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ABSTRACT

We report on the ignition of a Safran’s helicopter engine using a compact laser system. The laser
system delivers nanosecond infrared pulses at a high repetition rate which energy can be up to 4omJ. The
first tests were run on a Safran Helicopter Engines experimental bench operating at room temperature and
ambient pressure with jet A-1 fuel. We studied in detail the impact of the laser pulse energy and the spark
position on the engine ignition domain. An optical focusing system fixed on the engine casing enables to
focus the laser pulse at different positions in the combustion chamber. The focused laser beam generates a
plasma in the combustion chamber, which ignites the engine. Our experimental data show that the laser
spark position impacts the pulse energy required to ignite the engine. At the optimal position, we very
reliably ignite the engine with a pulse energy of only 3mJ. To understand this behavior, similar experiments
were run on the MERCATO experimental bench at ONERA (the French aerospace lab). This bench faithfully
reproduces the geometry and the flow field of the Safran engine’s combustion chamber. Using a Mie
scattering imaging technique, we studied the kerosene spray generated by the start injector. Our data
indicates that depending on the laser spark position in the combustion chamber, the kerosene droplets
scatter more or less the laser light. This impacts the pulse energy and its spot size at the focal point and
influences the laser ignition probability. In addition, ignition success requires a minimum density of
kerosene droplets. Hence, the optimal laser spark position is a compromise between the droplet density at
the focal point and the laser beam scattering induced by droplets before reaching that position.

1. INTRODUCTION

Over the years, ignition of aeronautic engines has consistently been obtained using conventional spark
plugs, which yet exhibit many drawbacks (ignition close to the combustor walls, spark erosion, low repetition
rate of the spark, etc.) [1]. As a result, alternative ignition systems with improved performances have triggered
a lot of interest. Examples include plasma igniters, microwave-based systems, laser sources, etc. [2—7]. Laser
ignition has been shown to limit the main drawbacks of spark plug ignition and presents many advantages
[8—10]. For instance, the repetition rate of the laser source is significantly higher than that of the spark
igniter(aboutiooHzversuso.5-3Hz). Besides, laser ignition makes it is possible to locate the ignition kernel
at any position within the combustion chamber. Different laser ignition techniques have been proposed such
as thermal ignition [11, 12], photo-chemical ignition [13, 14], resonant breakdown [15, 16], non-resonant
breakdown [8,17]. The latter is the most convenient laser technique to ignite an engine [10, 18—20]. It relies
on the fact that when one focuses an energetic infrared nanosecond laser pulse in air, it ionizes it, giving rise
to an electron avalanche which induces plasma breakdown in air. This plasma spark leads to the development
of a rapidly expanding shock wave which ignites the fuel-air mixture [17]. While the development of laser
technologies makes this technique very attractive [18, 21, 22], only few experimental studies have been
dedicated to laser ignition of liquid fuel/air mixtures [23—30]. Hence, with no surprise and to the best of our
knowledge, no laser ignition of an aeronautic engine has so far been reported. Hereafter, we demonstrate that
a nanosecond laser pulse focused in a Safran aeronautic engine can very easily ignite it. When the laser spark
is properly located in the combustion chamber, a nanosecond pulse with an energy of only 3mJ is needed to
ignite the engine at room temperature and ambient pressure operating with Jet A-1 liquid fuel. We also
evidence that the optimal location of the laser sparks in the combustion chamber depends of the kerosene
droplets density and the scattering of the laser pulse by kerosene spray.



2. LASER IGNITION OF A SAFRAN’S HELICOPTER ENGINE

2.1 Experimental setup

In January 2022, we carried out a laser ignition test campaign on a Safran’s helicopter engine with a
compact laser source. As for all new ignition system, we had to define the relevant ignition domain which
indicates conditions (both flow and laser conditions) where ignition is very likely to occur. To define it, we
measure the evolution of engine ignition versus the laser pulse energy and the laser spark position (Z.sp)
within the engine combustion chamber (CC). Figure 1 displays the experimental setup used.
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Figure 1: Sketch of the setup used to laser ignite the Safran’s helicopter engine.

