the sys-
tem behaviour or on the linear flame response. As the FTF is
only valid in the limit of small perturbations and therefore re-
stricted to the linear response, capturing the instability ampli-
tude requires a characterisation of the non-linear behaviour
of the flame response [41; 42] which is often related to the
coupling between the flame and flow dynamics [43; 44]. The
flame response saturates when submitted to sufficiently high
acoustic amplitude oscillations and is generally attributed to
vortex-flame interactions [45; 46; 47] which limit fluctua-
tions in the heat release rate through the destruction of the
flame surface via flame annihilation.

The aim of this paper is to investigate the effect of high
levels of hydrogen concentration on the non-linear response

of hydrogen-methane flames and the underlying changes in
the flame dynamics for similar thermal power and bulk ve-
locities. We measure the flame response over a range of hy-
drogen/methane blends and we investigate how the flame and
flow interact and how this interaction affects their non-linear
relationship.

The paper is structured as follows: First, the experimen-
tal setup and the methodology are described. Then, global
flame response measurements in form of FDFs are presented
for various levels of hydrogen enrichment. Finally, details
on the flame dynamics and its relation to vortex-roll up are
presented and discussed.

2 Experimental setup
2.1 Burner setup

The experimental setup is shown schematically in Fig. 1
and follows a similar setup to previous studies [26; 8]. The
burner was designed to produce premixed flames that sta-
bilise in the wake of a bluff body with a diameter db = 13mm
which has an inclination angle of 45◦. The bluff body was
centred in a Lp = 160mm long and dp = 19mm diameter
pipe by a dr = 5mm rod. After the contraction of the bluff
body, the flow expands freely into the open environment (un-
confined).

Alicat mass flow controllers (MFCs) were used to regu-
late the air and fuel (H2 and CH4) mass flows with a varia-
tion of less than 1%. The gases were mixed sufficiently far
upstream to achieve premixed conditions. The flow was con-
tracted through the bottom of a plenum section before being
converged into the injector pipe as indicated by the stream-
lines in Fig. 1.
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Fig. 1. Burner setup and measurement diagnostics. Dimensions
are given in mm. For more details see [48].
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2.2 Measurement diagnostics
Acoustic pressure oscillations p1−3 were measured at

three axial locations x = −45,−70, and −130mm, in the
injector pipe by Kulite XCS-093-0.35D (range 0− 35 kPa)
pressure transducers. The pressure signals were amplified
by a Fylde FE-579-TA bridge amplifier and sampled at a
rate of 51.2 kHz with a 24-bit NI-9234 DAQ. To externally
excite/force the flow, two Monacor KU-516 horn drivers
were mounted in the plenum. The forcing signals pref were
monochromatic and generated using an Aim-TTi TGA1244
signal generator. The signal pref was also sampled to be used
as a reference for cross power spectral analysis.

The acoustic field in the injector pipe was reconstructed
by combining recordings of the pressure time-series and us-
ing the multiple microphone method (MMM) [49; 48]. The
1D acoustic pressure and velocity fields in the injector pipe
are described by

p̂a(x) = A+ exp(−jk+x)+A− exp(jk−x) (1a)

ûa(x) =
1
ρc

(
A+ exp(−jk+x)−A− exp(jk−x)

)
, (1b)

where A+ and A− represent upstream and downstream prop-
agating 1D acoustic waves, ρ and c are the gas density and
the speed of sound respectively, and k± = k/(1± ū/c) is the
wave number k = 2π f/c. By including the area jump due
to the bluff body, the acoustic velocity at the dump plane is
given by

û =
Ap

Ab
ûa(x = 0), (2)

where the area ratio is given by Ap/Ab = 1.75. The area
jump is assumed compact and the effect on the acoustic pres-
sure is assumed to be small. The amplitude of the acoustic
forcing A = |û|/ū was achieved by tuning the amplitude of
pref through an iterative scheme as described in [48]. Fig. 2
shows the reconstructed acoustic mode inside the injector
pipe where A is tuned in the range of 0.05 − 0.5 in steps
of 0.05 for f = 1kHz. This frequency corresponds to the
half-mode of the injector pipe and hence, large velocity fluc-
tuations could be achieved at the dump plane.

All complex amplitudes, denoted by hatted quantities
(.̂), are calculated by

p̂i =
PSD(pref , p′i)√
PSD(pref , pref)

, (3)

where PSD denotes the energy spectra estimated using the
Welch method. The signals were binned into 50% overlap-
ping windows and pre-multiplied by a Hanning window prior
to the computation of the PSD.

