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Abstract

While lean combustion in gas turbines is known to reduce NOX, it makes combustors more prone to
thermo-acoustic instabilities, which can lead to deterioration in engine performance. The work
presented in this study investigates the effectiveness of secondary injection of hydrogen to imperfectly
premixed methane and ethylene flames in reducing heat release oscillations. Both acoustically forced
and unforced flames were studied, and simultaneous OH and H atom PLIF (planar laser induced
fluorescence) was conducted. The tests were carried out on a laboratory scale bluff-body combustor
with a central V-shaped bluff body. Two-microphone method was used to estimate velocity
perturbations from pressure measurements, flame boundary images were captured using high speed Mie

scattering, while global heat release fluctuations were determined from OH* chemiluminescence.

The results showed that hydrogen addition considerably reduced heat release oscillations for both
methane and ethylene flames at all the forcing frequencies tested, with the exception of methane flames
forced at 315 Hz, where oscillations increased with hydrogen addition. The addition of hydrogen
reduced the extent of flame roll-up for both methane and ethylene flames, however, this reduction was
larger for methane flames. NOx exhaust emissions were observed to increase with hydrogen addition
for both methane and ethylene flames, with absolute NOx concentrations higher for ethylene flames,

due to higher flame temperatures.
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1. Introduction

Gas turbine engine manufacturers are developing advanced operational strategies based on lean
combustion in order to reduce emissions of nitrous oxides (NOX) [1-5]. However, lean burn operation
is highly susceptible to thermo-acoustic oscillations (or combustion instabilities), caused by complex
interactions between the flow field, acoustics and heat release fluctuations within the combustion
chamber [6-9]. The occurrence of these oscillations is problematic as it can result in severe vibrations
of the combustor, excessive heat transfer and thermal stresses to the chamber walls, and flame blow-off
or flashback [10-13]. This leads to undesirable noise levels, deterioration in engine performance and
even complete engine failure. Consequently, extensive research has been carried out to understand the
processes responsible for the excitation of these instabilities, however their prediction and control has
proven to be a great challenge.

There are many well-researched mechanisms that can lead to heat release oscillations in lean premixed
flames, such as, local variations in equivalence ratio, flame sensitivity to pressure/velocity oscillations,
and the formation and shedding of vortices [14]. These mechanisms can cause combustion oscillations
to grow in amplitude through positive feedback until a self-sustaining limit-cycle amplitude is reached.
Combustion instabilities in practical devices are usually suppressed by controlling one or more of the
mechanisms mentioned above. Such control measures, taken in order to alter the positive coupling
between heat release and pressure/velocity perturbations, and hence suppress or eliminate the
combustion instabilities, are generally classified either as passive or active control techniques [7].
Passive control methods involve changes in the hardware that alter the feedback between
pressure/velocity fluctuations and the heat release or change the resonant characteristics of the system
[15,16], while active measures provide a facility to control the instability dynamically. One of the
common methods of active control is to alter the heat release from the flame by secondary fuel injection
(or pilot injection), which is the introduction of fuel near the base of the flame. This changes the local
air-fuel stoichiometry and leads to a disruption of the phase relation between the heat release modulation
and the acoustic pressure (i.e. altering the Rayleigh criteria). Several experimental [14,17,26,18-25]
and computational [19,26-28] studies have been conducted to investigate the effectiveness of injecting
a proportion of the primary fuel near the base of the flame (that is, pilot injection) on reducing
combustion instabilities. In the work presented by Emiris and Whitelaw [17], it was observed that the
pressure oscillations were caused by the local extinction and relight of the flame, which occurred due
to the high strain rates at the expansion plane which impaired flame stabilisation. The authors were able
to reduce the amplitude of the pressure oscillations by rerouting a small proportion of the primary fuel
to the secondary injector. In another study Nair and Lieuwen [18], it was noted that the stability of the
flame was dependent on flame straining and the strength of the outer recirculation zone. An increase in
the flame strain caused the flame to detach from the outer recirculation zones to a location further

downstream where it was less stable. It was suggested that the combustion oscillation can be avoided



by a localised increase in the equivalence ratio in the shear layer. Fuel stratification, that is, local spatial
variation in equivalence ratio was recommended to effect this, which would be sufficient to preserve
the hot gases in the outer recirculation zones and improve the overall stability. Albrecht et al. [20]
observed reductions in thermo-acoustic oscillations and NOx emissions, and hypothesised that this was
due to the high momentum created by the secondary fuel injector, which was used to locally introduce

fuel and alter the local equivalence ratio.

