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Abstract

This study focuses on the transition from a laser-induced breakdown plasma to a flame kernel in two-phase
flows. The test rig was a vertical flow channel with a full-cone spray nozzle installed inside. The fuel was Jet A-
1 aviation kerosene. Breakdowns were generated by the focused laser pulses from a frequency-doubled and Q-
switched Nd:YAG laser. The investigation of laser-induced breakdowns in ambient air provided valuable sup-
plementary data to understand the interaction of the breakdown plasma and the fuel spray. To determine the
breakdown energy, the amount of absorbed laser pulse energy was measured, and the blast wave energy con-
sumption was estimated. Blast waves were visualized with high-speed schlieren imaging. Their energies were
estimated by the application of Jones’ blast wave expansion model. High-speed imaging of air and spray break-
downs visualized their transient morphologies. Expansion velocities of air breakdowns were determined and
revealed a supersonic expansion during the first few microseconds. Air breakdowns decayed and disappeared
within 30 ps. Spray beakdowns were observed over a period of 90 us, which covered their transition into flame
kernels. Optical emission spectroscopy was applied to ambient air breakdowns, spray ignitions and spray break-
downs in nitrogen. The temporal decrease of nitrogen ion and atom lines was investigated, and mean lifetimes
were determined. CN*, C,* and CH* radicals were observed in spray ignitions, but no CH* was confirmed in
spray breakdowns in nitrogen, while CN* and C,* occurred with a similar intensity as in spray ignitions. Simu-
lated spectra were fitted to the CN* B’Z™-X*%" band between 384.2 and 388.4 nm to determine temperatures at
the breakdown region during the transition from plasma into spray flame kernels.
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1. Introduction
The specific background of this study is the relight of aviation gas turbines at high altitude. Their ability to

ignite at the low air densities and temperatures at high flight levels is a key certification requirement [1]. Mod-
ern low-NOy combustors run on lean mixtures, which increase the challenge of high altitude relight [2,3]. The



development of such combustors can benefit from numerical simulations of the ignition process, because an
iterative development including extensive testing is time-consuming and cost-intensive. In the first stage of an
ignition, a spark turns into a small self-sustaining combustion, a ‘flame kernel’. The involved physical and
chemical processes are quite complex and not yet well understood. With the present knowledge, the simulation
of a flame kernel generation for a two-phase flow ignition is only possible if the real physics are strongly simpli-
fied. Therefore, a better understanding of the involved mechanisms is necessary to develop more accurate mod-
els. Experiments in laboratory test rigs with well-defined boundary conditions provide very important contribu-
tions. Ignition by electrical spark discharge is the most common method in technical applications. But a spark
plug has some disadvantages in a laboratory experimental setup: Shifting of the ignition location is restricted.
Boundary conditions are complicated, because the plug is a heat sink and interacts with the flow field. Variation
of the ignition energy is restricted and of low repeatability, and the triggering accuracy is low. Therefore, laser-
induced ignition is a good alternative. Four different laser ignition mechanisms are known [4]:

e Thermal initiation by the absorption of laser radiation through rovibrational molecule bands.

e Non-resonant breakdown, initiated by multiphoton ionization and followed by electron cascade break-
down.

e Resonant breakdown, initiated by photodissociation and followed by electron cascade breakdown.

e Photochemical ignition through radical production by photolysis.

The mechanism with the greatest physical similarity to electrical spark discharge is the non-resonant break-
down, although its electric field strength is higher by several orders of magnitude. We applied this mechanism
with a Q-switched and frequency-doubled Nd:YAG laser. It offered the following advantages:

No spark plug with the above-named restrictions was required.

The triggering accuracy was *1 ns, supporting precise synchronization with diagnostic instruments.
A flexible selection of breakdown location and time.

Continuous laser pulse energy adjustment between 30 and 300 mlJ.

AU

Very good reproducibility.

The first report of laser-induced breakdown was given in 1963 by Maker et al. [5]. Its first usage for the igni-
tion of a gas mixture was reported by Lee and Knystautas in 1969 [6]. Since then, comprehensive research in-
vestigated both, laser-induced breakdown in inert gases and laser-induced ignition of gas mixtures. A review of
significant results is provided by Phuoc [7]. Considerably less research investigated the laser-induced ignition of
two-phase flows. In 1998, Oldenborg et al. [8] reported on the investigation of laser-induced spray ignition for
aviation gas turbines. Their intention was to develop a concept for laser-based igniters, which can increase relia-
bility and reduce NOy emissions. They ignited Jet A sprays using an Nd:YAG and a Cr:LiSAF laser. Various
configurations were tested, including ultra-cold conditions, single and multiple laser pulses. They found a high
potential of laser-induced spray ignition and developed some concepts for technical application, but those were



never introduced to aviation gas turbines. A major disadvantage was the large size of the laser systems available
at that time.