An estimate of the fluctuations in the global heat re-
lease rate (HRR) was obtained through OH* and CH* light-

Fig. 2. Reconstructed acoustic mode inside the injector pipe forced
at f = 1 kHz for increasing forcing amplitudes A. Markers |p̂i| in-
dicate measured pressure amplitudes and lines are obtained from
Eq. (1).

emmisions using two Hamamatsu H11902-113 photomul-
tiplier tubes (PMT) equipped with UV band pass filters,
310±10nm for OH* and 430±10nm for CH*. Since the air-
fuel mixture was considered perfectly premixed, the chemi-
luminescence intensity is proportional to the global HRR
(I/Ī = Q/Q̄) [50; 51; 48].

The flame response to acoustic forcing is quantified
through the flame describing function (FDF) given by

FDF(ω,A) =
Q̂/Q̄
û/ū

= Gexp( jθ), (4)

where G is the gain and θ the phase. The FDF relates the nor-
malised fluctuations in HRR to the normalised fluctuations
of the acoustic velocity û/ū at a frequency 2π f = ω and nor-
malised forcing amplitude A = |û|/ū. In the low amplitude
regime, there is a linear relationship between Q̂ and û, i.e.
G and θ are not functions of A but only ω. In this regime,
the global flame dynamics are described by the flame trans-
fer function (FTF) and in [26; 8] we focused on the effect of
hydrogen enrichment on the linear flame response. In this
paper we consider large amplitude oscillations where the de-
pendency of Q̂ with û becomes non-linear and saturates.

The spatial distribution of HRR was obtained through
images of OH* taken in the x− y and y− z planes using two
Phantom V2012 high speed cameras, each equipped with a
LaVision Intensified Relay Optics (IRO) unit, a Cerco 2178
UV lens (100F/2.8), and a UV filter (310(10)nm). These
images represent a line of sight integrated view and are de-
noted qz and qx for the projections taken in the x−y and y−z
planes respectively. The image and PMT intensity signals are
normalised such that spatial integration provides the thermal
power, i.e. P = Ī =

∫
V qdV. In this way the PMT and camera

provide very similar signals as shown in [8].
To investigate the flame roll-up process that influences

the non-linear flame dynamics, the planar flame front posi-
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Fig. 3. a) OH-emission spectrum at different excitation wave-
lengths. b) A single snap-shot of an OH-PLIF signal and the com-
puted flame surface (xs(l),ys(l)) coloured by flame curvature κ. c)
Ensemble of phase-locked snap-shots superimposed.

tions and the flame curvature were obtained using high-speed
OH-PLIF in the x−y plane [52]. The system was comprised
of an Edgewave IS400-2-L nd:YAG (532 nm) laser pumping
a Sirah Credo-Dye-N laser providing an output pulse energy
of about 0.3 mJ at a rate of 10kHz. The beam was directed
through a set of spherical and cylindrical lenses and colli-
mated into a ≈ 1mm thick and ≈ 50mm high laser sheet,
cutting the flame through the center of the bluff body. The
output wavelength λ was tuned to match the intensity peak
of the OH-radicals at 283.569nm as shown in Fig. 3 a). The
front camera was used with the intensifier gate time reduced
to 80ns to capture only the signal excited by the laser.

The flame front position is located close to the edges in
the images where the intensity gradient is high. To extract
the coordinates of the flame surface and compute the flame
curvature, we follow the same processing steps as was de-
scribed in [31]. These provide a set of flame surface coordi-
nates (xs(l),ys(l)) which are parameterised by the arc length
l. The flame curvature κ is calculated by

κ =
ẋsÿs − ẏsẍs

[ẋ2
s + ẏ2

s ]
3/2, (5)

where the dot denotes a derivative with respect to the arc
length, ẋs = ∂xs/∂l. The curvature κ is positive when the
flame is concave towards the unburnt reactants and negative
when it is convex towards the unburnt reactants. An exam-

ple of an OH-PLIF image and the instantaneous flame front
coloured by curvature is shown in Fig. 3 b). For selected
cases, an ensemble of 10000 phase-locked images was taken,
resulting in 1000 images at 10 different phases relative to
the forcing signal. Averaging data in each phase results in
a phase averaged flame surface density (FSD) and a corre-
sponding distribution of flame curvature. In Fig. 3 c), 15
ensembles are superimposed to illustrate this process.