Due to its higher reaction rates, zero carbon emissions and wider flammability limits, hydrogen (H.) is
often considered a potential secondary fuel to curtail combustion oscillations. H, addition increases the
lean operation limits, reducing the risk of flame blow-off, and has been observed in previous studies to
improve flame ignitability and stability, as well as reduce pressure and heat release perturbations
[14,29-37]. Barbosa et al. [35] investigated the effect of injecting hydrogen in a lean premixed propane-
air flame on the combustion oscillations. The authors reported a significant reduction in the amplitude
of pressure oscillations but a negligible change in the heat release oscillations, which was attributed to
the injected hydrogen decoupling the acoustic and heat release oscillations. Similar findings were
observed by El-Ghafour et al. [36] who studied the combustion characteristics of natural gas-hydrogen
hybrid fuel, and reported considerable improvements in flame stability and reduction in flame length,
particularly at high hydrogen addition levels (>30% by volume). Schefer et al. [29] also noted that
premixed, swirl stabilised premixed flames became shorter and more robust with H, enrichment, and
that the OH radical concentration increased considerably with moderate H, addition (with marginal
increase with further H, addition). The authors [29] also carried out computational analysis of the
flames, and observed concurring trends, in that the strain resistance of the flame increased with H;
addition. However, some investigations have also reported an increase in combustion oscillations as a
result of H; addition. Wicksall and Agrawal [38] added hydrogen to methane and propane premixed
flames, and observed an increase in acoustic oscillations, which they attributed to the higher adiabatic
flame temperature as a result of adding H.. Chen [39] conducted computational analysis to study the
effect of adding H. to propagating spherical methane-air flames, and commented that the addition of H,
could potentially destabilise the flame, as a consequence of the increase in laminar flame speed with H;

addition.

Several authors have observed an increase in NOx emissions with the addition of H, to hydrocarbon
flames [31,35,36,40,41]. Choudhuri and Gollahalli [40] reported a significant increase in NOXx
emissions when H, was added to turbulent natural gas flames, which they attributed to higher rates of
NOx production via the Zeldovich mechanism due to an increase in the flame temperature and radical
pool of H, OH and O. While multiple studies have reported an increase in NOx with H, addition, some
investigations have observed significant reductions in NOx with H, addition. attributed to the H,
combusting at ultra-lean conditions, hence resulting in a decrease in global flame temperature, and

consequently NOx production [38,42,43].



A common approach when investigating combustion instabilities is to study non-linear flame response
to pressure oscillations, by determining the flame describing function, FDF (or flame transfer function).
The FDF functions are determined by the quantifying the heat release perturbations with respect to
input pressure/velocity perturbations. In practical devices, these pressure perturbations cause unsteady
changes in the velocity and equivalence ratio at the inlet of the combustor. While the acoustic response
to these instabilities is typically linear, the flame’s heat release response can be highly non-linear,
particularly at high forcing amplitudes, and hence the overall device can be expected to behave like a
coupled non-linear dynamical system [6,44]. Several experimental and numerical investigations have
been conducted to determine the FDF [24,25,44-51]. Lieuwen [45] investigated the response of
premixed flames to inlet velocity oscillations, and observed that, as flow perturbations increased, the
amplitude of the flame response was lower than that predicted by the linear transfer function. Dowling
[46] reported that linearization in the flame transfer function is not valid when the magnitude of the
amplitude of the velocity perturbations becomes similar to its mean value. Balachandran et al. [44]
acoustically forced turbulent bluff-body stabilised flames, and observed that the heat release response
first became non-linear for 160 Hz forcing, when the amplitude of the inlet velocity oscillations was
around 15% of the bulk velocity, with further non-linearities observed at higher forcing amplitudes. The
authors attributed this to the inlet perturbations inducing roll up of flame shear layers, and even causing
larger-scale flame-annihilation. Many of the key mechanisms related to combustion dynamics (flame
annihilation, flame-vortex interaction, fluctuating reaction rate due to mixture fraction variation,
modulation in heat transfer) were studied at atmospheric conditions, but were found to be relevant to

practical GT operating conditions [6,52,53].

While the utilisation of H, does have a lot of potential for the development of advanced ultra-low
emission combustion strategies, it can be observed that the effect of H, on both combustion oscillations
and on NOx emissions is not very well understood, with often contradictory outcomes, as evidenced in
literature. Hence, the focus of the current study, was to understand the effectiveness of the local addition
of hydrogen on acoustically forced ethylene and methane premixed flames on flame response and flame
shape through a systematic experimental approach. In addition, simultaneous planar laser induced
fluorescence (PLIF) of hydroxyl radical (OH) and atomic hydrogen (H) was conducted to observe the
effect of H, addition on flame structure and dynamics. Furthermore, the global heat release oscillation
(that is, the total heat release) and the non-linear flame describing function was determined for all test
conditions in order to quantify the flame response at different acoustic frequencies. The authors believe
that this is the first study of its kind whereby secondary fuel injection of H is being employed on

imperfectly premixed flames, which simulate operational conditions relevant to practical combustors.