In recent years, the interest in laser-based spray ignition systems has substantially grown for two reasons.
First, laser technology has progressed significantly. Compact diode-pumped solid-state (DPSS) lasers feature a
high potential for application in engines [9,10]. High-power fibers are available to guide the radiation from the
laser to the combustor [11]. Second, present demands on technical combustion systems, such as better reliabil-
ity, safety, efficiency, lower emissions and fuel flexibility require advanced combustion concepts. This also af-
fects the ignition systems. Therefore, laser-induced spray ignition is considered for reciprocating engines [12-
15], aviation gas turbines [16-18], and spacecraft thrusters [19]. In particular, reciprocating engines and aviation
gas turbines benefit from the possibility to adjust the ignition position. No spark plugs close to the combustor
walls are necessary, which reduces the risk of flame kernel quenching on cold metal parts. Also, ignition at mul-
tiple and variable positions is possible. This opens new options for combustor geometries and contributes signif-
icantly to increased efficiency and reduced emissions. Moreover, laser-based igniters can be the key to reliable
ignition of lean mixtures, and a high potential is seen for the application in lean premixed prevaporized (LPP)
combustion [17,18].

In conclusion, the demand for the present study arises from two aspects. First, insights into fundamental pro-
cesses of two-phase flow ignition are required for technical applications and for the development of advanced
numerical models. Second, laser-induced ignition is a state-of-the-art technology with a high potential for the
application in future combustion engines. The following questions have to be answered to make effective use of
this technology:

e How do fuel droplets affect the formation and subsequent development of the breakdown?

e How does the breakdown develop into a flame kernel (time scales, spatial development, conditions in-
side the breakdown)?

e What is the impact of the breakdown on fuel droplets in the immediate and wider vicinity of the break-
down site (heat transfer, blast wave)?

e What are the consequences of this impact for the subsequent flame kernel growth?

These questions give raise to our research. The study presented in this paper supplements our previous publica-
tions [20-22]. While they focus on the gas dynamics around the breakdown (particularly the blast wave) and
their breakup of fuel droplets, this study focuses on the transition of a laser-induced fuel spray breakdown into a
flame kernel. The following investigations were performed:

e The amount of laser pulse energy absorbed by air breakdowns was determined with a volume absorber.

e High-speed schlieren imaging was used to track the expansion trajectory of laser-induced blast waves in
ambient air, in order to estimate their energy consumption.

e High-speed imaging was used to visualize the transient morphology of laser-induced air breakdowns and
spray ignitions.



e Optical emission spectroscopy was used to determine the physical nature of the breakdowns, including
species and temperatures.

The investigation of laser-induced air breakdowns provided valuable supplementary data to understand the in-
teraction of the fuel spray and the breakdown plasma. The fuel was Jet A-1 aviation kerosene. The spray was
provided by an air-assisted siphon nozzle.

Literature on laser induced two-phase flow ignition is very limited. But some aspects with particular rele-
vance to the present study were addressed in previous publications, and a short review is provided in the subse-
quent paragraphs.

Lawes et al. [12] investigated the laser-induced ignition of monodisperse iso-octane aerosols. The aerosols
were generated in a Wilson cloud chamber, and the ignition laser was a Q-switched Nd:YAG laser at 1064 nm.
Multiple breakdowns occurred along the laser beam path through the cloud at a high pulse energy of 270 mJ.
Each breakdown was the origin of a spherical blast wave. A low pulse energy of 32 mJ resulted in a single
breakdown at the focal point. A very similar observation was made by Kawahara et al. [15]. They ignited etha-
nol sprays with a Q-switched Nd:YAG laser at 532 nm. They found multiple breakdown generation along the
laser beam path. Each breakdown was the origin of a blast wave, which caused droplet dispersion.
Mosl et al. [18] investigated the potential of laser-ignition systems for aviation gas turbines with a Jet A-1 kero-
sene spray. A Q-switched Nd:YAG laser at 1064 nm and 100 mJ pulse energy was compared to a spark plug of
1.8 J spark energy. The ignition probabilities at different breakdown locations were determined. High ignition
probabilities for both methods were obtained at the spray cone edge and in the recirculation zone. But due to the
significantly higher energies, electrical spark discharges revealed slightly lower lean ignition limits than the
laser-induced breakdowns. The cited investigations show that, laser-induced breakdowns should be located near
the spray cone edge on the laser beam incident side. Energy losses by laser pulse scattering on droplets are
avoided, and the good mixing at the spray cone edge supports the ignition process.