3 Operating conditions and flame properties
The operating conditions are summarised in Table 1. For

all cases, the thermal power and equivalence ratio were kept
constant at P = 7kW and Φ = 0.7. The hydrogen concentra-
tion in terms of a power fraction was increased from PH = 0.1
to PH = 0.5. This was chosen intentionally to preserve the
exit velocities at ū ≈ 20m/s, and correspond to a Reynolds
number of Re = 1.4×104 based on the bluff body diameter.
No self-excited instabilities were encountered for these con-
ditions which allowed us to investigate the flame dynamics
through external acoustic forcing. For PH > 0.5 the flame
flashed back into the injector pipe. Keeping the power and
inlet velocities similar enables us to isolate the effect of hy-
drogen (fuel composition) on the non-linear interaction be-
tween the flow and the flame roll-up process when excited at
the same frequency. Since the flow velocity and forcing fre-
quency were kept constant, a Strouhal number based on the
bluff body diameter Stdb = f db/ū = 0.65 was preserved.

A1 B1 C1

C1
C1

Fig. 4. Flame properties obtained using Cantera [53]. a) Upper
branch of the “S-curve” plotting Tmax against strain K. The extinction
strain rates κext are indicated by open symbols. b) Effect of strain
rate on the consumption speed Sc, where S0

L is the unstretched lam-
inar flame speed.

Changing the fuel also leads to changes in flame prop-
erties. A common way to obtain properties, such as the
laminar flame speed, extinction strain rate, adiabatic flame
temperature, etc., is to solve a 1D laminar flame problem
numerically. For this purpose, solutions were obtained us-
ing Cantera with the GRI-Mech 3.0 reaction mechanism,
multi-component mass diffusion and including the Soret ef-
fect [53], following a similar method as in [54; 55]. It should
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Case P (kW) ū (m/s) Redb = ūdb/ν PH VH Φ Ta (°C) S0
L (m/s) Kext (1/s) f (kHz) Stdb = f db/ū f τ = f L f /ū

1 7 20.5 1.4×104 0.1 0.25 0.7 1848 0.23 2100 1 0.65 1.23

2 7 20.1 1.4×104 0.3 0.57 0.7 1876 0.33 4814 1 0.65 1.08

3 7 19.8 1.4×104 0.5 0.75 0.7 1904 0.47 8630 1 0.65 0.85

Table 1. Summary of operating conditions. P is the thermal power, ū the bulk velocity at the dump plane, Redb the Reynolds number
based on the bluff body diameter. PH and VH are respectively the power and volume fractions of hydrogen in the fuel mixture, and Φ is the
equivalence ratio. The parameters Ta, S0

L, and Kext are the adiabatic flame temperature, unstretched laminar flame speed, and the extinction
strain rate respectively. The external forcing frequency is f , and Stdb and f τ are normalised forcing frequencies.

be emphasised that these quantities do not include all the ef-
fects encountered in a turbulent flame and hence, they are
only used here to substantiate the discussion of trends ob-
served in the experiments.

To obtain the extinction strain rate and consumption
speed for the different fuels when submitted to different
levels of hydrodynamic strain K = |du/dx|max, a premixed
counter flow flame was solved with different inlet velocities.
Fig. 4 a) shows the top branch of the S-curve plotting the
maximum temperature against strain rate. The temperature
is normalised by the adiabatic flame temperature Ta. The ex-
tinction strain rate Kext is obtained when the flame is located
at the boundary of the domain and no stable burning solu-
tion can be obtained. As indicated by the arrow annotated by
A1, Kext increases significantly with PH. This effect was also
shown by [56], where hydrogen-enriched ammonia featured
a significantly higher blow-off limit compared to methane.

Another important quantity is the propagation speed of
the flame. A consumption speed Sc was computed by

Sc =
1

ρucp(Tb −Tu)

∫
∞

−∞

qdx, (6)

where ρu, cp, Tb, Tu, q are the reactant density, mass-
specific heat, burnt and unburnt temperatures, and heat re-
lease rate respectively [57]. The consumption speed is shown
in Fig. 4 b) and the unstretched laminar flame speed S0

L,
which is indicated by the dotted lines, was obtained by solv-
ing a freely-propagating flame. An increase in PH leads to an
increase in the flame speed annotated B1. Moreover, due to
differential diffusion, there is an increase in the flame speed
with the strain rate [1; 55]. This effect is annotated by C1 and
is stronger for higher concentrations of hydrogen. Changes
to these properties become important when discussing the
kinematics of the flame vortex roll-up.

