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Trondheim, Norway

bInstitut de Mécanique des Fluides de Toulouse, IMFT. Université de Toulouse, CNRS
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ABSTRACT

The impact of different ignition sequences on the ignition dy-
namics of CHs-H; flames in a bluff body burner is investigated at
atmospheric conditions. Experiments are performed over a wide
range of operating conditions covering pure methane injection
(PHO) to pure hydrogen injection (PHI100). A perforated plate
of total porosity 6 = 0.17 is positioned at the outlet of the com-
bustion chamber to increase the chamber back pressure and trig-
ger transient flashback during ignition. Time-series of pressure,
OH* chemiluminescence and OH-PLIF images of the propagat-
ing flame branch are recorded simultaneously to characterize the
ignition process. Two ignition procedures are investigated. For
ignition procedure A, designated as an early ignition procedure,
the spark is initiated before fuel injection. For ignition proce-
dure B, designated as a late ignition, the spark is only activated
after the fuel injection. The impact of the fuel air mixing on the
final stabilization state is investigated by changing the fuel deliv-
ery time (dt) before the initial spark. Three different time delays
are considered dt = 1, 3 and 5 s. The final state of the flame
is found to be highly sensitive to the selected ignition procedure
and increasing dt favors the occurrence of flashback. At constant
power, the magnitude of the pressure peak is driven by a compe-
tition between the fuel mass flow rate at the moment of ignition
and the high reactivity of hydrogen which shifts the flammability
limit towards lower equivalence ratios, hence generating a lower
reaction rate. For procedure A, the peak of the chamber over
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pressure shows a non-monotonic growth for increasing levels of
H2 in the fuel blend, while it linearly increases for procedure B.
Experiments are then conducted at a fixed injection flow velocity
Uy =5 m.s~" and fixed laminar burning velocity S? =0.25m.s"!
by varying the level of hydrogen enrichment. For procedure A,
the over pressure amplitude decreases with increasing the hydro-
gen enrichment leading to a soft ignition for all CH4-H, blends.
Under ignition procedure B, the amplitude of the over pressure
reached during ignition is found to be relatively unaffected by the
hydrogen concentration, but the flame stabilization mode shows
a strong dependence to both the level of H-enrichment and fuel
delivery time dt. OH* as well as OH-PLIF images reveal that
the trajectory of the flame leading point changes as dt increases.
The different dynamics of the flame leading points is likely to be
the cause the different types of stabilization modes observed.

1 Introduction

In the drive to reduce carbon dioxide footprint, carbon free
fuels such as green hydrogen offers a promising alternative to
achieve a smooth transition towards net zero emissions [1, 2].
Nevertheless, adding increasingly higher amounts of hydrogen
to conventional hydrocarbon fuels raises many challenges that
need to be addressed [3, 4]. Due to its high reactivity, hydrogen
enrichment considerably modifies the fundamental combustion
process [4, 5], which may compromise compliance with safety
standards.



On this matter, one of the major issues driving the design
of any aero-engine and/or power plant combustor is to guaran-
tee a safe and reliable ignition sequence for a wide range of
Hj-content. Forced ignition has been extensively studied over
the last hundred years starting from Neuman’s groundbreaking
work [6]. It is commonly accepted that the ignition sequence
can be decomposed into a series of successive steps. A typi-
cal ignition starts from a plasma leading to a flame kernel which
develops to a fully turbulent propagating flame to reach a final
stabilization state [7]. A large effort has been devoted to the un-
derstanding of the mechanisms controlling flame initiation and
the determination of minimum ignition energies for various fu-
els [8, 9, 10]. These studies demonstrated the stochastic nature
of the ignition and its dependence to the local flow properties
accounting for complex flow topology as well as its variability
during ignition [11]. Recently, research has been concerned with
the transition from the initial flame kernel to fully established
flame in both single sector [12, 13] and annular combustors with
multiple injectors [14, 15]. It has been shown that a successful
flame growth is governed by the direction of the instantaneous
velocity and the local strain rate in the vicinity of the spark. Re-
cent direct numerical simulations of ignition in high-speed flows
above a backward step combustor [16], have shown that the abil-
ity of a flame to propagate into different regions of the flow is
essentially governed by the local strain rate in the shear regions,
leading to flame quenching when the strain rate exceeds a critical
extinction rate.

Due to the high reactivity of hydrogen compared to hydro-
carbon fuels, new questions arise for safe ignition of burners
powered by hydrogen. Only few studies have been dedicated
to assessing the consequences of violent ignition. For instance,
due to the volumetric expansion of the burned gases, ignition
can generate, a strong acoustic fluctuation which may perturb
the flow at the injector outlet and lead to flame flashback imme-
diately after ignition of fully premixed systems [17]. This vio-
lent phenomena have also been observed in single and multiple
spray-injector configurations in [18, 19]. The flame is in these
cases entrained by the strong transient flow perturbation caused
by the sudden rise in pressure with a transient flow blockage at
the burner outlet that alters the flame shape switching from an-
chored state inside the injector to a lifted flame.