The experiments of El-Rabii et al. [16] gave indication of the minimum laser pulse energies required to ignite
fuel sprays. They measured minimum ignition energies (MIE) in n-heptane and JP-4 (military jet fuel) droplet
clouds. The clouds were created by an ultrasonic atomizer, which generated a mean droplet diameter of 31 pm.
Breakdowns were induced by a Q-switched Nd:YAG laser at 1064 nm. The MIE was found to be between 16
and 30 mJ laser-pulse energy for different fuel-air ratios. MIE depends on various aspects related to the experi-
mental setup, the quality of mixture formation, the flow conditions and gas dynamics at the ignition location.
The study demonstrated that, ignition is basically possible at relatively low pulse energies. In contrast, electrical
spark igniters have energy inputs of 1 to 12 J [23]. Our main interest was the investigation of fundamental as-
pects at conditions similar to technical applications. Therefore, we applied a relatively high laser pulse energy
near 200 mJ.

An experimental investigation of the laser-induced ignition of methane and propane-air mixtures by
Beduneau et al. [24] showed that, the success of an ignition depends less on the flame kernel size but more on
the radical generation during the first few microseconds. This might only be true for ideally premixed gases, and
things are very different in sprays, as demonstrated by Letty et al. [25]. They investigated the ignition probabil-



ity of an n-heptane spray in a bluff body burner. A Q-switched Nd:YAG laser at 1064 nm provided 140 mJ
pulses. A significant contribution of the study was the definition of three different ignition failure modes, which
were characterized by the flame kernel lifetime: short (few micro- to milliseconds), intermediate (few tens of
milliseconds) and long (hundreds of milliseconds). The modes illustrate that, spray ignition may still fail after a
flame kernel was successfully generated. In the present study, the abundant laser pulse energy of nearly 200 mJ
always created flame kernels, which developed into stable spray flames with a probability of 100 %.

2. Experimental setup
2.1 Flow channel

The experiments were performed in a vertical flow channel with a square cross-section of 62 cm® and a cen-
ter section length of one meter. Three sides were equipped with windows to provide access for optical meas-
urement techniques. The fourth side was mounted to a transverse system, which allowed horizontal and vertical
shifting. A schematic of the flow channel is shown in Figure 1. A continuous, top-down air co-flow could be
established to supply the combustion zone with air and to flush out fuel vapour and fumes. The co-flow inlet
was a sinter metal ring on top of the center section. The air co-flow was 862 g/min. The spray nozzle was a
Delavan SN 30609-2 air-assisted siphon nozzle. It was installed inside the flow channel and injected the fuel
downstream into the air co-flow. The fuel was directed to the nozzle though a vertical pipe inside the flow chan-
nel. A second pipe supplied the nozzle with an atomization air flow, which circumferentially impacted the fuel
jet just before the nozzle exit. The primary breakup zone reached about 5 mm downstream. The spray was a
slightly swirling full-cone spray with a cone angle of approximately 40 degrees at the nozzle exit and a droplet
diameter distribution peaking between 20 and 50 um. The spray was investigated in more detail in a previous
study [26]. The fuel was a commercial Jet A-1 aviation kerosene from the international airport of Stuttgart,
Germany. Its temperature was controlled to be 294 K with an accuracy of + 0.2 K. The fuel mass flow was

20 g/min, and the atomization air mass flow was 7.5 g/min.
2.2 Ignition laser

The ignition laser was a frequency-doubled and Q-switched Nd:YAG laser model InnoLas Spitlight 600-10.
It provided nearly Gaussian (spatial and temporal) pulses of up to 300 mJ at 532 nm, a pulse length of 6 ns and a
trigger accuracy of = 1 ns in a single pulse mode. The beam path is illustrated in Figure 2. The beam was steered
to an optical bench with a periscope, where it was expanded to a diameter of approximately 40 mm with a Gali-
lean telescope. The expanded beam was directed into the flow channel with a downward angle of 23 degrees
and refocused directly in front of the inlet window by a laser-grade doublet lens with a focal length of 120 mm.
The angle of the converging laser beam was determined to be approximately 10 degrees. The expansion of the
laser beam served two interests: First, the doublet lens produced a tight focus. Second, the irradiance at the inlet
window was reduced to avoid thermal stress and surface damage. The focal point was positioned close to the



spray cone edge 20 mm below the nozzle and 4 mm off the spray center axis. The ignition reliability was 100 %
due to the high level of the laser pulse energy near, see section 3.

