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A B S T R A C T

Advanced combustion strategies for gas turbine applications, such as lean burn operation, have been shown
to be effective in reducing NOx emissions and increasing fuel efﬁciency. However, lean burn systems are susceptible to thermo-acoustic instabilities which can lead to deterioration in engine performance. This paper
will focus on one of the common industrial techniques for controlling combustion instabilities, secondary
injection, which is the addition of small quantities of secondary gas to the combustor. This approach has
often been employed in industry on a trial-and-error basis using the primary fuel gas for secondary injection.
Recent advances in fuel-ﬂexible gas turbines offers the possibility to use other gases for secondary injection
to mitigate instabilities. This paper will explore the effectiveness of using hydrogen for this purpose.
The experiments presented in this study were carried out on a laboratory scale bluff-body combustor consisting of a centrally located conical bluff body. Three different secondary gases, ethylene, hydrogen and nitrogen, were added locally to turbulent imperfectly-premixed ethylene ﬂames. The total calories of the fuel
mixture and the momentum ratio were kept constant to allow comparison of ﬂame response. The heat
release ﬂuctuations were determined from the OH* chemiluminescence, while the velocity perturbations
were estimated from pressure measurements using the two-microphone method. The results showed that
hydrogen was the most effective in reducing the magnitude of self-excited oscillations. Nitrogen had negligible effect, while ethylene only showed an effect at high secondary ﬂow rates which resulted in sooty ﬂames.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction
While lean burn operation in gas turbine combustion is beneﬁcial
in reducing emissions of nitrogen oxides (NOx), these systems are
susceptible to thermo-acoustic oscillations, commonly known as
combustion instabilities [15]. These instabilities are caused by
unsteady combustion which can alter the heat release rate, and even
travel further upstream the combustor and interfere with the air/fuel
mixing process [6]. These instabilities are problematic as they result
in severe vibrations of the combustor walls, excessive heat transfer,
ﬂame blow-off, unacceptable noise levels and component wear,
potentially leading to a complete failure of the system [711].
Studying the interactions between large scale coherent structures
(vortices), caused by hydrodynamic instabilities or acoustic disturbances, and ﬂames is crucial to improve our understanding of fundamental mechanisms in turbulent combustion and combustion
instabilities. Flame-vortex interactions can be used to analyse phenomena relating to the structure of the ﬂame when it is wound up by
a vortex (also known as ﬂame roll-up), formation of a central core,
* Corresponding author.
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secondary vorticity generation, quenching of the reaction zone, ignition dynamics, mixing and combustion enhancement [1215]. In
order to determine correlations between ﬂame and ﬂow dynamics,
ﬂame-vortex interactions have been studied in several different conﬁgurations: counterﬂow diffusion ﬂames [16,17], turbulent swirl
ﬂames [1822], propagating ﬂat ﬂames [23,24] and turbulent jet
ﬂames [25,26]. Optical diagnostic techniques, such has high repetition rate PIV (particle image velocimetry) and PLIF (planar laser
induced ﬂuorescence), have recently been used to study transient
phenomena caused by vortex structures, such as lean blowout
[27,28], thermoacoustic oscillations [29,30], local extinction
[29,31,32] and ﬂashback [30,33]. Non-premixed ﬂames are particularly sensitive to roll-up as their location depends on the transport
processes in the diffusive layers [34]. If a ﬂame (premixed or non-premixed) is weak enough and the vortex residence time in the ﬂame is
long enough, it can be considerably lengthened and rolled up, which
leads to an increase in global heat release and could cause local ﬂame
extinction due to excessive strain an curvature induced by the vortex
[12,13,35].
Combustion oscillations are ampliﬁed through a feedback loop
between the combustion processes and the acoustic oscillations.
Hence, in order to dampen these oscillations, the coupling between
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Photo Multiplier Tube
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Global equivalence ratio
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ﬂame contour length