These interactions between ignition and flashback have fur-
ther been investigated for hydrogen enriched mixtures in [17].
It was demonstrated that increasing the hydrogen content in the
fuel blend, not only leads to a significant amplification of the
pressure impulse, but also considerably modifies the final sta-
bilization state of the flame. Three different scenarios have been
identified: no flashback, transient flashback and permanent flash-
back. Interestingly, experiments at fixed injection flow velocity
and constant laminar burning velocity have shown that although
the mean flow conditions and over pressures are kept constant,
the stabilization mode directly depends on the Hy-content in the

fuel blend. It was also shown that the synchronization between
the pressure peak and the maximum of the heat release rate is a
sufficient condition to trigger flashback [17].

Regardless, these results were obtained for a specific igni-
tion sequence where the chamber was entirely filled with com-
bustible mixture before ignition. In a real engine, sparks would
eventually be initiated before fuel injection. This work aims to
investigate the impact of initial pre-fuelling time on the ignition
dynamics of a CH4-Hj-air fueled burner. To do this, the igni-
tion sequence is varied by changing the time delay dt between
the fuel injection and initial spark. Ignition experiments are per-
formed over a wide range of operating conditions covering pure
methane injection (PHO) to pure hydrogen injection (PH100).
First, a comparison of the stabilization maps showing the final
state of the flame after ignition is provided. This is followed
by a detailed analysis of the pressure time traces for the differ-
ent ignition sequences considered in this study when the thermal
power is kept constant. Finally, the effect of the selected igni-
tion procedure on the final stabilization mode is investigated for
a fixed bulk flow velocity and constant laminar burning velocity
by varying the hydrogen concentration in the fuel blend.

2 Experimental setup and methods
2.1 Burner setup

Figure 1 shows a schematic of the experimental setup, which
is a single sector rig already used in [17]. Alicat flow controllers
(MFC), placed about 4 m upstream of the burner inlet, provide
independent control and time traceability of the CHy4, H, and air
mass flow rates through the injectors. The MFCs are accurate
to 0.8% of the reading and +£0.2% of the full scale. The com-
bustible mixture is injected through the bottom plenum and flows
to the chamber through a pipe of inner diameter d, = 30 mm.
The flames are stabilized above a conical bluff body of a diame-
ter d, = 16 mm, centered on a plenum attached rod of diameter
d, = 6 mm. The flames are confined inside a cylindrical quartz
combustion chamber of inner diameter d.. — 60 mm and a to-
tal length /.. = 150 mm. A perforated plate of a total porosity
¢ = 0.17 is placed at the combustor exit to increase the chamber
back pressure. The plate has 5 x 5 holes of 5 mm diameter each,
evenly distributed in a square pattern with 7 mm spacing. With
the plate, the total pressure drop AP in the system is increased
by 100 Pa at the desired operating conditions. It is important to
note that this small increase in the static pressure is sufficient to
generate significant over pressures during ignition [17].

2.2 Measurements and diagnostics

Time evolution of the static and the dynamic pressure in the
combustion chamber is measured using a Kulite XTM-190LM
transducer (£35 Pa accuracy) placed in a water cooled wave
guide, labelled M4 in Fig. 1. This pressure signal is corrected
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Fig. 1: Sketch of the experimental bench with relevant dimen-
sions in millimeters.

by using the wave guide transfer function measured separately
in an acoustically forced pipe. For consistency of the measure-
ments, three other pressure sensors labelled M1 to M3 in Fig. 1
were also recorded simultaneously. Time resolved images of the
propagating flame as well as the global OH* chemiluminescence
are gathered simultaneously with a Phantom V2012 high-speed
intensified camera (LaVision IRO) with a Cerco 2178 UV lens
100F/2.8 and a Hamamatsu H11902-13 photomultiplier module,
with a spectral response of 185 nm to 700 nm, respectively. Both
sensors were fitted with a UV narrow bandpass filter centered on
the OH* emission peak intensity 310+ 10 nm. It is well estab-
lished that under perfectly premixed conditions, OH* emission is
an appropriate approximation for heat release rate. Pressure and
OH* signals are sampled at a rate of 52.5 kHz and digitized using
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Fig. 2: Schematic representation of the different ignition proce-
dures considered in this study.

a 24-bit NI-9234 DAQ while the camera is sampled at 10 kHz. A
planar view (aligned with the central axis) of the traveling flame
branch is isolated using high speed OH-PLIF system shooting
at 10 kHz. A 100 W Edgewave laser is used to pump a Sirah
Credo-Dye-N laser of 3 W total output power. The wavelength
was tuned to match the absorption peak of the OH* radicals at
283 nm.