4 Mean flames

First, we investigate the effect of PH on the mean flame
shapes and discuss the implications these have for the flame
dynamics. The mean OH* flame images viewed from the
front are shown in Fig. 5 and the flame length L f (red dotted

lines) is calculated as the centre of heat release rate

L f =
∫

∞

0
xqydx/

∫
∞

0
qydx, (7)

from the stream wise profiles qy, which are shown for the
different flames in Fig. 5b).

Increasing PH for a fixed Φ results in an increase in the
laminar flame speed S0

L and a shorter flame length L f as was
discussed in [7]. This leads to a reduced convective time-
delay τ = L f /ū, which represents the time it takes for a con-
vective structure to move from the dump plane to L f with an
average velocity ū. The variation of τ with PH is shown in
Fig. 5 c) and shows a monotonic decrease as the hydrogen
concentration is increased.

The forcing frequency that was chosen to investigate
large amplitude forcing was f = 1kHz. This frequency cor-
responds to a resonant acoustic mode of the injector pipe and
hence, large amplitude forcing could be achieved (see Fig. 2).
However, it is important to note that this corresponds to dif-
ferent frequencies when normalised by the convection time τ.
As was shown in [8], τ changes inversely with the gain cut-

off frequency of the FTF. This implies that hydrogen enrich-
ment causes a flame to be more compact and hence, responds
over a wider range of frequencies. In Table 1, f τ = f L f /ū is
shown for all cases. The flame is forced at different values
of f τ and hence, a different gain and phase response can be
expected. However, in this study, the aim is to preserve the
hydrodynamics structure, and by varying the fuel and not the
flow, the Strouhal number Stdb = f db/ū = 0.65 is preserved.

5 The Non-linear Flame Response
Focus is now directed towards the flame response to high

amplitude forcing. In Fig. 6 a) the amplitude of Q̂ is plotted
as a function of A for all operating conditions. The gain is
given by the average slope, i.e. when Q̂ is normalised by
A. We define the saturation amplitude as the point when Q̂
reaches a constant value in the limit limA→∞, which corre-
sponds to G = 0. The phase relationship between Q̂ and û is
shown in Fig. 6 b).

The three cases show a typical behavior, where Q̂ first
increases linearly with A, before the relationship starts to
level off and flatten [58; 46]. There is a clear trend in how

GTP-23-1324 5 Æsøy



Fig. 5. a) Mean flame images. The red dashed lines indicate the center of heat release rate L f computed from the stream-wise profiles qy
shown in b). c) The time-delay τ plotted vs PH.

B1 B2

A1

A2

Fig. 6. Relationship between Q̂ and A for f = 1 kHz. a) Amplitude of the global HRR |Q̂|/Q̄. Markers indicate measurements and the
lines are represented by Eq. (8). b) Phase difference between Q̂ and û. c) Saturation amplitude As and extinction strain rate Kext. The black
markers in a) correspond to cases shown in Figs. 9 and 10.

the response changes when PH is increased. There is an
increase in the gain G and the saturation amplitude of Q̂
increases. These two trends are annotated by A1 and A2
respectively. It should be mentioned that in the measured
range, the flame response only shows clear signs of satura-
tion for PH = 0.1 when the response becomes approximately
horizontal. Moreover, there is a possibility that the response
could increase again for larger values of A if the relationship
is non-monotonic. However, at A = 0.5, the amplitude of
Q̂ is increased by an order of magnitude from PH = 0.1 to
PH = 0.5. This result indicates that when PH is increased,
an increase in the oscillation amplitude of the flame can be
expected, given that the particular frequency is unstable in a
system. Previously, we observed this for single [7] and mul-
tiple flames [8]. This trend has also been observed in studies
on different combustors where hydrogen enrichment leads to
an increase in the pressure amplitude and mode frequencies
[34; 9; 11; 35; 59].