the oscillatory heat release and acoustic perturbations needs to be
disrupted, which alters the phase relation between the two sets of
oscillations, leading to a decay in their amplitudes [1,2,36]. Combustion instability can be reduced through passive and active control
methods. Passive control methods, as outlined in [3], involve modiﬁcations to the hardware, such as modifying the fuel-air feed channel
length [37], changing the bluff body shape [38] or altering the combustor geometry [39,40], which have been shown to be quite effective. However, these methods are only effective over a limited range
of frequencies and operating conditions, and the modiﬁcations can
be quite costly and time-consuming. Active control methods, on the
other hand, provide a more dynamic approach to controlling oscillations by introducing an actuator that provides a closed-loop response
to sensors placed in the combustion chamber. The actuator dynamically modiﬁes parameters in response to measured signals, resulting
in a more effective approach to decoupling acoustic and heat release
oscillations.
One common approach of active control is the dynamic introduction of fuel close to the base of the ﬂame, also known as secondary
fuel addition or pilot injection, to create a localised richer zone. This
changes the local equivalence ratio, and the resulting variation in
ﬂame dynamics alters the phase relation between the heat release
and acoustic pressure modulation. Several experimental [4150] and
numerical [5154] studies have been conducted to understand the
impact of secondary fuel addition on combustion oscillations. Emris
and Whitelaw [44] investigated low frequency oscillations in turbulent natural gas ﬂames and observed that redirecting a small quantity
of fuel from the main ﬂow to a secondary injector, placed close to the
combustor entrance, reduced the pressure oscillations and improved
the overall stability of the ﬂame. However, this improvement was
only observed within a narrow range of operating conditions. Marzouk et al. [52] numerically showed that the addition of methane (as
secondary fuel) to methane-air ﬂames had a signiﬁcant impact on the
combustion process, including reaction zone broadening, burning
rate enhancement, and ﬂammability limit extension towards leaner
mixtures. The spatial gradients of radical concentration and temperature produced by the unsteady equivalence ratio mixtures provided
the ﬂame with the ability to burn at leaner mixtures. In the work carried out by Albrecht et al. [46], secondary fuel injectors placed at the
ﬂame base and at the combustor dump plane were used to locally
introduce fuel and vary the overall equivalence ratio. The authors
reported a reduction in pressure oscillations and NOx emissions, and
concluded that this was mainly achieved by the high jet momentum
of the secondary injectors. In addition, the combined fuel injections
prevented lift-off of the main ﬂame, which appeared to be another
damping source for the pressure perturbations.

The studies presented above utilise the same fuel for both primary
and secondary injection. The use of alternative gases as secondary
fuel to curtail combustion oscillations has received considerable
attention in the recent past. Hydrogen (H2 ) is one such potential fuel;
blends of hydrocarbon fuels and hydrogen have been reported to signiﬁcantly improve ﬂame stability and ignitability [48,5559]. The
addition of H2 increases the lean limit of operation, reducing the risk
of ﬂame blow-off, which is a common problem in lean premixed
combustors [38,6063]. Recent works [56,64,65] have also reported
considerable reductions in heat release perturbations as a result of
H2 addition, attributable to the higher burning velocity of H2 . However, ﬁndings from Wicksall and Agrawal [66] demonstrated that
their premixed ﬂame exhibited strong instabilities with H2 addition.
Chen [67] also concluded that the addition of H2 to methane-air
ﬂames could destabilise the ﬂame.
Hydrogen is also preferred as a fuel as it does not produce carbon
emissions, however it does increase ﬂame temperatures which could
augment NOx production. H2 addition results in higher reaction rates,
which expands the size of the reaction zones making the recirculation zones smaller. This reduces the availability of the relatively
cooler gases, leading to an increase in the global temperature, and
thus enhancing the production of NOx [57,64,65,6870]. However,
several studies have reported appreciable reductions in NOx emissions with H2 addition [45,66,71]. This was speculated to be due to
the addition of H2 allowing the ﬂame to burn at ultra-lean conditions,
hence signiﬁcantly reducing the global ﬂame temperatures and curtailing NOx production.
While hydrogen enrichment does have a promising role in the
development of future low-emission combustion technologies, it can
be seen from the review of literature that researchers who have conducted investigations of H2 addition within the context of combustion instability and NOx reduction have reported contradictory
results. In addition, the effect of H2 on combustion oscillations is not
very well understood. Recent advances in fuel-ﬂexible gas turbines
offers the possibility to use other gases for secondary injection to mitigate instabilities. This work will investigate the effect of the local
addition of various gases (fuels and diluent) to turbulent imperfectlypremixed self-excited ethylene ﬂames. The speciﬁc objectives of this
work are to study the effectiveness of the following methods in
reducing combustion instabilities: (i) fuel-splitting, that is supplying
part of the primary fuel via secondary fuel ports, ii) local H2 addition
and iii) local addition of N2 (diluent). The following sections of the
paper provide details of the experimental hardware and testing
methodology employed, followed by results and discussion on the
effect of the local addition of the three gases, and summary of the key
ﬁndings from this study.