2. Experimental methodology

2.1. Burner
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Figure 1 (not drawn to scale): (a) Schematic of the combustor assembly. (b) Sectional view of the bluff-
body, showing the primary and secondary fuel ports.

An acoustically excited bluff body stabilised combustor, based on the design by Balachandran et al.
[44], was used in this study. The schematic of the combustor is shown in Fig. 1a. The plenum had an
internal diameter (ID) of 100 mm and a length of 200 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 at the
entrance of the plenum. Four orthogonally placed speakers, rated at 60 W each, were mounted
circumferentially on the plenum at a distance of 200 mm from the plenum inlet, to impose inlet velocity
fluctuations. A TTi 60 MHz waveform generator was used to generate sinusoidal signals, which were
first amplified before being supplied to the speakers. The flame was acoustically forced at different
frequencies which corresponded to the geometric resonant frequencies (detailed in Section 2.3) of the
burner assembly. In addition, the peak-to-peak voltage of the waveform, that is, the magnitude of
forcing, was also varied. Experiments in which such velocity fluctuations were generated will be
referred to as ‘forced’ conditions, while the cases where the speakers were switched off will be the
‘unforced’ conditions. The duct above the plenum had an ID of 35 mm, and provisions for mounting
two high-sensitivity pressure transducers (KuLite model XCS-093, sensitivity 4.2857x10-3 mV/Pa)

which were used to measure pressure fluctuations and characterise the acoustic response of the burner.



The signal from the transducers was amplified using a Flyde Micro Analogue amplifier and acquired
on a PC using National Instruments data acquisition systems. The two-microphone method was

employed to estimate velocity fluctuations.

The bluff body was used to stabilise the flame, and was conical in shape (Fig. 1b), with a diameter of
25 mm, resulting in a blockage ratio of ~50%. The flame is primarily anchored at the inner shear layer,
with some flame elements at the outer shear layer (as can be observed in Fig.3 later). The principle of
flame stabilisation in this work is the same as that presented in Balachandran et al [44]. Six primary
fuel ports (each of diameter 0.25 mm) were placed circumferentially on the main fuel pipe, 50 mm
below the exist of the burner. In addition, the bluff body also had a 2 mm wide circumferential passage
located 2 mm below the burner exit that enabled secondary injection of fuel or diluent gas. Two long
concentric tubes were welded to the bluff body which served as fuel supply lines for the two injection
ports. Two different types combustion modes could be achieved using this bluff body burner. The fuel
could either be mixed completely with the air before entering the combustor to achieve a ‘fully
premixed’ flame, or the fuel could be locally introduced through the primary fuel ports (Fig. 1b) at
choking conditions resulting in a partially premixed mixture thereby producing an ‘imperfectly
premixed’ flame — flame with a spatial variation in premixedness. These flames are also known as
‘technically premixed’ or ‘industrial premixed’. Acoustic excitation additionally introduces temporal
variation in equivalence ratio. This temporal variation is the most important phenomenon in
technically/imperfectly premixed forced flames, and can be simply modelled as outlined in Semlitsch,

et. al. [54] for a burner configuration similar to this study.

The secondary fuel ports allowed local addition of gases with either of the above combustion modes.
In this study, only imperfectly premixed flames have been used for relevance to practical combustors.
The combustion zone of the combustor was enclosed using a UV fused silica quartz cylinder of ID 70
mm and length 100 mm. The quartz enclosure prevented local equivalence ratio fluctuations due to air

entrainment from the surroundings.

The air was supplied from a central compressor while the fuel and diluent gases were supplied from
compressed gas cylinders. The flow rates of the fuel, air and diluent gases were controlled using digital

mass flow meters (Red-Y Smart), which had an accuracy of + 1.5% of the full-scale reading.



2.2, Optical diagnostic arrangement
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Figure 2: Optical system setup

Figure 2 shows the layout of the optical diagnostic facility used for planar laser induced fluorescence
(PLIF) imaging and high-speed flame imaging. For hydroxyl radical (OH) PLIF, a combination of
Nd:YAG pump laser (Laser 1) and tuneable dye laser containing Rhodamine 6G dye and a frequency
doubler (Dye laser 1) was used to generate a beam of around 283 nm to pump the Q1 (6.5) transition of
the Al =-XI1(1,0) band of OH. This excitation wavelength was selected as the fluorescence is less
susceptible to changes in pressure and temperature. The beam was converted into a thin sheet of height
50 mm (and laser sheet thickness of ~200 um), using a combination of a plano-concave and a biconvex
lens. The OH fluoresced at a wavelength of approximately 310 nm, and was captured using a UV-
intensified CCD camera (Camera 1) fitted with the 100 mm /2.8 Cerco lens and a combination of UG
11 and WG 305 filters, to allow light of appropriate wavelengths through to the camera. To image
atomic hydrogen (H) PLIF, a similar system of a pump (Laser 2) and a tuneable dye laser (Dye laser 2)
was used; the dye laser contained Rhodamine 101 dye, and was fitted with frequency doubler and tripler
crystals, which produced a beam of 205.1 nm needed to excite H in the flame. Similar to the OH setup,

plano-convex optics combination was used to expand the beam into a collimated light sheet of height