2.3 Schlieren imaging

Schlieren images were recorded with a high-speed CMOS camera model Photron / LaVision HighSpeed-
Star 6. The camera viewed the breakdown region though the same window which gave access for the laser
pulse. A representation of the experimental set-up is shown in Figure 2. Please note, the figure illustrates the
schlieren imaging, high-speed imaging, and optical emission spectroscopy setup. The setups were not applied
simultaneously. The light source was a halogen projector lamp. Its light beam was collimated by a 4” lens (f =
600 mm) to a diameter of approximately 90 mm. The beam passed the flow channel and was refocused by a
similar lens on the opposite side. The camera was equipped with a Tokina 100 mm /2.8 macro lens. It was op-
erated at a sustained repetition rate of 50 kHz, an exposure time of 1 pus and a resolution of 320 x 288 pixels.
The field-of-view was determined to be 46 x 42 mm with a calibration target. The camera and the laser were
externally triggered by a combination of a BNC 565 and a Quantum 9520 trigger generator. The Quantum 9520
gave the continuous trigger signals for the camera controller and for the 10 Hz laser flash lamp. The BNC 565
was synchronized with the Quantum 9520, and was started by the test rig control computer. It gave the trigger
signals for the laser Q-switch and the camera exposure start. The Schlieren effect was generated with an iris
aperture, which was adjusted to cut with one lamella into the focal point from one side, in order to visualize ver-
tical density gradients.

2.4 High-speed imaging

The HighSpeedStar 6 camera was arranged perpendicular to the laser beam path and observed the breakdown
from a sideways perspective through a quartz window. The position of the high-speed camera relative to the
flow channel is shown in Figure 2. The camera has a spectral sensitivity range from 350 to 1000 nm. The quan-
tum efficiency of the image sensor has its maximum in the spectral range between 410 and 630 nm. The camera
was equipped with a Tokina 100 mm f/2.8 macro lens. It provided broadband luminosity images at a sustained
repetition rate of 250 kHz, an exposure time of 1 us and a resolution of 128 x 80 pixels. The field of view was
determined to be 10.7 x 6.69 mm with a calibration target. The external trigger system was similar to that used
for the schlieren imaging.

2.5 Optical emission spectroscopy

Breakdown spectra were recorded for air and spray breakdowns. The spectrometer was an LLA Instruments
ESA 4000 EV/i échelle spectrometer with a spectral range from 200 to 870 nm. The emissions from ambient air
breakdowns were captured with an optical setup consisting of a Glan-Thompson polarizer, a lens and a small
quartz collimator. The optics were transparent for the near infrared, visible, and near ultraviolet spectrum. The
polarizer reduced scatter light and reflections of the laser pulse, and the lens focused the light on the smaller



collimator. The optics were placed perpendicular to the laser beam path and as close to the breakdown as possi-
ble. The distance between the focal point and the optics was 34 mm. The emissions from spray breakdowns
were captured with a 1 collimator which was nontransparent for ultraviolet light. Consequently, the spectra
show a steep intensity decline below 370 nm. The collimator was mounted outside the flow channel and viewed
the breakdown through a quartz window. The distance between the focal point and the lens was approximately
50 mm. Breakdown emissions were directed from the collimation optics to the spectrometer with an optical fi-
ber. The spectrometer was calibrated for both optical setups with a tungsten-deuterium lamp. The laser flash
lamp pulsed with 10 Hz on an internal clock. The laser Q-switch and the spectrometer were externally triggered
by a BNC 565 trigger generator. A representation of the experimental set-up is shown in Figure 2, showing the
approximate position of the collimation optics and the fiber connection to the spectrometer.

3 Breakdown and blast wave energy in air

We created laser-induced breakdowns by the non-resonant multiphoton and electron cascade process, which
is described in more detail by Phuoc [7]. Initial temperatures reach an order of magnitude of up to 10° K while
the laser pulse is still in progress [27]. They decay rapidly to an order of magnitude of 10* K after the pulse has
terminated [28]. A fundamental information is the energy contained in the breakdown. The laser pulse energy is
not completely absorbed. Losses may include transmission, scattering and diffraction. Furthermore, while the
breakdown plasma expands, energy is transferred into a laser-supported detonation wave (LSD wave), which is
the shock layer at the interface between the plasma and the surrounding area [29]. When the expansion deceler-
ates, the wave detaches and expands as a nearly spherical blast wave. The amount of absorbed pulse energy in
the breakdown region was determined by volume absorber measurements, which is presented in section 3.1. The
blast wave energy was determined by the analysis of schlieren images, which is presented in section 3.2. The
blast wave energy is not completely lost within a spray ignition, but it contributes to the secondary breakup of
fuel droplets in the vicinity of the breakdown. This effect is discussed by the authors in two other publica-
tions [20,21]. The remaining breakdown energy is consumed by different thermal energy transfer mechanisms,
in particular by radiation, conduction, convection, evaporation, plasma and chemical processes. These mecha-
nisms create favorable conditions for the initiation of combustion reactions. Together, the measurements in sec-
tion 3.1 and 3.2 determined the air breakdown energy. The result is provided at the end of section 3.2. Equiva-
lent measurements for the spray ignition were not possible due to the disturbances of liquid fuel on both, volume
absorber measurements and schlieren imaging. The breakdown and blast wave energy in fuel spray is expected
to be be somewhat smaller than the air breakdown energies, since a fraction of the laser pulse energy is lost by
Mie scattering on fuel droplets.