2. Experimental methodology
2.1. Combustor
A bluff body stabilised combustor, the design of which is based on
Ref. [72] was employed for this study. The schematic of the combustor is shown in Fig. 1(a). The plenum had an internal diameter (ID) of
100 mm and a total length of 300 mm, with divergent and convergent
cross sections at the inlet and exit of the plenum which prevented
any ﬂow separation during the expansion and contraction of the gas.
The ﬂow was streamlined using a section of honeycomb mesh placed
as a ﬂow straighter. The plenum delivers the mixture to the combustion chamber via a long duct with an ID of 35 mm and length 400
mm. This enables acoustic pressure measurements for the two-microphone method. The pressure ﬂuctuations in the ﬂow at the inlet to
the combustion chamber were measured using two high-sensitivity
pressure transducers (KuLite model XCS-093, sensitivity 4:2857 
103 mV/Pa). The signals from the transducers were ampliﬁed using a
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injection ports. In this study, due to possibility of ﬂame ﬂashback during self-excitation under fully premixed conditions, only imperfectlypremixed ﬂames were considered. The combustion zone of the combustor was enclosed using a combination of quartz and stainless steel
cylinders of internal diameter 70 mm; and a combined length of 300
mm. The bottom section of the enclosure, of length 100 mm; was
made of quartz for optical diagnostics, while the rest was stainless
steel. The enclosure prevented local equivalence ratio ﬂuctuations
due to air entrainment from the surroundings. The air was delivered
from a central compressor while the other gases were supplied from
compressed gas cylinders. The ﬂow rates of all the gases were controlled using digital mass ﬂow meters (Red-Y Smart), which has an
accuracy of § 1.5% of the full-scale reading.
2.2. Optical diagnostic arrangement
The layout of the optical diagnostic facility is shown in Fig. 2. High
speed light sheet tomography (LST) or simply laser tomography was
used to identify the boundary between the reactants and burnt products to extract a 2-D ﬂame contour, as described in [73]. The tomography setup included a Pegasus laser (532 nm; maximum frequency
10,000 Hz) and a Photron high-speed camera (maximum rate 20,000
frames per second-fps). The laser beam was expanded into a laser
sheet to illuminate a region of 12.5 x 12.5 mm; with a ﬂame height of
2.5 - 15 mm from the base of the combustor being captured. The ﬂow
was seeded with ﬁne olive oil droplets and the Mie scattering was
captured using the high-speed camera at 3000 fps. Discriminating
intensity levels of Mie scattering from unburnt region to virtually
none in burnt region allowed identiﬁcation of the boundary between
the unburnt reactants and burnt combustion products. The ﬂame
contour thus evaluated from this method were used to produce timeseries snapshots of the evolution of the ﬂame length (which is indicative of the ﬂame surface area).
OH* chemiluminescence was measured using a Hamamatsu sideon photo-multiplier tube (PMT) ﬁtted with an interference ﬁlter
which had a center wavelength of 307 nm and bandpass of § 10 nm.