7.5 mm for H PLIF. The H fluoresced at 656 nm, which was captured on Camera 2 which was coupled
with a visible intensifier fitted with a /1.2 50 mm Nikkor lens and an interference filter of centre
wavelength 656 nm. The exposure was set to a short time interval of 0.3 us to reduce interference from
the natural chemiluminescence of the flame. High speed planer laser Mie-scattering (at 3000 Hz) of
olive oil droplets in reactant mixtures was carried out using a Pegasus 532 nm output laser and a Photron
high speed camera (Camera 3, Fig. 2). These high-speed images were used to identify the boundary
between the reactants and combustion products. OH* chemiluminescence was measured using a photo-
multiplier tube (PMT). The PMT was fitted with a convex lens which focused the entire flame on the
PMT collection window. An interference filter with a centre wavelength of 307 nm and bandpass of
+10 nm was mounted on the PMT to detect OH* chemiluminescence.

In addition, the concentrations of carbon dioxide (CO,) and nitrogen oxides (NOX) in the burner exhaust
gas were measured using the Horiba MEXA 9100HEGR exhaust gas analyser rack. The rack was fitted
with a non-dispersive infrared absorption detector for CO, measurements, and a chemiluminescence
analyser for NOx detection. The samples were collected 120 mm downstream of the burner bluff body
and were filtered for particulates before being supplied to the analyser.



2.3. Flow conditions

Primary Secondary
Air

Label (Slpm) C2H4 C2H4 H2 H2 ¢G|obal SL (les) Tad (K)

(slpm) % (slpm) %
0% H, 250.0 14.2 100.0 0.0 0.0 0.81 53.5 2180
5% H, 250.0 14.1 95.0 0.7 5.0 0.81 54.2 2184
10% H, 250.0 13.9 90.0 1.5 10.0 0.81 54.9 2176
20% H, 250.0 13.6 80.0 3.4 20.0 0.81 56.5 2177
30% H, 250.0 13.2 70.0 5.7 30.0 0.81 58.5 2176

(a)
Primary Secondary
Air

Label (slpm) CH, CH, H, H, boobar | S, (€m/s)| T, (K)

Sipm (] sipm 0

(slom) % (slbm) %
0% H, 250.0 18.2 100.0 0.0 0.0 0.70 21.2 1827
5% H, 250.0 18.1 95.0 1.0 5.0 0.70 22.2 1839
10% H, 250.0 17.8 90.0 2.0 10.0 0.70 23.3 1839
20% H, 250.0 17.1 80.0 4.3 20.0 0.69 25.3 1837
30% H, 250.0 16.3 70.0 7.0 30.0 0.69 27.7 1836

(b)

Table 1: Experimental flow conditions for the local addition of hydrogen to (a) imperfectly
premixed ethylene flames, and (b) imperfectly premixed methane flames.

Table 1 shows the flow conditions used for the local addition of hydrogen (H>) to imperfectly premixed
ethylene and methane flames. The ethylene equivalence ratio was selected as it also allowed self-
excitation of ethylene flames (with modified combustor length. Note: self-excited results have not been
presented in this paper). For the methane tests, the equivalence ratio had to be reduced as the
measurement capability of the flowmeter did not allow higher flowrates. H> was supplied through the
secondary fuel ports in the bluff body, as described in Section 2.1, and was increased in steps, measured
as a percentage of the total volume flow rate of the mixture. The volume flow rate of air was kept
constant to keep the changes in the flow turbulence negligible (about 1.8% total flow rate change at
maximum H, addition) at the entrance of the combustion zone with small increments in the fuel
guantities. The overall laminar flame speed of the fuel mixture, Si, was calculated using COSILAB
[55]. The flame speed values do not represent local flame speeds, but show that the addition of H.
generally increases the overall laminar flame speed. It should be noted that the COSILAB calculations
assume the mixture to be fully premixed, but for the study described in this work, the hydrogen was not

premixed with either the air or the primary fuel. In the case of ethylene/hydrogen mixtures, St increased



by 10% when the proportion of H, was increased from 0% to 30%, while, in the case of

methane/hydrogen mixtures St increased by 30% for the same increase in Ha.