Ignition of the aeronautic engine is performed with a homemade Master Oscillator Power Amplified
(MOPA) Nd:YAG system specially designed to deliver at high frequency (~ 100 Hz), ~ 1 ns pulses centered
at 1.064um which energy per pulse can be up to 40mJ. Importantly, a big deal of efforts was dedicated to
ensure the laser beam has a M? ~ 1.2. The laser energy deposition in the plasma is a well-known phenomenon,
it is about 30% of the incident laser pulse energy [31]. The conventional spark plug of the engine is removed
and a sapphire window is installed to keep the CC sealed. At the location of the conventional spark plug, we
fixed an optical system which enables to focus the laser pulse at Zzs»in the CC. The latter is normalized
according to the CC height. The laser spark position (LSP) can be adjusted in between 0% (wall of the CC)
and 41%. At the LSP, the laser pulse ionizes air and generates a spark which ignites the droplets of kerosene
(Jet A-1) dispersed in air. Thanks to the M? of the laser beam, at the focal point the beam diameter is small
(~ 1oum) and the volume within the confocal distance is about 2.4 x 1014 m3. The experiments are run at
room temperature (0°C<Ta<20°C) and atmospheric pressure (P.). The ignition procedure is as follows: as
the laser fires pulses which energy and LSP are set, the starter accelerates the engine during ~10 s, up to 20%
of its nominal speed while kerosene is injected in the CC. If the ignition is successful, the engine is stopped
before it reaches its nominal speed and then cooled down for about half an hour.

The influence of the LSP on the ignition domain is determined by searching the minimum ignition energy
(MIE) required to ignite the CC at different spark positions. The better the LSP, the lower the laser pulse
energy. Therefore, at each position, we start with a high laser energy (about 20 mJ) and then, we gradually
decrease the energy until the ignition fails. Then, we get back to the previous pulse energy to check our ability
to ignite the engine at least twice in a row. A second successful ignition confirms we reached the MIE at this
position.

2.2 Results

Figure2 displays the MIE evolution versus the LSP in the CC. The red curve indicates the limit of the
ignition domain colored in green. This figure underlines that the laser pulse energy is crucial. Indeed,
whatever the LSP, we cannot ignite the engine when the laser pulse energy is below 3mJ. However, the spark
position has a tremendous impact on the MIE. Near the CC wall (LSP<5%), the MIE is about 20mJ. As the
LSP increases, the MIE decreases down to 3mJ for Zzs»= 27% and then slightly increases up to 5mJ at Zzs»=
41%. In order to understand this behavior, we performed further laser ignition experiments on a scale model



of the Safran’s helicopter engine CC at ONERA (The French aerospace lab), which allows to carry out
parametric ignition studies at reduced costs compared to tests on a real engine.
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Figure 2: Laser spark plug ignition domain on the Safran’s helicopter engine.

3. LASER IGNITION ON A SCALE MODEL OF AN HELICOPTER COMBUSTION CHAMBER
3.1 MERCATO bench

The MERCATO [32] test facility, located at ONERA/Le Fauga-Mauzac, is an air-breathing propulsion
research facility dedicated to ignition and spray investigations. It can reproduce temperatures (fuel and air)
and pressures in the range [40, +20] °C and [0.3, 1] bar (abs) respectively, which is representative of cold
start or altitude relight. It can be operated with Jet A-1 kerosene or Sustainable Alternative Fuels (SAF). Both
air and fuel mass flow rates are measured by Coriolis flow meters and regulated by valves. Sub-atmospheric
pressure in the CC is classically obtained by means of a supersonic ejector. For the present experiments, the
MERCATO facility is equipped with a scale model of the Safran’s helicopter engine CC which accurately
reproduce the ignition performances of a complete Safran’s CC under various conditions, at low air flow rate
when it starts or at high air flow rate when it needs to be reignited.

3.2 Experimental setup

Figure 3 sketches the MERCATO experimental bench. Similarly, to the experiments performed at Safran
Helicopter Engines, we used the same laser, focusing system and starting injector. This injector provides a
full cone of droplets which average Sauter mean diameter is ~ 25 um. To ignite the combustor, the
conventional spark plug is removed, the CC is sealed with a sapphire window and the conventional spark plug
is replaced by the optical system which focuses the laser pulses in the CC. For the laser ignition experiments
run on the MERCATO bench, fuel mass flow rate is set constant while pressure in the CC varies between
0.4 bar and atmospheric pressure, at ambient temperature. Thanks to a beam shutter set on the laser beam
path, laser ignition is only performed when air and fuel mass flow rates are at a steady state in the combustor.
To image the fuel spray distribution in the combustor, we use a Mie scattering method [33]. It consists of a
high-speed laser system (Darwin 527-30 from Quantronix) delivering laser pulses at 527 nm (energy about
15 mJ, pulse duration 200 ns, repetition rate 2 kHz). Using spherical and cylindrical lenses, the laser beam
is transformed into a thin laser sheet (esseer ~ 1 mm) which is sent into the CC. The laser sheet propagates
along the ignition laser axis and illuminate the droplet spray on the injector axis. Mie scattering from droplets
is recorded at right angles from the laser sheet with a high-speed CMOS camera (VEO 710 from Phantom)
which is equipped with a Notch filter centered at 532 nm (FWHM 18 nm). The camera resolution is about
50 pm per pixel. The camera and the laser are synchronized using a signal generator triggered by the shutter
opening.