Fig. 1. (a) Schematic of the combustor assembly, (b) Sectional view of the bluff-body,
showing the primary and secondary fuel ports.

Flyde Micro Analogue ampliﬁer and acquired onto a PC using
National Instruments data acquisition systems.
The bluff body used in for this study was conical in shape Fig. 1(b),
with a diameter of 25 mm; resulting in a blockage ratio of 50%. As
shown in Fig. 1(b), the bluff body had two provisions of introducing
fuel into the air stream, either via the primary fuel ports (six holes,
each of diameter 0.25 mm; placed circumferentially on the main fuel
pipe) or using the secondary injection ports, which are six 2 mm ports
placed 2 mm below the burner. This conﬁguration allows for three
different modes of operation: (1) fully premixed mode fuel and air
mixed completely before entering the combustor, (2) imperfectlypremixed mode fuel introduced a short distance upstream of the
ﬂame (via the primary fuel ports) to achieve partial premixing and
(3) local addition (from the secondary fuel ports) with either of the
above modes (see Fig. 1(b)). Two long concentric tubes were welded
to the bluff body which served as fuel supply lines for the two

Fig. 2. Setup of the optical diagnostic system.
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A plano-convex lens was also mounted in front of the PMT which
focused the entire ﬂame on the PMT collection window. Data was
recorded at a sample rate of 10,000 Hz over a period of 2 seconds
using National Instruments data acquisition software. A DSLR camera
was also used to capture photographic images of the ﬂames to show
differences in their general appearance. The DSLR camera was set at a
ﬁxed position, aperture size, shutter speed, ISO and white balance to
allow the comparison between ﬂame images of different ﬂow conditions.
2.3. Flow conditions
The following procedure was utilised to achieve self-excitation of
the imperfectly-premixed ethylene ﬂames. The ﬂow rate of air was
ﬁxed at 250 slpm; and the air-fuel mixture was ignited at a global
equivalence ratio at which the ﬂame is not acoustically self-excited,
that is, no dominant frequency is observed on the power spectrum
(please note, the global equivalence ratio is based on the air and fuel
ﬂow rates and does not take into account the extent of premixedness
of the air/fuel mixture). The ﬂow rate of ethylene was then increased
until the amplitude of the pressure oscillations exhibited a signiﬁcant
increase, and a clear dominant frequency was observed on the power
spectrum. In the current work, self-excitation was observed at a
global equivalence ratio, FGlobal ; of 0.812.
As described before, this work will investigate the effect of local
addition of gases in order to control acoustic oscillations. Table 1
shows the ﬂow conditions used for the local addition of the three secondary gases, (a) ethylene, (b) hydrogen (H2 ) and (c) nitrogen (N2 ) to
imperfectly-premixed ethylene ﬂames. The three gases were introduced through the secondary fuel ports of the bluff body (see Fig. 1
(b)). Ethylene was added to investigate whether fuel stratiﬁcation
could help reduce combustion oscillations. Hydrogen and nitrogen
were added to understand the effect of diluents, both reactive (H2 )
and inert (N2 ), on heat release ﬂuctuations. Several parameters were

kept constant in order to enable comparison between the three secondary gases. The air ﬂow rate was ﬁxed at 250 slpm. The input
power, calculated from the caloriﬁc value of the fuel mixture, was
kept constant at 13.11 kW. The momentum ratio, deﬁned by the
Eqn. (1) (where sec denotes the secondary gas added, while pri represents the primary mixture of ethylene and air), was kept constant
between the three secondary gases, for each ﬂow condition, in order
maintain the same level of penetration of each locally added gas (ethylene, hydrogen and nitrogen) in the primary ethylene-air ﬂow. This
was done by adjusting the volume ﬂow rates of hydrogen and nitrogen, so that they matched the momentum ratio of the locally added
ethylene, as can be seen in Tab. 1.
Momentum ratio ¼