To extract more information on the saturation amplitude
for all cases, the data in Fig. 6 a) is fitted using the model
proposed by [60]

Q̂/Q̄ = F(A) = G0
2A

1+
√

1+(ηA)2
. (8)

These fits correspond to the red lines where the gain (slope
at A = 0) is given by the parameter G0 and the saturation
amplitude is given by the limit

As = lim
A→∞

F(A) = 2G0/η. (9)

This model assumes a monotonic saturation and cannot de-
scribe a non-monotonic response in the gain with increasing
A. The saturation amplitudes As obtained from the model are
shown in Fig. 6 c), which shows an increase with PH. For
PH = 0.3 and 0.5, the saturation amplitude As is not reached
before A > 1 which implies that the velocity amplitude has
to exceed the mean flow.

As discussed in the introduction, saturation may be gov-
erned by two mechanisms leading to flame surface destruc-
tion: vortex roll up and unsteady flame lift up [45; 46]. It will
be shown later that the flame anchoring point is fixed across
the experiments and hence, the non-linearity is dominated by
flame vortex roll up.

One of the mechanisms that can restrict a flame from
further growth is that local extinction of the flame surface
occurs due to sufficient hydrodynamic flame strain [61]. A
flame’s capability to withstand flame strain is given by the
extinction strain rate Kext which is shown in Fig. 6 c). The
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increase in Kext is compared with the increase in As and both
quantities show similar trends. Hence, a possible explanation
for the increase in As with PH is that hydrogen enrichment
leads to an increase in Kext. This prevents local extinction
of the flame surface and the flame is able to follow the flow
fluctuations to larger amplitudes.

Two additional observations can be made by examining
the phase difference between Q̂ and û shown in Fig. 6 b).
Firstly, the values of the phase differences at low ampli-
tude are ̸ (Q̂/û)/2π = −1.02,−0.95,−0.79 for PH = 0.1,
0.3, and 0.5 respectively. This matches reasonably well with
the phase estimated from the mean time delay (shown in Ta-
ble. 1) − f τ = −1.23,−1.08,−0.85, which is based on the
mean flame length L f and velocity ū. As discussed before,
an increase in PH leads to a decrease in the time delay and
hence, a decrease in the phase difference, which is annotated
by B1. Secondly, there is a moderate decrease in the phase as
A is increased which is annotated by the black arrow labeled
by B2. If the response is governed by vortex roll-up, this de-
crease in the phase may be caused by the size of the vortex
that rolls up along the shear layers which becomes larger for
higher forcing amplitudes [62]. In turn, the flame interacts
with the flow structure earlier in the phase cycle, i.e., it re-
duces the time delay and therefore the phase. This is shown
to be the case later (see Fig. 11) when the flame images are
analysed in detail.

A1 A1

B1 B1 B1

C1

C1C1

Fig. 7. Energy spectra of the gobal HRR for increasing forcing
amplitudes shown at f = 1 kHz for PH = 0.1,0.3 and 0.5.

6 Flame dynamics
In the remaining parts of the paper, the flame dynamics

are investigated in detail. The data in Fig. 6 only shows the
amplitude and phase taken at the forcing frequency. To in-
vestigate the response in more detail, the energy spectra are
shown in Fig. 7 for different values of A. The arrows anno-
tated by A1 show the trend observed in Fig. 6 where an in-
crease in PH leads to an increase in the amplitude of the peak
taken at the forcing frequency. However, two additional ob-
servations that can be made are annotated by the letters B1

Saturated

A1 B1
C1

Fig. 8. Time-series of the phase averaged global HRR Q̃/Q̄ and
acoustic velocity oscillations ũ/ū shown through a full forcing cycle.
The black markers correspond to the snapshots viewed in Fig. 9.

and C1. The arrows annotated by B1 show that as PH is in-
creased, there is a decrease in the energy distributed at higher
frequencies as A is increased. The arrows annotated by C1
show that an increase in PH leads to a significant increase in
the energy occurring at higher harmonics of the forcing fre-
quency, i.e. at 2 f , 3 f , 4 f etc. One possible explanation for
these trends is that, as the hydrogen concentration and thus
the flame speed and extinction strain rate are increased, the
flame becomes more able to respond to the imposed convec-
tive structures, i.e. the flame responds quicker to the larger
and stronger convective structures imposed by the flow. This
in turn, leads to a more coherent response which then man-
ifests as the broad-band energy moving into the forcing fre-
quency and its harmonics.