Translating

S

g4

E| %

§ S Starting
) z injector

Cylindrical Sphérical
lens lens
O O Green laser
_I % source

Figure 3: Schematic of the combustor ignition bench monitored with a Mie Scattering setup.

3.3 Results

The aim of these experiments is to determine the ignition domain versus the LSP inside the CC and the
air mass flow rate. The latter is normalized against the nominal air mass flow rate used with a conventional
spark plug. To perform the experiments, the laser beam energy is set at its maximum (~ 40 mJ) and we
characterize the combustor ignition performances (success or failure) as a function of the air mass flow rate
for each LSP. For a given operating condition (air and fuel temperature, combustor pressure), ignition
performance tests consist in searching the highest air mass flow rate that leads to successful stabilized
combustor ignition. So, the highest the air mass flow rate we can ignite, the better the ignition system. The
procedure to determine the air mass flow rate limit of ignition is the following. We begin the ignition test
with a high air mass flow rate and reduce it until we succeed to ignite. Then, we wait for 15 minutes for the
combustor to cool down. We repeat this procedure three time to guarantee that the ignition occurs always
with the same air flow rate limit.
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Figure 4: (a) Image acquired by the high-speed camera: the starting injector is located at the bottom left of
the image and the different positions of the laser spark are represented by colored circles. (b) Ignition domain
is displayed in green. It is plotted versus the laser spark position Zrspin the combustor and the normalized air
mass flow rate at ambient pressure Pa and room temperature Tu.

The Fig.4(a) displays a superposition of images recorded by the camera. It shows the kerosene spray
pattern, the position of the plasma of the conventional spark plug and the laser-induced spark located at
different positions in the combustor. This image highlights the ability of a laser system to deposit energy (to
generate a plasma) at positions inside the combustion chamber that cannot be reached by conventional spark
plugs. Figure 4(b) displays the laser ignition domain versus the air mass flow rate. The colored lines
numbered (1), (2) and (3) pinpoint the three laser spark positions highlighted in red, green and blue in
Fig.4(a), respectively. In very good agreement with the results obtained in the Safran’s helicopter engine, we
observe that the closer the laser spark to the wall (Zzs»< 5%), the lower the ignition domain. As we move the
LSP further in the combustor, the ignition domain rapidly increases and it is optimal when Zzs»~ 27%.



4. INFLUENCE OF THE DROPLET SPRAY ON THE LASER IGNITION

Hereafter, we study the spray evolution versus pressure and air mass flow rate in the combustor. We
present their impact on the spray angle as well as on the droplet size and spatial distribution.

4.1 Relation between the air mass flow rate and the spray angle

Figure 5 displays the spray angle normalized against its maximum value. We define the spray angle as
the angle of a cone that includes 95% of the detected droplets. Figure 5 indicates that the pressure does not
notably impact the evolution of the spray angle as a function of the air mass flow rate. However, it shows that
there is a linear relationship between the spray angle and the air mass flow rate. Hence, at high flow rate,
little kerosene droplets are located near the combustor wall, which considerably reduces the probability to
generate a flame kernel and subsequently the ignition probability of the CC. This phenomenon clearly
evidences the advantage of a laser ignition system versus the conventional spark plug which spark is mostly
located near the combustor wall. With a laser ignition system, one can locate the spark farther from the
combustor wall, enhancing the probability to generate a flame kernel, reducing its quenching by the
combustor wall and thus increasing our ability to ignite the engine.
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Figure 5: Evolution of the spray angle versus the normalized air mass flow rate.

Figure 5 displays the spray angle normalized against its maximum value. We define the spray angle as
the angle of a cone that includes 95% of the detected droplets. Figure 5 indicates that the pressure does not
notably impact the evolution of the spray angle as a function of the air mass flow rate. However, it shows that
there is a linear relationship between the spray angle and the air mass flow rate. Hence, at high flow rate,
little kerosene droplets are located near the combustor wall, which considerably reduces the probability to
generate a flame kernel and subsequently the ignition probability of the CC. This phenomenon clearly
evidences the advantage of a laser ignition system versus the conventional spark plug which spark is mostly
located near the combustor wall. With a laser ignition system, one can locate the spark farther from the
combustor wall, enhancing the probability to generate a flame kernel, reducing its quenching by the
combustor wall and thus increasing our ability to ignite the engine.