rsec :msec 2
rpri :mpri 2

ð1Þ

3. Data analysis
3.1. Global heat release ﬂuctuation
Both the pressure and the OH* chemiluminescence signals had a
cyclic response under the dominant acoustic excitation. The pressure
transducer signals were analysed using the two-microphone technique to calculate the velocity ﬂuctuation, u0 ; and normalised by bulk
velocity, h U i ; at the inlet to the combustion chamber, as detailed in
the following references [72,74]. The ﬂame describing function, FDF;
(also known as the non-linear ﬂame transfer function, NFTF) was
determined from the ratio of the heat release
ﬂuctuations and the

velocity perturbations, FDFðf ; u0 = h U i Þ ¼ Q 0 ðf Þ= h Q i Þ=ðu0 = h U i Þ. The
normalised values of h OH  i were used to represent the heat release
ﬂuctuation, Q 0 ðf Þ= h Q i .

3.2. Image processing
Table 1
Experimental ﬂow conditions for the local addition of (a) ethylene, (b)
hydrogen and (c) nitrogen to imperfectly-premixed turbulent ethylene
ﬂames.

Flame images were captured using the high-speed tomography
setup for a duration of 100 ms. The ﬂame contour was obtained by
post processing the images through various steps of ﬁltration, binarization and tracing the ﬂame boundary, to obtain a single pixel thick
ﬂame front. The ﬂame contour length (FL) was taken to be indicative
of the ﬂame surface area. Fig. 3 shows the region of the ﬂame captured with the laser tomography technique, which was 12.5 mm
wide and 12.5 mm in height (from 2.5 mm to 15 mm downstream of
the base of the combustor). Similar to the OH* chemiluminescence,
the ﬂame contour length was also put through FFT and the power
spectral density (PSD) was calculated, which was then normalised
with the averaged ﬂame length h FL i to obtain FL0 ðf Þ= h FL i .

Fig. 3. Region of interest on a ﬂame front image.
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Fig. 6. Time series evolution of the ﬂame boundary of the self-excited imperfectly-premixed ethylene ﬂames, without local addition of secondary gases (FGlobal =0.812).

Fig. 4. Power spectral density (PSD) plot of the OH* chemiluminescence for selfexcited imperfectly-premixed ethylene ﬂames.

4. Results and discussion
4.1. Self-exited ethylene combustion
Fig. 4 shows the power spectral density (PSD) plot, generated by
applying fast Fourier transform (FFT) on the OH* chemiluminescence
signal, for self-excited imperfectly-premixed ethylene ﬂames with no
local addition, that is, the base test case (see Tab. 1). The PSD plot
shows a sharp peak at 338 Hz; clearly demonstrating that this is the
dominant self-excitation frequency. Fig. 5(a) shows the time-series
plot for the ﬂame surface area, while Fig. 5(b) shows the power
spectrum obtained from the time-series data to determine the
frequency at which the ﬂame surface area ﬂuctuations were taking place. Signiﬁcant ﬂuctuations in the ﬂame surface area, with
peak-to-peak values of about 1-1.5, close to the base of the combustor can be observed in Fig. 5(a), which was observed to cause
roll-up of the ﬂame front. The PSD plot (Fig. 5(b)) shows that the
frequency of the ﬂame surface area ﬂuctuations is 340 Hz; which
is very close (barring experimental inaccuracies) to the dominant
frequency of oscillations from the OH* signal (Fig. 4). Hence, this