6.1 Image analysis
To investigate this change in behaviour in more detail,

we analyse the high speed imaging data. First, as a refer-
ence, the time-series of the phase averaged global HRR are
discussed. These are obtained by integrating the side images
and are denoted by a tilde (.̃) and are shown in Fig. 8. The
bottom set of panels shows the reconstructed acoustic veloc-
ity ũ/ū and cases are shown for A = 0.1, 0.3, and 0.5. As was
shown in Figs. 6 and 7, the amplitude of Q̃ increases with
PH. Also, the phase difference between ũ and Q̃ decreases
with A, as indicated by the red arrows. As mentioned before,
this happens because, as the forcing amplitude is increased,
the size of the convective structure that is rolled up increases
leading to the HRR to occur earlier in the forcing cycle.

For PH = 0.1, the waveform of Q̃ is approximately
monochromatic for all values of A and the amplitude has al-
ready saturated at A = 0.3. For PH = 0.3, the flame has not
yet reached saturation at A = 0.5, and the waveform steepens
which indicates that energy is distributed to higher harmon-
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Fig. 9. Image time series of the phase averaged HRR viewed from
a) the top q̃x, and b) the front q̃z. The time t/T corresponds to the
black dots in Fig. 8 for A = 0.5. The red circles and lines indicate
the expansion of the flame for PH = 0.5. View A1 corresponds to
the region shown in Fig. 10.

ics of f . This process intensifies for PH = 0.5, where the
waveform of Q̃ steepens significantly. At t/T = 0.6, the in-
crease in the HRR occurs more in a burst compared to lower
values of PH.

More information is revealed when viewing the flame
structure from the top and side simultaneously. Fig. 9 a)
and b) show the phase averaged flame q̃x (top) and q̃z (side)
at three phase instances t/T = 0.2, 0.4, and 0.6. These in-
stances correspond to parts of the cycle where the HRR tran-
sitions from a minimum to a maximum and correspond to the
black symbols in Fig. 8 taken at A = 0.5. The phase t/T = 0
corresponds to the phase where the maximum acoustic ve-

locity occurs, i.e. maxt(ũ)
Significant differences in the HRR distributions are ob-

served by examining the images taken from the top. At
PH = 0.1, a large portion of the total HRR is distributed
throughout the volume above the recirculation zone (this is
more clearly shown in the PLIF data in Figs. 10 and 11).
Furthermore, the HRR does not vary significantly between
the frames. This indicates that a large portion of the HRR re-
mains incoherent with the forcing frequency consistent with
a large turbulent flame brush. As PH is increased, the spatial
distribution of the HRR changes significantly. At PH = 0.3
and 0.5, the HRR becomes more radially compact with little
to no HRR occurring in the centre of the combustor. There
are larger variations between the frames and the radius of the
flame front position increases significantly with t/T . As a
reference the radius for the case at PH = 0.5 is indicated by
a red circle and as PH is increased, this radius increases.

To understand why this occurs, the side images in
Fig. 9 b) are now examined. The position of the red cir-
cle is indicated by the red dotted vertical lines annotated ref.
Again, for PH = 0.1, most of the HRR is distributed at the
centre of the flame and there is not a significant growth out-
wards throughout the forcing cycle. As PH is increased, the
growth of the radius increases and along with this growth,
large vortex structures are formed along the outer shear layer
of the jet. This leads to a burst of HRR at t/T = 0.6 that oc-
curs around the whole circumference of the flame. From the
top, these bursts appear as concentric rings of high intensity.

6.2 Kinematic of flame vortex roll-up
The side images show clear signs of flame vortex roll

up, but only provide a line of sight view of the process. To
get a more detailed view, OH-PLIF images were obtained
for the same conditions in the x− y plane. These were then
used to compute the phase averaged flame surface density
(FSD) and the corresponding phase averaged curvature dis-
tributions. The views correspond to the red areas annotated
View A1 in Fig. 9 and are shown in Fig. 10. The curvature
is only shown for FSD > 1W/mm3. As a reference, the con-
vective velocity wave is indicated by the red lines. The lo-
cations of minimum and maximum velocity are indicated by
the horizontal dotted lines annotated in the upper left panel.