2.3 Operating conditions

Experiments consider a wide range of CHy-Hj-air mix-
tures, including pure methane and pure hydrogen injection con-
ditions. The Hj,-contents in the fuel blend is defined in terms
of power fraction PH = Py, / (Pu, + Pcp, ) originating from hy-
drogen combustion. Gases are injected into the bottom plenum
at room temperature 7, = 298 K. Ignition experiments are only
carried out in lean operating conditions for equivalence ratios
0.3 < ¢ < 0.8 at constant bulk flow velocity U, = 5 m.s~! mea-
sured in the injector pipe. This corresponds to a total thermal
power range 3.5 < P < 9.0 kW. For a fixed value of equivalence
ratio ¢, the total thermal power P remains constant within +5%
over all the span of fuel blends tested. These conditions corre-
spond to injection Reynolds numbers Rey, = 7170 based on the
hydraulic diameter dj, = d,, — d, = 14 mm of the annular injec-
tion channel.

2.4 Ignition procedure

The ignition system used in this study is made of an elec-
tric spark plug connected to a Danfoss EB 14 transformer used to
initiate the flame kernel. The igniter is positioned in the outer re-
circulation zone above the combustor dump plate approximately
20 mm away from the center of the bluff-body. The ignition sys-
tem delivers 36 mJ mean energy every 20 ms. This energy is
two order of magnitude higher than the minimum energy needed
to ignite a methane/air mixture at ¢ = 0.7. To minimize wall
temperature effects on the ignition dynamics [20], the burner is
cooled down to room temperature after each ignition sequence.

The impact of the pre-fueling time on the ignition dynam-



ics is investigated by controlling the ignition sequence. This is
made by changing the time lag dt between fuel injection and the
initial spark. This allows the total mass of fuel in the chamber to
be varied at ignition as qualitatively represented in Fig. 2. This
figure shows the time evolution of the reduced fuel mass fraction
YS =Yp/Yy, where Yr is the instantaneous fuel mass fraction
inside the combustion chamber and Y7’ its value at steady opera-
tion. The orange circles denote the instants when the first spark is
initiated. Two ignition procedures are considered: Procedure A
in Fig. 2 designates an early ignition procedure by first sparking
and then opening the fuel valve (“spark first, fuel later”). The air
flowrate is first fixed at the desired operating condition and then,
sparks are repeatedly applied. The fuel valve is opened with a
targeted mass flowrate. In this procedure, ignition takes place
at the instant when a sufficiently flammable fuel air mixture has
reached the near field of the spark. Procedures B, including B1,
B3 and BS5, in Fig. 2 designate a series of late ignition proce-
dures. The air flow rate is first set to the targeted value and the
spark plug is only activated after fuel injection (“fuel first, spark
later””). Three different time lags are considered dt = 1 s (B1),
3 s (B3) and 5 s (BS). To ensure that ignition occurs at the de-
sired time delay, only five successive sparks corresponding to a
sparking time window of 100 ms are produced. In the event of an
ignition failure within this time window, the ignition sequence is
stopped, the combustion chamber is purged and the procedure is
restarted again. For procedure B, the volume of the fuel injected
increases when dt increases. Tests revealed that full homogene-
ity is reached for ignition procedure BS5 for a time delay df =5 s,
in which case ignition occurs in a perfectly premixed volume.

3 Results and discussion
3.1 Stability maps

The ignition dynamics is first examined for the range of op-
erating conditions presented in Section 2.3. A minimum of five
successive ignition sequences are performed for each point. For
the sake of brevity, results are shown only for ignition procedures
A, B1 and B3.

The stabilization map for ignition procedure A is presented
in Fig. 3. It shows the evolution of the magnitude of pressure
peak ppq reached during ignition as a function of the mixture
equivalence ratio ¢ and the H2 hybridization rate PH. The size
and the color of the disks are proportional to p,,,,. Similarly
as in [17], the green shaded region delineates the soft ignition
points where the flame directly stabilizes on the bluff body. The
red shaded region denotes the points where the flame immedi-
ately flashes back after ignition. Finally, the orange shaded re-
gion shows the transitional points for which the final state of the
flame varies from an ignition sequence to another. The bottom
left and the upper right regions represent the lean blow off and
the flashback limits, respectively. Figure 3 shows that the early
ignition procedure A corresponds globally to a safe ignition pro-
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Fig. 3: Stability map for early ignition procedure A.The size and
the color of the disks are proportional to p;,.x. The green shaded
region delineates the soft ignition zone, the orange one the tran-
sient flashback regime and the red one the flashback region.
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Fig. 4: Stability map for late ignition procedures (B1 in the upper
figure and B2 in the lower figure). Red markers with X symbols
correspond to operating conditions that could not be fully ex-
plored. The color code is kept the same as in Fig. 3.

cedure for which only a few points along the descending red di-
agonal characterized by high equivalence ratios (¢ > 0.5) and
high Hy-contents (PH > 50%) lead to flashback after ignition
(red and orange shaded regions in Fig. 3). In addition, the mag-
nitude of the over pressure remains moderate and lies within a
range between 2 kPa < p,,,» < 9 kPa depending on the operating
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Fig. 5: Measured pressure peak at iso-values of ¢ = 0.5, 0.6 and 0.7 for ignition procedures (a) A, (b) B1 and (c¢) B3. Empty markers
denote a single sequence, the colored markers indicate the average and the bars the standard deviation.

condition.