conﬁrms that the heat release oscillations can be captured by the
ﬂame surface modulation.
The time-series of images in Fig. 6 depict the ﬂame-vortex interactions, particularly the evolution of the coherent structures during
self-excited oscillations for imperfectly-premixed ethylene ﬂames,
without any local addition of secondary gases. The instances of the
ﬂame were captured every 0.33 ms and the images show periodic formation, and subsequent destruction, of ﬂame vortices. It is clear from
the images that the appearance of coherent structures corresponded
with the least amount of ﬂame element, and it is likely that this point
would have coincided with the trough of the ﬂame contour length (5
(a)). The coherent structures continue to convect upstream, which
would potentially contribute to an increase in the heat release oscillations, followed by complete disintegration of the ﬂame structures.
4.2. Effect of fuel-splitting on the dynamics of self-excited ethylene
ﬂames
The effectiveness of fuel-splitting, that is, splitting part of the primary fuel and adding it locally to turbulent imperfectly-premixed
ethylene ﬂames, in reducing combustion oscillations was investigated. For these set of tests, the overall equivalence ratio was kept
the same, while the fuel ﬂow rates in the two fuel streams (via the
primary and secondary ports) were varied - see Tab. 1. Fig. 7 presents
photographs of the ﬂame with increasing percentage of the local
addition of ethylene as a secondary fuel. It can be observed in Fig. 7
that as the amount of secondary ethylene is increased, the ﬂames
become increasingly yellow and sooty. This is most likely due to the
poor mixing of the locally added ethylene with the primary ﬂow air,
creating a locally rich mixture and resulting in unburnt

Fig. 5. (a) Time series plot of the ﬂame contour length (indicative of ﬂame surface area) determined by laser tomography, which was processed to produce the (b) power spectral
density (PSD) plot.
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Fig. 7. Photographic images of the self-excited imperfectly-premixed ethylene ﬂame
with local addition of ethylene through secondary fuel ports.

hydrocarbons, and the consequent high soot formation. The observed
soot formation could result in inaccurate estimates (due to broad
black-body radiation from soot) of the heat release from the readings
of the OH* chemiluminescence using the PMT. Furthermore, these
soot rich areas caused bright spots in the tomography imaging.
Hence, for the local addition of ethylene, only changes in the velocity
perturbations were determined from the pressure measurements,
and both normalised pressure and velocity oscillations have been
shown in Fig. 8. It can be seen in Fig. 8 that when 1.4% of ethylene (by
volume) is removed from the primary ﬂow and injected locally
through the secondary ports, the pressure and velocity perturbations
increase. However, subsequent addition of ethylene through the secondary ports (and removal from the primary), results in considerable
reductions in the velocity oscillations. The initial increase in the perturbations could be attributed to the increase in the local equivalence
ratios towards stoichiometric values as a result of the local addition
of small amounts of ethylene (up to 1.4%), which would increase the
local premixedness, and hence contribute to an increase in the heat
release. Further addition of ethylene would have made the local
equivalence ratios rich (as evidenced by the appearance of soot in the
ﬂame photographs), which would result in decreased ﬂame temperatures and a reduction in the magnitude of oscillations.
4.3. Local addition of hydrogen to self-excited ethylene ﬂames
The results from the tests carried out to understand the effectiveness
of local addition of hydrogen for combustion instability control have