For the forced conditions, preliminary tests were conducted whereby the air flow rate was set to 250
Ipm, and the frequency varied from 20 to 450 Hz in steps of 10 Hz. The maximum velocity perturbations
occurred at frequencies of 30, 255 and 315 Hz, and hence the flames were studied under these three
forcing frequencies. The global equivalence ratio (¢ciobar), presented in Table 1 is calculated from input
fuel and air flowrates without taking into account the premixedness of the fuel-air mixture at the inlet

of the combustor, and/or any variation in the equivalence ratio caused by acoustic forcing.
3. Data Analysis
3.1. Global heat release fluctuation

The pressure transducer signals were analysed using the two-microphone technique to calculate the
velocity fluctuation, w, and normalised by bulk velocity (U), at the inlet to the combustion chamber
[44,56]. Numerous studies have used OH* to investigate combustion dynamics [44,57-60].
Furthermore, Balachandran, et. al. [44] experimentally compared OH* with other heat release
measurement techniques (flame surface density-FSD, simultaneous OH-CH,O planar heat release
technique) and concluded that OH* is suitable to represent heat release. Kim and Park [61] have
discussed the relationship between OH* and heat release, in the context of hydrogen addition. Their
work clearly shows that the relationship between OH* intensity and total heat release is linear when
hydrogen is added. Hence, in this study involving hydrogen addition in hydrocarbon flames, OH* can

be employed for investigating heat release modulation with confidence.

As expected, it was observed in this work that the OH* chemiluminescence signal had a cyclic response
under acoustic forcing. The spectral time traces of OH* were analysed using the Fast Fourier Transform
(FFT) technigue to evaluate the complex amplitude of OH*’ (half peak-to-peak value), at the forcing
frequency, f. This value was normalised with the time averaged mean (OH*) to obtain OH*'(f)/{OH*).
These normalised values were used to represent the heat release fluctuation, Q'(f)/{Q). 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, FDF = (Q'(f)/{Q))/(
w/(U)).

3.2. Image processing

The raw images of OH and H PLIF (captured using camera 1 and 2, respectively, as shown in Fig. 2)

were corrected for background noise mainly generated due to the scatter of laser light in the room and
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reflection of the laser light on the quartz cylinder. Beam profile correction was then carried out on the
images to correct for any spatial in-homogeneities in the beam energy profile. The images were
additionally corrected for shot-to-shot variation by using two photodiodes that measured changes in
laser energy during PLIF imaging. For each experimental condition, one hundred images were used to
generate an averaged image. Preliminary analysis done to determine the effect of the number of images
averaged showed that the cumulative average of the flame surface area fluctuated during the first 20
images but then levelled out.

To obtain the flame front, the averaged OH PLIF images were first converted into binarised images of
black and white regions, with the black regions showing the burnt gas; this was based on algorithms
defined in Otsu’s method [62]. The binarised images were then put through a boundary trace function
to produce an image of a single pixel thick flame front. Figure 3a gives a pictorial representation of the
processing steps involved. The averaged flame front images were revolved around the central axis to
obtaine a 3-dimensional contour of the flame (not shown in Fig.3), which was then multiplied by the
resolution (55 um/pixel) to determine the flame length, here used to represent the vertical cross-section
of the flame surface area (FS). The normalised flame surface, FS’/(FS), was obtained by determining
the ratio between the amplitude of the flame surface area fluctuation (at the forcing frequency, f) and
the mean flame surface area, (FS). Only the left-hand side of the flame was used (as the flame was
axisymmetric), which was further divided into three regions, and the total flame surface area in each of
these regions was summed up. Region A (2.5 mm to 15 mm from the base) and Region B (25 mm to
40 mm from the base) were used to determine the flame surface area of the initial and developed size
of the flame roll-up, and how this changed with hydrogen addition. Region C (2.5 mm to 45 mm from
the base) considered the entire imaged region which gave an overall view of the changes brought about

with the introduction of hydrogen. Figure 3b shows the regions A, B and C on a flame front.
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4. Results and discussion

4.1. Unforced ethylene-hydrogen and methane-hydrogen flames
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Figure 4: Averaged (a) OH PLIF, (b) H PLIF, and (c) flame front images for the unforced, imperfectly
premixed ethylene flames with varying quantities of hydrogen addition