The impact of late ignition procedures B is examined in
Fig. 4. The upper figure shows the stability map for ignition
procedure B1 and the lower figure shows the one corresponding
to procedure B3. Red markers with X symbols correspond to op-
erating conditions that could not be fully explored due to safety
issues associated to pressure overshoot exceeding 30 kPa. For
these ignition procedures, the operability range without flash-
back is drastically reduced as the pre-fueling time delay dt in-
creases. The total number of safe ignition points reduces by one
fourth for B1 and one half for B3. Temporary (orange shaded re-
gion) and permanent (red) flashbacks become predominant and
the flashback limit is significantly shifted toward lower hydrogen
concentrations. Despite a relatively low pre-fueling time, experi-
ments show that the safe ignition time window is considerably re-
duced for both B1 and B3 procedures at high Hp-content. These
experiments highlight the substantial impact of the ignition pro-
cedure in compromising the safety compliance of next generation
of hydrogen-fired gas turbines. Moreover, the magnitude of the
pressure perturbation during ignition significantly increases for
ignition procedures B. The pressure peak amplitude varies from
Pmax = 2 kPa when ¢ = 0.3 which corresponds to the lowest ther-
mal power (P ~ 3.5 kW) up to puax = 25 kPa for the highest
thermal power (P ~ 9 kW) at ¢ = 0.8. These effects are directly
related to the total fuel mass inside the combustion chamber (ex-
pressed in terms of Y in Fig. 2) at ignition. For instance, a small
increase in the pre-fuelling time d¢, results in an increase of the
total volume of the ignited fuel inside the combustion chamber,
which in turn, leads to an important pressure perturbation, hence
promoting flashback. These observations underline the sensitiv-
ity of the final state of the flame to small variation in Y at ig-
nition instant. Finally, following an iso-value of ¢, i.e. also a
constant power, the impact of hydrogen enrichment on the mag-
nitude of the pressure impulse p,, is found to be more important
when dt increases. The over pressure is amplified by a factor of

2 between PHO and PH50 at ¢ = 0.7 with the ignition procedure
A, but exceeds a factor of 5 to 10 for ignition procedures B1 and
B3, respectively for the exact same operating conditions. This is
further investigated in the next section.

3.2 Analysis

3.2.1 Pressure time-series The amplitude of the
pressure peaks is plotted in Fig. 5(a-c) for the different ignition
procedures considered in this study. They are plotted follow-
ing three iso-values of ¢ = 0.5, 0.6 and 0.7 for increasing H2
concentrations in the fuel blend. When ignition procedure A
is used (Fig. 5.a), the peak of the chamber over-pressure p,qx
shows a non-monotonic growth with increasing H2 levels. It
first increases for low hydrogen concentrations PHO < PH <
PH30. Then, it remains relatively constant around p;,q ~ 3 kPa
at q) = 0.5 and 0.6 and Pmax ~ 5 kPa at (1) = 0.7 for PH30 < PH
< PH60. At higher hydrogen enrichment levels, for PH > 60%),
it quickly increases again. This trend is counter-intuitive consid-
ering the significant increase in the laminar burning velocity S?
as the Hp-content is increased in the fuel blend. The increase of
the laminar burning velocity was indeed shown to have a lead-
ing impact on the amplitude reached by the pressure during ig-
nition [17]. For ignition procedures B, the peak pressure inside
the chamber increases monotonically for increasing levels of Hj
in the fuel in a quasi-linear manner, regardless the pre-fuelling
time dt (see Fig. 5.b-c). This behavior is more consistent with
the higher reactivity of hydrogen leading to higher flame accel-
erations as the hydrogen level increases. However, the growth
rate of the magnitude p,,,, with respect to PH is found to depend
on the selected pre-fuelling time (df = 1 s or 3 s ) considering the
transient variation of the total fuel mass at ignition. Furthermore,
for a fixed mixture composition, the variation of the magnitude of
the pressure impulse p,,,, over the different ignition procedures
directly depends on the H)-content in the fuel. The measured
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Fig. 6: Times-series of the chamber pressure (black line), CHy
(red line) and H, mass flowrates (green line) during the ignition
sequence of PH30 (top figure) and PH70 (bottom figure) at ¢ =
0.6. The gray region marks the ignition time delay T;g,.

pressure peak at PH50 and ¢ = 0.7 goes from p,,q, ~ 3 kPa for
ignition procedure A, and exceeds pyq ~ 11 kPa and ~ 30 kPa
for procedures B1 and B2, respectively. For lower hydrogen con-
centrations, PH < 20, this variation is less pronounced and varies
only from pj,r ~ 2 kPa to ~ 2.5 kPa and finally to ~ 3 kPa for ig-
nition procedures A, B1 and B2, respectively at PHO and ¢ =0.7.
Under these conditions, the amplitude of the pressure perturba-
tion is less sensitive to variations of the pre-fueling time.