been presented in this section. H2 was added via the secondary fuel
ports during the self-excited oscillations of imperfectly-premixed ethylene ﬂames. The effects of H2 addition on pressure, velocity and heat
release perturbations, and on the ﬂame describing function, have been
shown in Fig. 9. It can be observed from the ﬁgure that the addition of
up to 10% H2 results in a signiﬁcant reduction in the normalised velocity
oscillations (Fig. 9(b)), however subsequent H2 addition does not show
any appreciable change. A similar trend is observed for the heat release
response, that is, a reduction of almost 60% when 10% H2 is added, with
no change observed beyond 10% H2 addition (Fig. 9(c)). The ﬂame
describing function (Fig. 9(d)), determined from the velocity and heat
release ﬂuctuation data, exhibits a decreasing reduction with H2 addition. This reduction in the pressure perturbations is consistent with the
ﬁndings reported by Barbosa et al. [64], who investigated the local addition of H2 as an instability control technique. In order to explain this
reduction, the authors [64] captured phase locked images of OH* and
CH*, which showed that the hydrogen jet breaks the coupling between
the acoustic and heat release oscillations.
The power spectra calculated from global OH* chemiluminescence
and the ﬂame length estimates are shown in Fig. 10(a) and Fig. 10(b),
respectively. The magnitude of the PSD based on the OH* chemiluminescence signal and from the ﬂame contour length (FL) show a signiﬁcant reduction in the peak of the dominant frequency when the H2
addition is increased upto 10%. Beyond 10% H2 addition, both PSD plots
exhibit minimal changes with increasing H2 addition. Both these observations correlate well with the trends in pressure and velocity perturbations observed in Fig. 9. Considering the time-based evolution of the
ﬂame boundary images shown in Fig. 11 for 5% and 20% H2 addition, it
is apparent that an increase in the local addition of H2 leads to an overall
increase in the ﬂame contour length. Even at the lowest point of the
heat release, the ﬂame elements disintegrate to a lesser degree with
increasing H2 addition. It could be speculated that the reduction in the
velocity and heat release perturbations with H2 addition, observed in
Fig. 9, are due to this increase in the ﬂame contour length and the lesser
extent of ﬂame destruction. Some evidence for this can be seen in time
series plots of the heat release ﬂuctuations, presented in the Appendix
(Figure A.1, A.2 and A.3), which show a reduction in the troughs with
H2 addition. The minimal change seen in the magnitude of PSD (Fig. 10)
at 20% and 30% H2 addition could be attributed to ﬂame annihilation

Fig. 8. Variation in the normalised (a) pressure and (b) velocity perturbations of self-excited imperfectly-premixed ethylene ﬂames with an increase in the local addition of ethylene.
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Fig. 9. Variation in the normalised (a) pressure, (b) velocity, (c) heat release perturbations and the magnitude of the ﬂame describing function of self-excited imperfectly-premixed
ethylene ﬂames with an increase in the local addition of hydrogen.

becoming a self-limiting factor, with no further ﬂame destruction possible with increasing H2 addition. This can be observed in Fig. 11(c) which
shows instantaneous images of the ﬂame boundary with different H2
addition for self-excited ethylene ﬂames. Due to ﬂame-vortex interaction in the inner recirculation zone a large part of the ﬂame gets annihilated (as shown by the regions circled in red), and as H2 is added
beyond 20% the vortex is not able to cause any further ﬂame roll-up.
4.4. Addition of nitrogen to self-excited ethylene ﬂames
The local addition of nitrogen (N2 ), via the secondary fuel ports, to
self-excited ethylene ﬂames was carried out as a control. N2 is inert and
does not contribute energy to the combustion process, thereby acting

primarily as a diluent. It is clearly evident that the ﬂame boundary
images shown in Fig. 12 for 9.7% N2 addition are largely similar to those
for pure ethylene ﬂames (Fig. 6). Fig. 13 compares the time-series plots
of the ﬂame length for pure ethylene and ethylene/9.7% nitrogen, and
only an insigniﬁcant reduction in the peaks and troughs of the surface
area can be observed with N2 addition, which shows that the added N2
had a negligible impact on the ﬂame roll-up occurrence in the selfexcited ﬂames. Fig. 14 shows the normalised velocity and heat release
oscillations for up to 9.7% (by volume) N2 addition, while the power
spectra calculated from global OH* chemiluminescence and the ﬂame
length estimates are shown in Fig. 15(a) and Fig. 15(b), respectively. No
effect of N2 addition can be observed in Fig. 14 and Fig. 15, except for a
slight increase in the perturbations at 1.4% N2 addition. Although it is
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Fig. 10. Power spectral density (PSD) plots calculated from (a) the global OH* chemiluminescence, and (b) ﬂame contour length (indicative of ﬂame surface area), for the self-excited
ethylene ﬂames with 0, 5, 10, 20 and 30% local addition of hydrogen.

known that the addition of N2 reduces the ﬂame temperature, it is speculated that the level of N2 added in this work was too low to have any
appreciable impact.
The observations with N2 also conﬁrm that the effects observed
with ethylene and H2 addition are primarily due to them taking part
in the combustion reaction, and not because of these gases acting as a
diluent in the combustion mixture.
5. Conclusions
This study investigated the effect of the local addition of three secondary gases, ethylene, hydrogen and nitrogen, to imperfectly-

Fig. 11. Images showing the temporal evolution of the ﬂame boundary for the selfexcited imperfectly-premixed ethylene ﬂames with (a) 5% and (b) 20% local addition of
hydrogen, while (c) compares the initial development of the ﬂame roll-up of the same
ﬂames with different H2 addition.