3.1 Breakdown energy
The laser pulse energy directly in front of and behind the breakdown position was measured with a laser power

volume absorber type Gentec-EO UP19K-15S-VR. The measurement was exclusively done for air breakdowns,
because Mie scattering of the laser pulse on fuel droplets would prevent any measurement. The volume absorber



was placed about 20 mm in front of the focal point. Photons have already passed all optical components of the
ignition system at this position, but the irradiance is too low for breakdown initiation. In a separate measure-
ment, the volume absorber was placed about 20 mm behind the focal point, in order to capture the photons
which passed the breakdown. Photons pass the breakdown region primarily during the first few picoseconds of
the laser pulse, when the breakdown is still very small and partly transparent. The plasma expands within a few
pico- to nanoseconds, becomes optically thick and absorbs the majority of the incoming photons. This process is
described in more detail by Chen et al. [30]. For both positions, the volume absorber measured the average en-
ergy over two thousand individual pulses. The energy difference between both positions corresponded to the
amount of energy that did not pass the breakdown region. Therefore, this energy fraction either must have been
absorbed, diffracted or scattered. Measurements with the volume absorber sideways and below the focal point
did not provide indication of any scattering. According to the review paper by Phuoc [7], scattering and diffrac-
tion are negligible for laser-induced breakdowns. Therefore, we concluded that, the energy difference virtually
equals the pulse energy that was absorbed by the breakdown. The average incident and transmitted pulse ener-
gies (Ep and Et, respectively) are given in Table 1, along with the calculated absorbed energy E4 and the corre-
sponding standard deviations. E4 was determined to be 121.2 mJ, which is 62.7 % of the incident pulse energy.

3.2 Blast wave energy

Blast waves from air breakdowns were recorded with high-speed schlieren imaging. Although the majority of
the breakdown emission was blocked by the iris aperture, transmission filters were required to protect the cam-
era sensor from saturation. The applied filters ranged from © = 0.05 to 0.5. The experiment was repeated several
times, and the time lag between the camera start trigger and the Q-switch trigger was sequentially increased by
increments of 1 ps. Three breakdowns were recorded for every time to account for statistical spread. Repre-
sentative Schlieren images are shown in Figure 3. The origin is located at the focal point. The times give the
50 % effective exposure time, which is the instant when half of the integrated camera gate function has passed.
Spherical blast waves are clearly visible as circular density gradients. The breakdown is surrounded by a plume
of hot, compressed gas after the detachment of the blast wave. It results from the fast expansion and has a nearly
constant diameter of about 8 mm, see the image for 100 us in Figure 3. The blast wave diameters were meas-
ured with an in-house Matlab algorithm with an accuracy of 0.1 mm. The dotted curve in Figure 4 is the deter-
mined expansion trajectory. Every point is an average of three individual breakdown events. The reproducibility
was very good, and therefore no error bars are displayed. The white spot at the origin in Figure 3 is the break-
down plasma, which is visible for approximately 25 us. Its brightness prevented recordings earlier than 2.5 ps.
Therefore, the separation of the blast wave from the breakdown could not be observed.

The blast wave energy was determined from the expansion trajectory. The measured trajectory covers the
transition phase from a strong blast wave to an acoustic wave. This is well illustrated in Figure 4 by the fact that
the trajectory is nearly parallel to the sonic velocity curve (Mach number Ma = 1) for ambient air. In a previous
study [21] we compared the suitability of different blast wave models to laser-induced blast waves in air. The
model by Jones [31] gave the best fit to the measured trajectories. It consists of a set of semi-empirical equa-
tions, which are:
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Here, 7 is the non-dimensional time, ¢ is the dimensional time, 7 is the radius, 7o is a reference radius, ¢y is the
sonic velocity, py is the pressure of the unshocked air, y is the isentropic exponent, and Ej is the blast wave en-
ergy. B is a geometry parameter, values for different cases are given in [32]. Jones’ models was fitted to the
measured trajectory with an in-house LabVIEW algorithm, which applied the method of least squares. The sum
of the least Ay;® is 4.554 mm®, what is a good accuracy. The fit is the dashed grey curve in Figure 4. Jones’
model gives a blast wave energy of 96.5 mJ, which is 79.6 % of the absorbed breakdown energy. This is in good
agreement with Taylor’s statement that a blast wave consumes approximately two third of its source’s ener-
gy [33]. The remaining breakdown energy Eg after the blast wave detachment calculates to be 24.7 mJ, which is
12.8 % of the incident laser pulse energy.