These differences are the consequences of the combustion
properties of hydrogen. In addition to its high reactivity, Hj-
enrichment shifts the lean flammability limit ¢; toward lower
equivalence ratios [21, 22]. As a result, ignition can occur in
combustible air mixtures featuring a smaller equivalence ratio,
i.e. a smaller fuel volume inside the chamber for mixtures with
a high H)-content compared to those with lower H, concen-
trations. This translates into lower reaction rates, leading to a
smaller pressure perturbation inside the chamber. This is the pre-
dominant mechanism under ignition procedure A for which the
total fuel mass inside the chamber at ignition has not yet reached
the targeted value Y7 << 1. In these conditions, the fuel can-
not perfectly mixed with the surrounding air already inside the
combustion chamber, and a stratification of ¢ along the chamber
length /.. is expected. In a similar way, these effects are expected
to be insignificant for a perfectly premixed volume in which case
the equivalence ratio ¢ is homogeneous inside the chamber.
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Fig. 7: Ignition time delay T;,, at ¢ = 0.6 for increasing levels of
H; for both ignition schemes A (blue) and B1 (red).

3.2.2 Ignition time delay To further assess the impact
of hydrogen enrichment on the amplitude of the pressure over-
shoot, two specific operating conditions are considered. They
correspond to PH30 and PH70 flames at ¢ = 0.6. Despite
their large difference in terms of laminar burning velocity, S? =
0.2 m.s™! for PH30 and 0.5 m.s~! for PH70, Fig. 5.a shows that
for ignition procedure A, both conditions achieve relatively the
same pressure peak p,.x ~ 3 kPa inside the chamber. In order to
shed light on the physics controlling these similar over pressures,
the total fuel mass inside the chamber at ignition should be com-
pared. This quantity being difficult to measure experimentally,
the total fuel mass flowrate ri1y of methane and hydrogen is used
instead. Qualitatively, this offers an acceptable approximation
of the time evolution of Y} inside the combustion chamber dur-
ing pre-fueling. Time-series of the normalized chamber pressure
(black solid line) as well as the normalized fuel mass flowrate
are presented in Fig. 6 for both operating conditions considered
in this section. The instant t = 0 s marks the fuel valve opening
and the pressure peak is used to capture the ignition. The fuel
mass flowrate signal is read from the MFCs.

Before exploiting the data, the dynamic response of the
MEFCs as well as their accuracy were verified under a wide range
of operating conditions, starting from low pressure overshoot
(100 Pa) up to 2 x 10* Pa. As they are placed far upstream of
the burner at about ~ 4 m, the output of the MFCs remains un-
affected by the ignition transient pressure perturbation no matter
its magnitude as it can be seen in Fig. 6. Observation suggests
that the pressure wave is dumped/reflected in the pipes.

To achieve a consistent comparison of the ignition time de-
lay Tig,, defined as the time difference between the fuel valve
opening and the appearance of the first flame branch, the resi-
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Fig. 8: Magnitude of the pressure overshoot reached during ig-
nition for the operating conditions given in Tab. 1 for ignition
procedure A.

dence time inside the pipes f,,; ~ 0.6 s is subtracted from the
time reference corresponding to the mass flowrate signal. It is
also worth mentioning that since the spark plug mean energy is
two order of magnitude higher than the minimum ignition en-
ergy, Tig is uniquely determined by the mixture composition at
ignition.

Figure 6 clearly shows that ignition occurs much earlier for
the PH70 flame with T, ~ 0.15 s while PH30 flame ignites only
after T;z, ~ 0.5 s. In other words, the total fuel amount inside
the chamber at ignition is smaller for the PH70 flame compared
to the PH30 case due to the extension of the lower flammability
limit for the PH70 case. In fact 1;,, marks the fuel injection time
before ignition, therefore, as T;¢, goes to zero, the instantaneous
equivalence ratio at ignition tends to the one corresponding to the
lean flammability limit. On the other hand, when T, is larger,
the instantaneous equivalence ratio at ignition tends to the tar-
geted value.

These results are supported by Fig. 7 which plots the evo-
lution of the ignition time delay T;,, with respect to the Hp-
content in the mixture for ¢ = 0.6. This figure clearly shows that
Tign quickly drops as the level of hydrogen enrichment increases
when ignition procedure A is selected. For low H; concentra-
tions, the fuel needs to be injected for a longer time in order
to reach a sufficiently flammable mixture inside the combustion
chamber. For high Hy-content in the mixture, the flammability
limit is reached earlier. In the case of ignition procedure A, the
high reactivity of hydrogen is compensated by the shift of the
flammability limit ¢; towards lower equivalence ratios, which re-
sults in lower reaction rates.

Conversely, when ignition procedure B1 is used with dt =
1 s, the ignition time delay for the PH10 flame is similar to the

020 40 60 30 100
PH [%]

Fig. 9: Time lag T between the chamber pressure and OH* peak
intensity for the operating conditions given in Tab. 1. The black
dashed line marks T, = 1 ms.

one observed for ignition procedure A (Tig, ~ 0.8 s). This in-
dicates that at 10% Hj-content, the fuel needs to be injected at
least for 0.8 s in order to reach a sufficiently flammable mixture.
On the other hand, when PH exceed 20%, T;,, remains relatively
constant around Ty, ~ 0.4 £0.1 s regardless the hydrogen en-
richment. This value corresponds to the time difference with the
pre-fuelling time from which the residence time ¢, is subtracted:
dt — tes = 0.4 s. For the late ignition procedures B, the ignition
time delay is set to be at least equal to the initial pre-fuelling time.
In these conditions, the mixture inside the combustion chamber
has already exceeded its flammability limit, causing an immedi-
ate ignition directly after the first spark.