4.2 Study of the droplet density and droplet inter-distance versus the laser spark position

In an attempt to explain why the optimal LSP is around 27% of the combustor height, we need to study in
more details the droplet density and the droplet inter-distance (<) along the LSP range. The droplet inter-
distance corresponds to the distance of a droplet to its nearest neighbor. In order to derive these parameters
from the Mie scattering images, we use a method similar to that previously developed by Rousseau et al. [33].
The Figure 6 represents the different steps of the processing.
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Figure 6: Image processing methods. (a) ROI position in a Mie scattering image. (b) Cropped image of
the ROI. (c) Binarization process to identify the droplets. (d) Averaged map of the normalized droplet
density. (e) Averaged map of the normalized inter-droplet distance.

The algorithm runs as follows: we extract the droplets from the background and then compute the droplet
density and & In order to reduce the computation time, we focus our analysis of the images (Fig.6(a)) on
the region of interest (ROI) in dark along the propagation axis of the ignition laser pulse in the combustor,
which yields the cropped image displayed in Fig.6(b). On this cropped image, we apply a combination of
successive morphological dilatation and arithmetic operations that better segregate the droplets and extract
their contours. Since we consider the droplets to behave as disk elements, we use a disk-shaped structuring
element to run this procedure. We further apply a binarization operation on the gray scale image. In order to
work properly, this algorithm requires a careful choice of two parameters. The first one is the radius (raisx) of
the disk-shaped element while the second one is the threshold value (hw) used to perform the binarization
operation. To choose these parameters, we run a parametric study and test values of raisk between 1 and 3
pixels and of hy, between 0 and 4095. For our optical configuration, the best couple of parameters avoiding
false droplet detection coming from the merging of droplets or from multi-scattering effects is raisk = 1 pixel
and hg, = 2000. The Fig.6(c) presents the results of such a computation. On these binary images, we further
perform a blob analysis during which a labeling function identifies each droplet and generates lists of
droplets’ barycenter coordinates. Then, we use these lists to compute the droplet density and & To perform
these latter computations, we divide our cropped image in meta-pixels, a meta-pixel being composed of 24 x
24 pixels. This considerably reduces the computation time, further smooths the images and accordingly
drastically reduces the noise. Thanks to the labeling function, we can list all the droplets within each meta-
pixel and derive the corresponding droplet density within a meta-pixel which writes:

D _ Nmeta—pixel
meta—pixel — S
meta—pixel €laser

where Dmetapixel iS the droplet density in a meta-pixel, Nmetapixel is the number of droplets within the meta-
pixel, Smeta-pixel is the surface of a meta-pixel and ejaser is the thickness of the laser sheet. The Fig.6(d) displays
the normalized droplet density map. As expected, and in agreement with Fig.6(a), the density is very low near
the wall. It gradually increases and then remains almost constant when the LSP is between 20% and 60%.
When the LSP is above 60%, the droplet density decreases.

To compute the evolution of the Z~ in the combustor, we average & on a meta-pixel. For each droplet /
in a meta-pixel, & writes:

dig; = min (J(xi - xj)2 + (v — yj)z),
Vi €1, Npeta—pixer] and i # j

with (.x;, 32/) the barycenter coordinates of the droplet i and j respectively. Hence & writes:

Nmeta—pixel

1
did = Ni did,j
meta—pixel

j=1



The Fig.6(e) displays the Zzmap. Near the wall, the Z;svalue is very high as there are only few droplets.
As the laser pulse further propagates in the combustor, #zlowers and finally remains constant.

The Fig. 7 displays the result of image processing performed over a sequence of 500 instantaneous images
when the LSP ranges between 0% and 41%. This result highlights why it is more difficult to ignite the fuel/air
mixture when the laser spark is near the wall. Indeed, near the combustor wall, the droplet density is very
small, making a flame kernel generation difficult. The latter can be very easily quenched by the combustor
wall, making the engine ignition very difficult [34]. As the laser spark is moved further towards the center of
the combustor, the droplet density rises. It is about its nominal value when the LSP is above 25%. Afterwards,
the droplet density and Zi-remains quasi-constant along the axis. Accordingly, in a first approach, the ignition
domain should remain almost constant when the LSP is between 20% and 41%, which is at variance with our
experimental results. We address the issue in the next part.
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Figure 7: Spray characteristics prior to the ignition. The red curve displays the droplet density
normalized by its maximum value and the green curve displays dia normalize by its maximum value.