4 Air breakdown

Laser-induced breakdowns were investigated in static air at ambient conditions, i.e., the air temperature
ranged between 23° and 25 °C, and the air pressure was approximately 964 hPa. The investigation included
high-speed imaging and emission spectroscopy. Equivalent measurements for spray ignitions are presented in
section 5.1. The investigation in this section is of particular relevance for the present study, because it does not
incorporate any plasma-droplet interaction or combustion. Therefore, the obtained results are important refer-
ence data to separate between plasma effects and combustion processes. A discussion of the similarities and
differences between air breakdowns and spray ignitions is provided in section 5.

4.1 High-speed imaging

The sustained camera repetition rate of 250 kHz was not sufficient to capture the very fast development of
the laser-induced breakdowns in all details. Therefore, the time lag between the camera start trigger and the Q-



switch trigger was sequentially increased. Another challenge was the wide dynamic range of the breakdown
luminosity. The initial luminosity was very bright, followed by an exponential decrease. Different broadband
transmission filters were mounted in front of the camera lens for different times after the laser pulse. Their
transmissions ranged from t=0.001 to 0.5. Five recordings were performed for every investigated time. The
camera exposure time of 1 ps was relatively long compared to the transient breakdown morphology, and special
efforts were put into the fine adjustment of the time lag between the camera start trigger and the Q-switch trig-
ger. Figure 5 shows a schematic of the camera gate function. The non-dimensional sensitivity is plotted as a
function of time. The camera gate features a fast rising edge and a slower falling edge. The overall CMOS sen-
sor exposure time was 1.09 ps £ 40 ns. To record the later breakdown phases, the Q-switch trigger was sequen-
tially shifted up to several microseconds before the camera exposure. Representative images from this experi-
ment are displayed in Figure 6. The first row illustrates the droplet distribution, which is only relevant in sec-
tion 5.1. The times give the beginning and the end of the camera exposure. The first two rows of the breakdown
sequence show images with exposure start times before the laser pulse. Exposure start times -1.06 us and -
0.06 us (second and third row) mean that, the exposure begins before the laser pulse, while the flow channel is
still shrouded in darkness. The laser Q-switch time for the exposure start at -1.06 ps is shown in Figure 5. The
two rows represent the first 30 ns and 1.03 ps of the breakdown, respectively. The direction of the focused laser
beam is from top left to bottom right with a downward angle of 23 degrees. The origins of the images in Fig-
ure 6 correspond to the focal point. The three columns show breakdowns during the first 90 us after the laser
pulse in ambient air and in spray. They are shown in one figure for a comparison and discussion, which is pro-

vided in section 5.1. This section focusses exclusively on the first column of Figure 6.

4.1.1 Analysis of the transient morphology

The sequence in the first column of Figure 6 shows a rapid initial growth during the first few microseconds, a
subsequent longitudinal expansion, and the generation of three consecutive lobes (a,b,c). All images of the se-
quence are averages of the recordings from five individual breakdowns. They were created by arithmetical aver-
aging with the image recording and processing software LaVision DaVis 7. The centroid of the breakdown is
located to the left of the focal point. This effect is explained by Chen et al. [30]: A breakdown initiates before
the focal point when the irradiance of the converging laser pulse exceeds the breakdown threshold. The first
lobe (a) expands into the incident direction of the laser beam. The second lobe (b), which is marginally smaller
and weaker, is located close to focal point. The right tail of the breakdown features a much smaller and weaker
third lobe (c). The first and third lobe decrease quickly. The second lobe develops into a disk-like shape, which
can be seen between 27.94 and 29.03 ps. In total, shrinkage begins after 5 to 6 pus. We performed a numerical
simulation to analyze the flow processes leading to this development. In short, it results from a rollup motion,
caused by two counterrotating toroidal vortices. A thorough discussion of the numerical simulation is given by
Joarder et al. [22].

The compact shape and the defined surface of the breakdown and its rotational symmetry permit to analyze
its transient volume and dimensions. A rotated Cartesian coordinate system with the axes 1 and & is introduced,
see Figure 7. The origin is located at the focal point. The rotation angle is 23 degrees clockwise, corresponding