By repeating the same analysis for ignition procedure B3
(not shown here), the same ignition time delay T;;, ~ 2.6 £0.1 s
is found for all different flames. Again, this value corresponds to
dt — t,.s which in this case is equal to 2.6 s. With this pre-fuelling
time lag, all the combustible mixture has already exceeded the
flammability limit, and the only dominant effect due to hydrogen
enrichment is its high reactivity. This result confirms the previ-
ous analysis suggesting that variations in terms of flammability
limits on the ignition dynamics become less significant as the
pre-fueling time dt increases.

4 |Ignition dynamics at constant bulk flow velocity
and constant burning velocity
In the remainder, additional experiments at fixed injec-
tion velocity U, = 5 m.s~! and fixed laminar burning velocity
S? =0.25 m.s~! are carried out for increasing Hjp-contents (see
Tab. 1). These operating conditions offer the possibility to par-
tially isolate the flow dynamics from the effects of the combus-
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Fig. 10: Instantaneous OH* snapshots showing the ignition sequence from kernel formation to final stabilization for PHO (top row) and

PH100 (bottom row) with ignition procedure A.

tion properties of hydrogen [17]. In addition, keeping the laminar
burning velocity S? constant enables to considerably mitigate the
impact of the flame acceleration on the results. Ignition experi-
ments are repeated eight to ten times to verify the repeatability
of each sequence and allow accurate statistical measurements. In
fully premixed conditions, it was shown that the enhanced re-
activity of hydrogen reduces the time-lag between the pressure
and the heat release rate peaks, therefore, promoting flashback
[17]. The following section further explores the impact of the
ignition procedure on both the final state and the aforementioned
synchronisation condition for the early (procedure A) and late
(procedure B) ignition procedures.

Table 1: Operating conditions at U, = 5 m.s™! and SY =
0.25 m.s~! for six different levels of H»-enrichment.

Cases (0] Pcn, P, T, [Kl P [kW]
PHO 0.78 100% 0% 1980 8.4
PH20 0.68 80% 20% 1850 7.6
PH40 0.60 60% 40% 1740 6.9
PH60 0.53 40% 60% 1630 6.3
PHS80 048 20% 80% 1580 6.0
PH100 0.43 0% 100% 1500 5.7

4.1 Early ignition procedure: A

To keep the laminar burning velocity S7 constant, the equiva-
lence ratio of the combustible mixture is reduced as the hydrogen
content increases. Figure 8 shows the magnitude of the pressure
overshoot reached with ignition procedure A for the six levels
of hydrogen enrichment presented in Tab. 1. The maximum is
reached for pure methane injection where it peaks at 4.5 kPa on
average. As the hydrogen enrichment increases, p,,, decreases
reaching a minimum p,,,, ~ 2.5 kPa at PH60, before slightly in-
creasing again up to pax ~ 3 kPa for pure hydrogen injection.

As already discussed in the previous section, this behavior
results from the competition of the total fuel mass inside the
chamber at ignition and the broadening of the flammability limit
towards lower equivalence ratios as the hydrogen concentration
increases in the combustible mixture. For PHO to PH60, the

PHO PHI100

Fig. 11: Comparison of single-shot OH-PLIF at t = 7 ms for pure
CHjy-air and Hj-air flame at fixed S?. Ignition procedure A.
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Fig. 12: Magnitude of the ignition overshoot for the operating
conditions given in Tab. 1 using ignition procedures B1, B3 and
BS.

higher flammability of the combustible mixture enables to ig-
nite less fuel leading to a reduced pressure peak, but these ex-
periments also show that the pressure impulse is less sensitive to
changes of the flammability limit when the H,-content exceeds
60% of the total thermal power. Indeed, at this level of hydro-
gen enrichment, preferential diffusion effects become significant
given the lean conditions investigated (¢ < 0.53). Lean hydrogen
mixtures featuring a Lewis number lower than unity, the flame
speed S, exceeds the laminar burning velocity S? due to the im-
balance between heat and species diffusion leading to intrinsic
reaction layer instabilities [23]. These thermo-diffusives effects
contribute to further accelerate the flame front propagation coun-
teracting the effects related to a lower flammability limit that
tends to slow down flame propagation.

One now considers the time lag T defined as the time differ-
ence between the peak pressure and the maximum heat release
rate. It was shown in [17] that small T values lead to flashback
when the chamber is filled with an homogeneous combustible
mixture at ignition. Conversely, when T is sufficiently large,
flashback is avoided. For the same operating conditions, a criti-
cal threshold value of T, ~ 1 ms was found in [17] above which
the flashback is avoided. Figure 9 shows how T evolves with
H2-enrichment. Up to 80% H,-content, T exceeds the threshold
T, ~ 1 ms leading to a soft ignition scenario in which case, all
flames regardless the hydrogen enrichment level, directly stabi-
lize on the bluff-body. For pure hydrogen injection PH100, the
average time lag 7 is of the order of magnitude of the critical
threshold value T ~ 7., meaning that some of the ignition se-
quences have T < 7.. It was indeed observed for these cases that
the final state varies from an ignition sequence to another.