Figure 4 shows the averaged OH PLIF, H PLIF and flame front images for unforced, imperfectly
premixed ethylene flames with different levels of hydrogen addition. From the OH PLIF images it can
be seen that, as the percentage H, was increased, the intensity of the OH fluorescence signal increased
at the inner shear layers, but decreased at the central recirculation zone. The increase in signal intensity
at the shear layers could indicate higher reaction rates. The reaction, H + O, = OH + O, has been shown
to be a dominant consumer of atomic hydrogen and a key chain-branching reaction producing OH
radicals. Hence, an increase in H, could increase the concentration of OH radicals at the flame front,
hence promoting higher reaction rates. The reduction in the OH signal intensity at the central
recirculation zone could potentially be attributed to alterations in size, position or temperature of the
zone. However, these cannot be confirmed within the scope of the current experimental setup. The H
PLIF images in Fig. 4b show a considerable increase in the intensity of the signal at the lower inner
shear layers with increase in H,. The increase in signal intensity demonstrates that the H, fuel broke

down immediately into atomic H as it was introduced in the combustion zone. Hence, the local addition
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of H, resulted in an increase in the equivalence ratio (locally) at the base of the flame. The averaged
flame front images (Fig. 4c) show non-linear changes in the height and width of the flame with
increasing Hz. As an example, at a height of 5 mm above the burner exit, the flame diameter increased
from 30 mm to 31 mm when the H; addition was increased to 20%. However, the diameter did not
increase when the H, addition was further increased to 30%. The flame front images also show the

flame brush appear to expand closer to the burner exit with increase in H addition.
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Figure 5: Averaged (a) OH PLIF, (b) H PLIF, and (c) flame front images for the unforced, imperfectly
premixed methane flames with varying quantities of hydrogen addition

Figure 5 shows the averaged OH PLIF, H PLIF and flame front images for unforced, imperfectly
premixed methane flames with different levels of hydrogen addition. Similar to the ethylene flames, an
increase in OH intensity can be observed at the flame front with H, addition for the methane flames
(Fig. 5a). However, the OH fluorescence signal is seen to drop in the central recirculation zone when
the H addition is increased to 30%. An increase in the atomic H PLIF signal at the base of the flame is
observed with increase in H, addition, attributed to the added H, breaking down in that region. The
flame diameter also increases by 1-2 mm (a 3-7% change), with the flame brush starting closer to the

burner exit.
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Figure 6: Change in emissions of nitrogen oxides (NOx — ppm) and carbon dioxide (CO2 — %) with change
in % hydrogen addition for (a) imperfectly premixed ethylene flames and (b) imperfectly and fully premixed
methane flames.

Figure 6 shows the change in the exhaust emissions of NOx (ppm) and CO- (%) for different levels of
H, addition. In the case of both ethylene and methane flames, the CO, dropped by 0.5% at the maximum
level of H, addition of 30%. This reduction can be attributed to the reduction in the carbon content of
the fuel mixture being supplied to the burner (due to ethylene and methane being replaced by H>), hence
resulting in lower exhaust emissions of CO,. Considering the NOx emissions, it can be seen from Fig.
6 that for the zero H, addition case, ethylene flames produced significantly higher levels of NOXx as
compared to methane. This can be expected as the adiabatic flame temperature of ethylene is
considerably higher (2600 K) as compared to that of methane (2200 K), and NOx emissions have been
shown to non-linearly increase with temperature [63,64]. NOx emissions are also seen to increase
significantly with H; addition; for the maximum H; addition level of 30%, NOx levels increased from
100 ppm to 300 ppm for ethylene flames and from 10 ppm to about 50 ppm for methane flames. The
increase in NOx emissions with H, addition is also expected, as H, results in higher flame temperatures,
as observed in previous studies [32,35]. It can be seen from the data presented in Table 1 that the
variation in flame temperatures for each hydrocarbon flame was minimal (within £ 4K). This is because
while energy was added through the addition of hydrogen, the flow rate of the hydrocarbon fuel
(ethylene or methane) was reduced to maintain a constant overall equivalence ratio. The observed
change in NOx is beyond the change in adiabatic flame temperatures. The authors believe this is due to
non-uniform temperature distribution in the flame, mainly caused by high levels of stratification within

the flame.
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4.2. Forced imperfectly premixed ethylene-hydrogen and methane-hydrogen

flames
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Figure 7: Dependence of the global heat release fluctuation and the magnitude of the flame
describing function evaluated from OH* chemiluminescence of imperfectly premixed ethylene
flames with local addition of hydrogen on velocity fluctuations, at forcing frequencies of (a) 30 Hz,
(b) 255 Hz, and (c) 315 Hz.
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Figure 8: Cyclic variation of the normalised flame surface area, FS'/(FS), for the regions (a) A, 2.5 -
15 mm, (b) B, 25 — 40 mm, and (c) C, 2.5 — 40 mm, for imperfectly premixed ethylene flames with
increasing quantities of hydrogen addition under forcing conditions, f= 255 Hz, and u'{(U)= 0.4