to the downward angle of the laser pulse. The horizontal and vertical expansion in this coordinate system and
the volume change of the breakdown were determined with a set of in-house Matlab algorithms. A problem
arose from the 1.09 ps exposure time of the camera, which is long compared to the time scale of the measure-
ments. It implies that, the sequences in Figure 6 are mathematical convolutions of the exposure time with the
time scale of the sequence. Deconvolution by image processing was not possible, because more intermediate
time steps would have been necessary. Therefore, the Matlab analysis was performed, and deconvolution was
achieved afterwards by the adequate assignment of times for the determined coordinates and volumes: The
breakdown grows in all directions during the first few microseconds. The expansion stops, and shrinkage occurs
in all directions. Hence, all images taken during the growth phase represent the size at the end of the camera
exposure. Accordingly, all images from the shrinkage phase show the size at the beginning of the exposure.
Thus, deconvoluted diagrams were achieved by assigning the data from the Matlab analysis either to the start
time or the end time of the camera exposure. The results of the spatial analysis are shown as black dots in Fig-
ure 8. The error bars represent the standard deviations from five individual breakdowns. Similar results were
presented by Kawahara et al. [34] for a laser pulse energy of 170 mJ. They used a 200 mm lens to focus the la-
ser pulse (we used a 120 mm lens), resulting in a thinner and longer breakdown. Figure 8a shows the rotational-
ly symmetric breakdown volume. It grows quickly to its maximum size, which is achieved between 4.94 and
5.53 us after the laser pulse. The shrinkage is nearly linear at a significantly smaller rate. The last data point is
given 13.94 ps after the laser pulse. An analysis beyond this time was not possible due to the degrading signal-
to-noise ratio of the images. Figure 8b shows the coordinates of the breakdown head and tail along the &-axis.
The head is defined as the vertical edge in the laser beam incident direction (negative &). The initial growth
along & is followed by a linear shrinkage. Figure 8c shows the top and bottom edges along the n-axis. Here, no
shrinkage is observed after the initial growth phase. The reason is evident from Figure 6. The second lobe of the
breakdown flattens to a disk after 9.94 us, but the diameter remains constant.

The spatial development rates were determined by the first derivatives of polynomial fits with the software
Origin 9. Polynomials of fourth and fifth order were fitted to the growth phase, while linear functions were fitted
to the shrinkage phase. The fitted function are plotted as thin dashed and dotted curves in Figure 8. The veloci-
ties are displayed as solid red curves. A comparison of the absolute horizontal and vertical edge velocities is
shown in Figure 9, along with Mach numbers for the lab atmosphere. The air temperature and pressure were
measured to be 23.1° C and 963.6 hPa during the experiment. The humidity was 45.8 %. The sonic velocity was
calculated to be 345.89 m/s. Figure 9 shows that, the initial breakdown expansion lies in the supersonic regime.
Vertical expansion is around a Mach number of Ma = 2, and the horizontal expansion is above Ma = 3. Vertical
and horizontal expansion become subsonic after 1.3 ps and 3 ps, respectively. The supersonic expansion and its
rapid deceleration during the first few microseconds explain well the formation of the spherical blast wave:
High initial temperatures of the plasma species of up to 10° K [27] imply a high overpressure against the lab
atmosphere. It results in a supersonic expansion, which creates an LSD wave at the interface between the plas-
ma and the surrounding air [29]. Temperatures reduce to an order of 10* to 10° K after the laser pulse has termi-
nated [28,30,35]. Consequently, the pressure decreases and breakdown expansion decelerates. Conservation of
momentum causes the detachment of the LSD wave, resulting in a separated blast wave. Beduneau et al. [24]
observed the blast wave detachment after 700 ns for a laser pulse energy of 11.7 mJ. Wang et al. [36] observed



the detachment after 430 ns and 750 ns for a laser pulse length of 33 ns and pulse energies of 1 J and 2 J, respec-
tively. Similar to the experiment presented in this study, their breakdowns expanded faster in the longitudinal
than in the axial direction. Therefore, blast waves initially have ovoid shapes, which turn spherical after several
microseconds. In addition to the blast wave trajectory, Figure 4 shows the front edge and the upper edge trajec-
tories of the breakdown from Figure 8 by two solid grey curves. Together with the blast wave trajectory, they
indicate a detachment of the blast wave from the breakdown approximately 1 to 2 us after the laser pulse.

4.1.2 Intensity

Intensity scales in Figure 6 correspond to the individual minima and maxima of the images and therefore
must not be compared between different images. A diagram of the peak intensities from the image sequences is
displayed in Figure 10. The diagram shows the intensity curve for both, air breakdown and spray ignition. The
latter is discussed in section 5.1. The x-axis gives the 50 % effective exposure times of the images. The rising
edge in the beginning is explained as follows: For the first two data points, the laser Q-switch trigger is given
during the camera gate. The maximum is reached when the camera start trigger and the Q-switch trigger are
given nearly simultaneously. After the maximum, the intensity decreases by three orders of magnitude within
5 ps. Afterwards, the intensity of air breakdowns decreases steadily for about 15 ps. A steep decrease begins
after 20 ps, and the intensity falls below the detection limit after 30 us. The air breakdown is a pure plasma and
its intensity decrease is an indicator for the plasma decay. It extinguishes after approximately 30 ps.