Fig. 13: Time lag between the chamber pressure and light inten-
sity peaks for operating conditions given in Tab. 1. The black
dashed line marks T, = 1 ms.

The dynamics of the traveling flame front from kernel for-
mation to final stabilization is now investigated. Line-of-sight
(LOS) integrated OH* images are shown in Fig. 10 for pure
methane (PHO) and pure hydrogen (PH100) injection. During the
first instants of the ignition process ¢ < 10 ms, both flames fea-
ture a peak intensity along the outer shear layer of the annular jet
exhausting from the burner. Simultaneously, a weaker light in-
tensity is observed in the jet region between the inner an the outer
shear layers. Att ~ 10 ms, the largest OH* signal for the CHy-air
flame remains essentially located in the upper part region of the
outer recirculation zone. Concomitantly flame images also show
a lower intensity close to the burner lips suggesting that the most
of the combustion reaction takes place far from the injector. For
the Hp-air flame (PH100) case, the maximum OH* signal is lo-
cated instead in the wake region downstream the bluff-body, thus
igniting the entire inner recirculation zone.

The corresponding OH-Planar Laser Induced Fluorescence
(OH-PLIF) images, along the axial plane, are shown in Fig. 11
approximately at ¢ ~ 7 ms after ignition. These additional data
confirm that for both mixtures, the flame branch initiated in the
outer recirculation cannot penetrate inside the exiting jet. Despite
its high resistance to stretch, the flame leading point is quenched
near the injector outlet where the local strain rate is high and
the reactive front is convected downstream along the outer shear
layer. This comes to confirm previous observations in [16] where
it was demonstrated that the ability of the flame to propagate into
the different regions of the flow is essentially driven by flame
resistance to the stretch in the shear regions of the flow.
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Fig. 14: Instantaneous OH* snapshots showing the ignition sequence from kernel formation to final stabilization for PHO and PH100
flames with ignition procedures B1 (two upper sequences) and B3 (two lower sequences).

4.2 Late ignition procedure: B

The previous experiments are repeated to examine changes
when switching to ignition procedures B, all other parameters re-
maining the same, i.e. the impact of H2 enrichment is examined
at fixed injection velocity and constant laminar burning veloc-
ity. Figure 12 shows the amplitude of the pressure peak recorded
during ignition with respect to the hydrogen content in the fuel
blend for procedures B1, B3 and B5. For ignition procedure B1,
the absolute pressure peak p,,,, remains below the ones observed
for procedures B3 and B5 over the entire span of mixtures. The
lower magnitude p,., observed for the ignition procedure B1 is
due to a smaller mass of fuel injected before ignition. Increasing
the fuel delivery time to 3 s (B3) and 5 s (B5) promotes the for-
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mation of a larger premixed volume before ignition correspond-
ing to Yz values closer to unity. Burning of this larger fuel vol-
ume leads to a larger pressure peak. Figure 12 also shows that
for ignition procedures B, the pressure peak p,.x only slightly
increases with the hydrogen concentration. For instance, in case
of Bl pya. increases from 8 kPa at PHO to 10 kPa at PH100,
while for procedure B3 the pressure peak increases from 10 kPa
at PHO to 11.5 kPa at PH100. Relative variations are less than
+20%. For ignition procedure BS5, the pressure impulse varies
by less than 10% over the entire span of Hy-enrichment. For this
latter ignition procedure, the fuel delivery time is long enough
to obtain a well premixed charge inside the combustion cham-
ber, with a homogeneous mixture composition that corresponds



to the targeted equivalence ratio ¢>. Under these conditions, the
pressure peak pyq. is not affected by the transient variation of
the local mixture composition like for procedure B1 and B3. In
addition, since the ratio of the bulk velocity to laminar burning
velocity is kept constant, the amplitude of the over pressure does
not change, corroborating previous observations obtained for a
chamber filled with an homogeneous mixture [17].

The time lags T measured between the pressure peak and the
maximum heat release rate for ignition procedure B1, B3 and
B5 procedure are reported in Fig. 13. In contrast to the results
observed for ignition procedure A, the time lag T reduces as the
Hj-content in the mixture increases, recovering a similar trend
as the one observed in [17] for a chamber filled with an homo-
geneous combustible mixture. Moreover, experiments also show
that for a small pre-fuelling time with procedure B1, the time lag
T reaches slightly higher values compared to ignition strategies
B3 and B5 with a longer pre-fuelling time. The critical hydrogen
concentration above which the time lag T drops bellow T, ~ 1 ms
is shifted towards lower H, concentrations as the pre-fuelling
time dt increases. For instance, the transition from stable flame
to flashback occurs for a hydrogen concentration larger than PH
> 80% for ignition procedure B1, while this transition already
takes place for mixtures at PH60 for procedure B3 and PH40 for
procedure BS.