For all cases, as t/T progresses, the maximum of the ve-
locity wave starts at the dump plane and then convects down-
stream at velocity ū. As the velocity wave propagates, first a
large structure rolls the flame in towards the inner recircula-
tion zone. This process is annotated by a black arrow and the
letter A1. For PH = 0.1 (frames in rows 1 and 4), the flame is
completely rolled in over itself and the flame is quenched in
the inner recirculation zone. This process causes the flame to
burn as a turbulent flame brush inside the recirculation zone
which significantly reduces the flame’s ability to respond to
the large amplitude forcing and explains the small variation
between frames in Fig. 9. As PH is increased, this process
changes significantly. For PH = 0.3 (frames in rows 2 and
5), the size of the flame structure that rolls up towards the in-
ner zone is reduced and the size of the turbulent flame brush
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Fig. 10. Phase averaged flame surface density (FSD) coloured by the flame curvature κ, shown through the forcing cycle for A = 0.5.
Annotation A1) shows the flame roll-up process towards the inner shear layer. Annotation B1) shows the flame roll-up process towards the
outer shear layer.
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Fig. 11. Phase averaged flame surface density (FSD) coloured by the flame curvature κ, shown at different amplitudes A at t/T = 0.6.
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Fig. 12. Phase averaged OH-PLIF images at A = 0.5 for t/T =
0.4, 0.5, 0.6, 0.7, indicating the movement of the flames leading edge
towards the outer recirculation zone.

is decreased. This trend continues for PH = 0.5 (frames in
rows 3 and 6), and may be caused by the significant increase
in the extinction strain rate as was shown in Fig. 6 c).

At t/T > 0.2 (second column) there is a second process
that starts to emerge. This process is annotated by the letter
B1 and indicates the movement of the flame tip out towards
the outer part of the jet. For PH = 0.1, the flame is not able
to progress significantly, whereas for PH = 0.3 and 0.5, the
flame is able to propagate across the jet. Then, after cross-
ing the jet, the flame consumes the unburned reactants in the
vortex structure rolling up the outer shear layer. This pro-
cess explains the movement of the HRR radially outwards as
seen from above in Fig. 9. At PH = 0.5 this process happens
significantly quicker compared to PH = 0.3, and the flame
is able to consume all the fuel in the outer vortex in a burst
shown at t/T = 0.6 (fourth column). This behaviour explains
the two observations in Fig. 7 where 1) (annotated B1) an in-
crease in PH leads to a decrease in the energy distributed at
higher frequencies and 2) (annotated C1) more energy gets
distributed into the harmonics of the forcing frequency. At
PH = 0.1, the flame quenches in the inner recirculation zone
and burns as a turbulent flame brush and hence, the distri-
bution of energy at higher frequencies is still incoherent and
evenly distributed across the frequencies. As PH is increased
and the flame consumes the outer vortex structure in a burst,
this leads to the steepening of the signals in Fig. 8, which
indicates that the energy that was distributed at higher fre-
quencies becomes coherent with the forcing frequency and
its harmonics. As PH is increased further to PH = 0.5, the
increase in flame speed causes this process to occur faster
and hence, more of the energy can become coherent with the
forcing frequency.

It has been shown that hydrogen enriched flames at lean
conditions feature flame speed that significantly varies with

the strain rate [1; 5]. Due to differential diffusion, the lead-
ing edges tend to accelerate towards the unburned reactants.
Although most of these studies focus on small scales, the
dynamics observed in this study suggest that the large scale
structures also feature very similar dynamics. In Fig. 10 b)
(rows 4-6) the curvature distribution shows how the flame
vortex interaction significantly wrinkles the flame, result-
ing in leading edges with large positive and negative curva-
ture. The high level of curvature indicates large strain rates
along the flame front. It is observed that as PH is increased,
the flame becomes significantly more resilient against being
pulled into the inner recirculation zone and quench due to the
increased extinction strain rate.

At t/T = 0.4 (third column), the leading edge annotated
by B1 moves towards the outer shear layer of the jet. As
PH is increased , this movement accelerates and could be ex-
plained by the increased flame speed due to the differential
diffusion of hydrogen. To highlight this effect, phase aver-
aged OH-PLIF images are shown in a region zoomed in on
the flame’s leading edge in Fig. 12. For an increasing level
of PH, the flame tip accelerates across the jet and is able to
consume the outer vortex in a burst. Subsequently, this leads
to a significant increase in the HRR fluctuations and hence,
a large amplitude response in the FDF.

The images in Figs. 10 and 12 are only shown at A= 0.5,
i.e. at a high forcing amplitude. To view the progressive
effect of increasing the forcing amplitude, snapshots of the
flame front are shown at t/T = 0.6 in Fig. 10. Moving
from left to right the forcing amplitude is increased from
A = 0.05 to 0.5. As such, the figure shows how the flame
front gets progressively more contorted by the convective
structure formed by the acoustic forcing.