5. DISCUSSION

As mentioned previously, the low ignition capability of the laser system when the spark is located near
the combustor wall can be easily explained. However, to better understand why the optimal LSP is around
27%, one can, as often, mention the recirculation in the flame kernel within the combustor [35, 36]. But
besides this phenomenon, it is also necessary to account for the beam propagation in the CC before reaching
the focal point. Indeed, as the beam propagates, before reaching the LSP, the laser pulse can be scattered by
the kerosene droplets. This scattering lowers the laser pulse energy and creates wave-front distortion of the
laser beam profile introducing aberrations at LSP. The higher the aberrations, the lower the beam focusing,
and therefore, the higher the confocal volume. This results in lowering the power density at the LSP and,
subsequently, the kernel ignition temperature. Evaluating the impact of the droplet scattering on ignition
capabilities requires to evaluate both energy losses and laser beam aberration. It is worth noting that
depending on the position of the droplets along the beam propagation axis, the beam diameter varies from
several orders of magnitude larger to about the size of a droplet. Near the focal point, the laser energy density
is very high inducing multi-photonic absorption inside kerosene droplets. This leads to heating and
evaporation of the droplets, which modifies their refractive index and further influences the laser beam
propagation [37]. As a result, the aberrations and scattering drastically vary along the beam path. For a
spatially Gaussian beam, it also depends on the radial position with respect to the beam axis. Therefore,
evaluating the kerosene droplets impact on the scattering and wavefront distortion of Gaussian laser beam
within the combustion chamber requires a dedicated study, which is out of the scope of the present paper. In
any case, it is obvious that the lower the number of scattering events, the better the ignition. Using simple
analysis, we can evaluate the number of scattering events. Let us consider that the laser beam has a perfect
Gaussian shape. As it propagates, the beam size «/(~) along the z propagation axis writes:

w(z) = wo\/l + <W)
0

where @, and [ are the radius of the beam at the focal point and the laser wavelength, respectively. Figure 8
displays the beam radius «(z)/w, focused at 14% (red), 27% (green) and at 41% (blue) position of the




combustor, respectively. It is worth noting the higher the LSP, the larger the laser beam volume within the
combustor.
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Figure 8: Comparison between the laser beam size and the ignition domain. The gray curve displays the
Normalized droplet density. The red, green and blue curves display respectively the evolution of the
normalized laser beam radius when it is focused respectively at 14 %, 27 % and 41 %.

We evaluate the number of scattering droplets /.-seen by the laser pulse before it reaches Zzs». It writes:
ZLsp
N, = f nw?(z)ZspD(z)dz
0

where 2X(2) is the droplet density along the laser beam axis (Fig.8, black curve). Figure 9 displays the evolution
of Nscversus Zzse. Vse increases almost exponentially with respect to Zzse. At the position Zzsr= 41 %, Vs is
~ 18 whereas it is only ~ 4 for Zzs»= 27% (the optimal position). This indicates that the optimal position for
the laser spark is a compromise between the droplet density at the focal point and the scattering of the laser
beam before the LSP.
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Figure 9: Comparison between the ignition domain and the number of droplets that scatter the laser beam.
The red curve displays the limit of air mass flow rate ignition and the black curve displays the number of
droplets that scatter the laser beam versus the laser spark position.

6. CONCLUSION

For the first time, to our best knowledge, a helicopter engine was ignited at ambient temperature and
atmospheric pressure by a laser spark plug at Safran Helicopter Engines facilities. Thanks to an adjustable



focusing system, we were able to study the influence of the laser spark position on the ignition domain of the
engine. It appears that there is an optimal position of Zzs»at27% where we very reliably ignite the engine with
infrared nanosecond pulses which energy is only 3mJ. The latter is about one or two orders of magnitude
lower than the energy used previously to ignite air kerosene mixture [30]. This energy was confirmed on a
scale model of the Safran engine CC on the MERCATO test bench at ONERA. On this bench and thanks to a
Mie scattering imaging method, we were able to demonstrate that at this optimal position, the density of
kerosene droplets is the highest while laser scattering remains weak. This enhances the probability to create
a viable flame kernel which ignites the engine. This work offers many prospects. In a forthcoming paper, we
will report on the successful laser ignition experiments we performed on the ONERA’s MERCATO bench
varying temperature (down to -40 °C) and pressure (down to 0.4 bar). These new results will demonstrate
our laser system outperforms the conventionally used spark plugs. In fact, laser ignition can bypass most of
the problems encountered by conventional spark plugs such as low discharge repetition rate or position of
flame kernel close to the engine wall which can be easily quenched. So far, the design of the combustion
chamber has taken into account these limitations. Most of them will be easily relaxed using laser ignition.
Even if lasers bring their own constraints related to their higher cost and their optimal working temperature,
they open new possibilities that have yet to be imagined and tested.
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