To further assess the impact of the pre-fuelling time on the fi-
nal stabilization state, the dynamics of the traveling flame branch
is explored with LOS-OH* images in Fig. 14. The top two rows
correspond to results for procedure B1. The two bottom rows are
obtained with procedure B3. For both procedures, the PHO and
PH100 cases are reported (See Tab.1). Similarly as with ignition
procedure A, the CHy-air flames follow a soft ignition scenario
and directly stabilizes on the bluff-body, regardless the selected
ignition procedure (B1 or B3). In these conditions, the time lag
7T is higher than the 1 ms threshold in Fig. 9 and the maximum
OH* intensity for # < 10 ms is essentially concentrated along the
outer shear layer of the annular jet exhausting the burner. For
the Hj-air flame PH100 in Fig. 14, the maximum light intensity
during the same time interval is located in a region close to the
wake of the bluff-body causing an immediate flashback just af-
ter ignition independently of the ignition procedure B1 or B3.
In these cases, Fig. 13 confirm that the time lag T takes values
lower than 1 ms. These observations corroborate again the be-
havior observed in [17] where the flame was ignited 5 s after fuel
injection corresponding to ignition procedure BS5 in this study.

This analysis is supported by the instantaneous OH-PLIF
images at t ~ 7 ms shown in Fig. 15 for procedures B1 (top row)
and B3 (bottom row), confirming that the trajectory of the flame
leading edge after ignition highly differs between the PHO and
PH100 flames. For CH4-air mixtures, the flame is quenched near
the injector outlet, in correspondence of the high-strained region
of the flow. In this case, the flame cannot penetrate inside the jet
exhausting from the burner. The leading edge reaction layer is
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Fig. 15: Comparison of single-shot OH-PLIF at = 7 ms for pure
CHy-air and H,-air flame at fixed S? for ignition procedures B1
(top row) and B3 (bottom row).

advected downstream in the vertical direction. When methane is
replaced by hydrogen, instead, the flame resistance to stretch im-
proves and the flame front is able to propagate through the outer
shear layer, quickly reaching the inner recirculation zone for both
ignition procedures B1 and B3. This difference between methane
and hydrogen mixtures is likely considered to be the cause of the
several types of stabilization observed in this study.

In addition to flame resistance to stretch, preferential diffu-
sion effects come to modify the local flame consumption speed.
For lean hydrogen/air flames, intrinsic instabilities take the form
of cellular structures leading to a substantial increase of flame
front wrinkling [23, 24]. This increase in the total flame surface
area (see Fig. 15) enhances the flame speed which may counter-
balance the high shear strain region of the flow, hence, reducing
the time lag T between the pressure and light intensity peaks.

5 Conclusion

The impact of the ignition sequence on the ignition dynam-
ics of CHy-H,-Air premixed flames has been investigated. Two
main procedures were considered by varying the pre-fuelling
time before ignition: (A) An early ignition procedure with the
spark being first initiated before fuel injection. (B) Late ignition
procedure where the fuel is first injected and then the spark is
delayed with a time lag df = 1, 3 and 5 s.

First, it has been shown that the final stabilization state is
highly sensitive to the selected ignition strategy especially for
mixtures with a high H-content. Even a small variation in the
fuel delivery time, of the order of 1 s, can lead to a violent igni-
tion where the magnitude of the pressure exceeds 30 kPa. As a
consequence, the ignition time window leading to a safe ignition



process is drastically reduced when the Hp-content exceeds 40%
of the total thermal power (PH > 40). At constant power, it was
found that despite the significant increase of the laminar burning
velocity due to hydrogen enrichment, the pressure peak reached
during ignition achieves approximately the same amplitude for
concentrations 30 < PH < 70 when procedure A is selected. This
overpressure was found to be mainly driven by the competition
between the total fuel mass injected at ignition and the high re-
activity of hydrogen which tends to shift the lean flammability
limit towards lower value of equivalence ratio.

Finally, for a fixed bulk flow velocity and a constant lam-
inar burning velocity, the ignition procedure has been shown to
substantially alter the ignition dynamics. The maximum pressure
overshoot recorded with ignition procedure A remains below the
over pressure observed for procedure B independently of the pre-
fuelling time. Direct flame visualisation revealed that the trajec-
tory of the flame leading point changes with both H-content and
pre-fueling time. The ability of the flame to penetrate through
the mixing layer of the exiting jet determines the final stabilisa-
tion mode. In the case of non-penetration due to high strain at
the burner outer shear layer, the flame propagation is temporary
slowed down as the reactive front is constrained to propagate ax-
ially downstream in the low strain region. This helps increasing
the time lag T between the pressure and heat release rate peaks
preventing the flashback. Conversely, a quick flame penetration
inside the premixed jet offers preferential conditions to trigger
flashback. These differences in terms of flame leading point be-
haviour close to the injector rim, is found to be the cause of the
different type of stabilization observed in this study.
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