At low forcing amplitude A = 0.05 the three cases show
a reasonably similar flame structure. As A is increased, the
flame starts to get pulled into the recirculating zone due to
the interaction with the vortex structure that rolls up along
the inner shear layer. As before, this contortion is annotated
by the arrow A1. Comparing the three blends at the same
value of A shows that the flame becomes significantly more
contorted at lower hydrogen concentrations. Moreover, for
PH = 0.1, the image of the flame is more or less unchanged
for A > 0.1, which indicates that the response has saturated.
This is consistent with the fluctuation of global HRR shown
previously in Fig. 6a). As mentioned before, this is caused
by the flame front reaching the extinction strain rate which
limits the flame response. The location where this occurs is
annotated by B1. For PH = 0.3, the flame structure starts to
look similar for A > 0.4, indicating that saturation will occur
at higher A. For PH = 0.5, the flame structure continues to
develop over the full range of A.

The second process that also changes with PH is the
growth of HRR in the outer resirculation zone where the
outer vortex is formed. For PH = 0.1 the flame front is not
able to propagate across the jet for any values of A. As PH
is increased, this development changes progressively where
for PH = 0.3, the flame propagates across the shear layer for
A> 0.3. At PH = 0.5, this progression occurs quicker and the
flame propagates across the shear layer already at A > 0.1.
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Moreover, the size of the vortex structure that is consumed,
continues to increase over the full range of A without a clear
indication of the onset of saturation before A = 1 according
to the model. This is potentially significant as it suggests
that saturation may only occur when the amplitude of the ve-
locity fluctuations approaches or exceeds the mean velocity
in flames with high hydrogen concentrations (with the caveat
that this result is for a specific set of operating conditions and
a fixed forcing frequency).

7 Conclusions
In this paper we investigate the effect of hydrogen en-

richment on the flame response submitted to large ampli-
tude acoustic excitation. At constant nozzle bulk velocity
and thermal power, thereby at similar hydrodynamics, the
behavior of the flame for increasing hydrogen enrichment
was investigated. Three methane/hydrogen blends ranging
from 10 − 50% hydrogen by power were investigated and
the flame describing function (FDF) was measured for a sin-
gle frequency. Measurements of the global heat release rate
show that hydrogen enrichment leads to a significant increase
in the amplitude level of the heat release rate oscillations.
An increase in the hydrogen concentration also leads to a de-
crease in the energy distributed at larger frequencies and a
corresponding growth of energy at higher harmonics of the
forcing frequency, as the amplitude of forcing was increased.

These observations were investigated through high-
speed imaging combined with OH-PLIF to obtain a detailed
view of the convective roll-up process of the flame front. At
large amplitudes, this interaction leads to non-linear satu-
ration of the global heat release rate. The analysis shows
that at lower hydrogen concentration, the flame front rolls
up along the inner shear layer and is quenched in the inner
recirculation zone. This process leads to remaining fuel that
burns as a turbulent incoherent brush, reducing the amplitude
of the global flame response at higher acoustic forcing am-
plitudes. When increasing the hydrogen concentration, the
flame is more resilient against this process, which may be
caused by an increase in the extinction strain rate. More-
over, when increasing the hydrogen concentration, the flame
tip accelerates and is able to propagate across the two shear
layers of the jet and consume fuel accumulated in the outer
vortex structure. This change in dynamics may be caused
by the significant increase in the flame speed and the ad-
ditional acceleration of the flame leading edge due to the
differential diffusion of hydrogen. The process significantly
increases the coherent consumption of unburnt mixture and
hence, substantially increases the oscillation amplitude of the
flame and consequently pressure.

It is well known that increasing the hydrogen content in
the fuel of premixed flames leads to challenges with respect
to NOx-emissions and flashback, and recent studies also sug-
gest they can increase the likelihood of thermoacoustic os-
cillations. This paper shows that increasing hydrogen con-
tent increases the amplitude of the velocity fluctuations at
which the flame saturates. Although our experiments were
conducted on a simple bluff body geometry, it is reasonable

to expect that similar trends will be observed in swirling pre-
mixed flames noting that differences in the flame response
and saturation behaviour will be modified by the addition of
an azimuthal velocity component which changes the flame
shape and characteristic velocity and time-scales.
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