Fig. 12. Images showing the evolution of the ﬂame boundary of self-excited imperfectly-premixed ethylene ﬂames with 9.7% local addition of nitrogen.

premixed self-excited ethylene ﬂames. The secondary gas ﬂow rates
were adjusted to keep the momentum ratio between the secondary
gas and the primary ethylene/air fuel mixture constant and match
the level of penetration each secondary gas had into the main

Fig. 13. Time series plots of the ﬂame contour length (indicative of ﬂame surface area)
for (a) pure ethylene and (b) ethylene 9.7% nitrogen self-excited ﬂames.
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Fig. 14. Variation in the (a) normalised velocity perturbations and (b) global normalised heat release ﬂuctuations of self-excited imperfectly-premixed ethylene ﬂames with increasing local addition of nitrogen.

Fig. 15. Power spectral density (PSD) plots calculated from (a) the global OH* chemiluminescence, and (b) ﬂame contour length (indicative of ﬂame surface area), for the self-excited
ethylene ﬂames with 0, 1.4, 2.8, 6.0 and 9.7% local addition of nitrogen.

(primary) ﬂow. In addition, the combined calories of the combustible
mixture (primary and secondary) was also kept constant by reducing
the main ethylene ﬂow as the secondary gas ﬂow was increased.
The self-excited ethylene ﬂames experienced a recurring oscillation of pressure, velocity and heat release, accompanied by a periodic
formation and destruction of the ﬂame roll-up in the region close to
the base of the combustor. The addition of H2 reduced the pressure,
velocity and heat release perturbations, and decreased the initial size
of the ﬂame roll-up. However, these effects were only observed for
up to 10% H2 addition, subsequent H2 addition (of up to 30%) did not
exhibit any appreciable changes beyond that level.
The local addition of ethylene (to observe the effects of fuel-splitting), of up to 2.9%, resulted in an increase in the normalised pressure
and velocity oscillations. Higher levels of ethylene addition (beyond
2.9%) reduced the magnitude of oscillations, however the ﬂame became
increasingly yellow, indicating the presence of soot and unburnt hydrocarbons, and hence lower combustion efﬁciency. No noticeable change
in the velocity and heat release perturbations, and in the ﬂame surface
area ﬂuctuations was observed with the addition of nitrogen, leading to

the conclusion that the thermal dilution effect of N2 was not signiﬁcant
enough to alter the dynamical ﬂame response.
Hence, it can be concluded from this work that the local addition
of H2 is most effective in reducing the degree of perturbations of selfexcited ethylene ﬂames, and that is attributed to the disruption of
the coupling between heat release and acoustic oscillations. For the
operating parameters tested in this work, the local addition of gaseous fuel (ethylene) and inert gas (nitrogen) was not observed to be
as effective in controlling combustion instability. This approach of
secondary addition of hydrogen not only is able to mitigate combustion instabilities but has the potential to keep emissions low (through
lean burn operation) and achieve higher efﬁciency.
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Appendix A

Fig. A.1. Time series plots of normalised pressure ﬂuctuations for ethylene self-excited ﬂames, with the local addition of H2 ; C2 H4 and N2 .
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Fig. A.2. Time series plots of normalised heat release ﬂuctuations evaluated from OH* chemiluminescence, for ethylene self-excited ﬂames, with the local addition of H2 and N2 .
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Fig. A.3. Time series plots of normalised ﬂame contour length, for ethylene self-excited ﬂames, with the local addition of H2 and N2 .
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