Figure 7 shows the effect of H, addition on the global heat release fluctuation, Q'(f)/{Q), and on the
magnitude of the flame describing function, FDF (evaluated from OH* chemiluminescence), for forced
imperfectly premixed ethylene flames. It can be seen in this figure that at the lowest forcing frequency
of 30 Hz, the local addition of H, of 5% resulted in a slight reduction in the heat release fluctuation.
Further increase in H, addition levels caused a minimal change in the response. However, at the higher
forcing frequencies of 255 Hz and 315 Hz, there was noticeable reduction in the heat release fluctuation
with the addition of H,. The magnitude of the FDF (Fig. 7) also reduced with H; addition, however, the
change was negligible beyond H, addition of 20%.

Figure 8 shows the cyclic variation in the normalised flame surface area, FS’/{FS), for the three regions
of the flame surface (as described in Section 3.2) for the same ethylene flames, at a forcing frequency,
f, of 255 Hz and u'/(U) = 0.4. The effect of H on the flame surface area (FS) is most apparent from
phase angles 180° to 240° in region A, and from 0° to 240° in region B. In region C, which represents

the overall flame, the FS value changed significantly from 150° to 240° as the percentage H, was
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increased. The percentage contribution of region A to region C was 16-17%, while that of region B to
region C ranged between 29-35%. Hence, based on these contribution values and the overall flame
surface fluctuation, it can be concluded that the most significant change in the FS occurred in region B.

These changes will be further discussed in detail when evaluating the flame front images in Fig. 11.
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Figure 9: Dependence of the global heat release fluctuation and the magnitude of the flame
describing function evaluated from OH* chemiluminescence of imperfectly premixed methane
flames with local addition of hydrogen on velocity fluctuations, at forcing frequencies of (a) 30 Hz,
(b) 255 Hz, and (c) 315 Hz.
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Figure 10: Cyclic variation of the normalised flame surface area, FS'{FS), for the regions (a) A, 2.5 -
15 mm, (b) B, 25 — 40 mm, and (c) C, 2.5 — 40 mm, for imperfectly premixed methane flames with
increasing quantities of hydrogen addition under forcing conditions, f= 255 Hz, and u'{(U)= 0.4

Figure 9 shows the effect of H, addition on the global heat release fluctuation, Q'(f)/{Q), and on the
magnitude of the flame describing function, FDF (evaluated from OH* chemiluminescence), for forced
imperfectly premixed methane flames. From Fig. 9 it can be observed that at the lowest forcing
frequency of 30 Hz, there was an incremental reduction in the heat release fluctuation with increasing
H, addition. However, at 255 Hz forcing frequency, a significant reduction in the fluctuation was
observed at all H, addition levels, particularly at 20% and 30% H, addition. When the forcing frequency
was increased to 355 Hz, the effect of H, on the heat release fluctuation reversed, that is, the fluctuation
increased with increasing H. addition. The magnitude of the FDF was also observed to reduce with H,

addition, with the greatest change observed at 255 Hz (Fig. 9b).

Figure 10 shows the cyclic variation in the normalised flame surface area, FS’/{FS), for the three regions
of the flame surface (as described in Section 3.2) for the same methane flames, at a forcing frequency,
f, of 255 Hz and u'/(U) = 0.4. In region A, an increase in FS values was observed between phase angles
150° and 240° with H; addition, however, the FS reduced for phase angles beyond 240°. In region B,

only subtle changes in the peak-to-peak variation were observed. However, in region C there was a
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noticeable reduction in the peak-to-peak magnitude of the normalised flame surface fluctuation with H;
addition, with the highest reduction observed at 30% H, addition. This reduction could potentially

explain the reduction in the heat release fluctuation with H, addition at 255 Hz (Fig. 9b).
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Figure 11: Phase-locked averaged flame front images (in steps of 60°), for imperfectly premixed
ethylene and methane flames, with 0% and 30% Hz addition, under forcing conditions, f= 255 Hz, and
wlU)= 0.4

Figure 11 shows the phase locked averaged flame front images for both imperfectly premixed ethylene
and methane flames, with 0% and 30% H, addition. The images shown are at a forcing frequency, f, of
255 Hz and amplitude, u'/(U), of 0.4. First considering the ethylene flames, it can be observed from
Fig. 11a that a flame surface started to roll-up nearer to the base of the flame from 240° (annotated by
the red circle). Flame roll-up occurs when the inner and outer shear layer simultaneously curl to create
a counter rotating vortex pair. However, the local addition of 30% H significantly reduced the size of
the flame roll-up (Fig. 11b). The reason for this change in the shape of the flame front could be attributed
to the increase in local flame speeds due to the addition of H,. The increase in flame speeds increased
the rate of consumption of the fuel-air mixture, hence resulting in a reduction in flame area due to roll

up. Further downstream (away from the base of the flame) the flame brush can be observed to increase
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with the addition of H,. With reference to Fig. 8, it can now be deduced that the reduction in FS in
region A (denoted by the blue arrow) was due to the decrease in the size of the flame roll-up nearer to
the base of the flame, while the change in region B (denoted by the red arrow) was due to the reduction

in the loss of flame surface.

Similar observations can be made when analysing the effect of H, addition on methane flames (Fig. 11b
and 11d). A distinctive roll-up of the flame surface can be seen to occur from the beginning (phase
angle 0°) for the methane only flame (Fig. 11b). The size of this roll-up is seen to increase as it moves
further downstream in the flame before eventually collapsing. A new vortex is then observed to form
closer to the burner surface (phase angle 240°, annotated by red circle). The addition of 30% H: (Fig.
11d) reduces the flame roll up significantly across all phase angles. As discussed earlier, this could be
attributed to the addition of H; resulting in faster consumption of the unburned mixture. Furthermore,
the flame brush thickness increases considerably close to the base of the flame. This reduction in flame
surface area due to the reduction in the size of the roll up can explain the changes observed in Fig. 10
with the addition of H..
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Figure 12: Averaged OH PLIF images of forced imperfectly premixed flames with varying quantities
of hydrogen addition at f= 255 Hz, and u'/{U)= 0.4, phase-locked at (a) 270° for ethylene flames and
(b) 0° for methane flames.

Figure 12 show the averaged OH PLIF images for both imperfectly premixed ethylene and methane
flames, forced at frequency, f, of 255 Hz and amplitude, u'/(U), of 0.4. Pure ethylene (0% H.) flames
were observed to have a greater OH PLIF signal intensity as compared to methane only flames,
attributable to a higher concentration of OH radicals and higher flame temperatures. As seen in the
flame front images previously (Fig. 11), it can also be observed here, for both ethylene and methane
flames, that the addition of H, reduced the size of the flame roll-up. Comparing the OH signal intensity
for the ethylene and methane flames, it can be observed that the ethylene flames had a higher OH signal,
which could be either due to the presence of a higher concentration of OH radicals, or increased flame
temperature. It is interesting to note that in the case of the ethylene flames, the OH signal intensity at
the centre recirculation zone reduced with increasing H, addition. However, this was not observed for
the methane flames, where the OH signal intensity was observed to increase with increasing H, addition
(Fig. 12b).
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5. Conclusion
The work carried out in this study focused on the effect of local addition of H, to imperfectly premixed
ethylene and imperfectly premixed methane flames. The flames were studied under both unforced and
forced conditions. Ethylene flames were observed to have a greater OH PLIF signal intensity as
compared to methane flames, attributable to a higher concentration of OH radicals and higher flame
temperatures. The addition of H; increased the OH and H PLIF signal near the inner shear layer, for
both ethylene and methane flames. The flame front images showed that that a 30% H- addition caused
the flame height to reduce and flames to lift slightly from the base, for both ethylene and methane. A
substantial increase in NOx exhaust emissions was observed with the addition of H, for both ethylene
and methane flames, however, the absolute NOx concentrations were considerably higher for the
ethylene flames (due to higher flame temperatures). Comparing the dynamic response (that is, forced
flame) results of both the base fuel types, it was observed that the global heat release fluctuation was
higher in the case of ethylene at forcing frequencies 255 Hz and 315 Hz. The addition of H, generally
resulted in the reduction in heat release oscillations for both ethylene and methane flames. The only
exception to this was observed for methane flames at a forcing frequency of 315 Hz, where the
fluctuations increased with increasing H.. Considering the flame surface area, it was observed that the
addition of H, reduced the initial flame front roll-up for both ethylene and methane flames. However,
this reduction was larger for methane flames as compared to ethylene, suggesting that H, had a greater

effect on methane flames, as compared to ethylene.

The observations from this study indicate that the effectiveness of H, addition in modifying the heat
release in hydrocarbon flames varies based on the choice of the primary fuel and the excitation
parameters. However, irrespective of fuel choice, local addition of H, reduces flame dynamics and this

approach has the potential to be used for the control of combustion instabilities.
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Nomenclature

CHs

CaoHq

H>

NOx

FDF

OH*

PMT

PLIF

Methane

Ethylene

Hydrogen

Nitrogen oxides

Flame Describing Function
Hydroxyl radical

Photo Multiplier Tube

Planar Laser Induced Fluorescence

Dciba Global equivalence ratio

p Pressure

u,U Velocity

Q Heat release

FS Flame surface/flame length
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