4.2 Spectroscopy

The high-speed imaging sequences provided details of the transient morphology of the air breakdown, but no
information regarding the physical processes inside the breakdown plasma. Therefore, a spectroscopic investiga-
tion was performed, and the results are presented in this section. The first 40 ps after the laser pulse in ambient
air were investigated with an exposure time of 50 ns. Multiple exposures were required to obtain a good signal
to-noise-ratio. All spectra that are shown and discussed in this section are multiple exposures over one hundred
individual breakdowns. The time lag between the spectrometer trigger and the Q-switch trigger was sequentially
increased to investigate the breakdowns at different stages of their development. Figure 11 shows a spectroscop-
ic air breakdown sequence during the first 0.6 us after the laser pulse. Very high intensities are observed during
the first 500 ns, with a maximum between 50 and 100 ns. The spectra show a strong continuum background,
which results from bremsstrahlung and indicates a highly ionized plasma. The background is superimposed by
strong lines of nitrogen ions (Ny). The continuum background decreases rapidly within 500 ns after the laser
pulse. Also the nitrogen ion lines decrease, while atom lines appear. Figure 12 shows two diagrams with five
selected spectra for times between 0.1 to 20 us. Logarithmic ordinates are used because of the extreme dynamic
range. Figure 12a shows three spectra between 0.1 and 1 ps. The decrease of the continuum background is obvi-
ous. Several decreasing Ny lines are visible between 343 and 571 nm. Atom lines of nitrogen (Nj) and oxygen
(O)) increase between 742 and 825 nm. Also the H, hydrogen atom line of the Balmer series at 656.279 nm is
identified, but it is interrupted by a blind spot which is a characteristic of the spectrometer. The hydrogen lines



originate from air humidity. Figure 12b shows two spectra for 5 and 20 ps. The continuum background has dis-
appeared, ion lines are barely visible. Ny and Oy lines feature a high amplitude at 0.5 ps. Several humps at a low
signal-to-noise ratio are visible between 345 and 430 nm at 20 ps. They result from the B2211+—X22g+ transition
of N, which forms by recombination processes in the decaying plasma. Five ion and atom lines were analyzed
with a set of in-house LabVIEW algorithms. The continuum background was removed, and Lorentz profiles
were fitted to the lines with a Levenberg-Marquardt algorithm. Figure 13 shows the amplitudes of the fits to the
Ny ion lines at 343.715, 463.054 and 504.51 nm, and to the N; atom lines at 744.229 and 746.831 nm. The in-
tensities of the ion lines increase to a maximum between 110 and 180 ns, which is followed by a decrease of two

orders of magnitude. An exponential decay curve / (t) / I,=f (e(ft/ T)) was fitted to the data points of the ion

line at 463.054 nm with Origin 9. The fitted curve features a mean lifetime of T=0.193 ps. The detection limit
is reached after 0.7 to 1.5 us. The first atom lines are identified after 220 ns. Their reach their maximum after
1 us, which is one order of magnitude weaker than the maximum of the ion lines. Afterwards, the atom lines
decrease exponentially. A steep decrease occurs after 13 ps, and the detection limit is reached after 20 to 22 ps.
The fit of an exponential decay curve to the data points of the atom line at 746.831 nm revealed a mean lifetime
of T=6.30 us, which is about thirty times longer than the mean lifetime of the nitrogen ions. The decay curves
are indicated by dashed black and white curves in Figure 13. Decay curves were also fitted to ion and atom lines
in spray ignition spectra, see section 5.2. A comparison of all mean lifetimes is provided in Table 2 and dis-
cussed in section 5.2. Kawahara et al. [34] measured similar spectra for air breakdowns with a laser pulse ener-
gy of 170 mJ. They observed a decrease of ion lines and an increase of atom lines between 0.2 and 1 us, which
is in good agreement with our observations. The maximum of the atom lines is found at a time, when the ion
lines have decreased close to the detection limit. This indicates a recombination process of ions with electrons
towards atoms. Thus, the plasma state of the air breakdown ends only few microseconds after the laser pulse. A
comparison with Figure 6 shows that, the breakdown expands quickly during the plasma stage, and expansion
continues until 5 to 6 us. The expansion maximum is reached when the ion lines have already disappeared. At
this stage, the breakdown primarily consists of dissociated gas.

5 Spray ignition

The continuous air co-flow inside the flow channel was at ambient pressure and a temperature of approxi-
mately 15° C during this investigation. The lower-than-lab-atmosphere temperature resulted from the expansion
from a 6-bar in-house supply line. The results from the investigation of air breakdowns, see section 4, are com-
pared to spray ignitions, in order to better understand the interaction of breakdown plasma and fuel droplets.

5.1 High-speed imaging
This experiment investigated the first 90 us of laser-induced spray ignitions after the laser pulse. The setup

and the procedure of the high-speed imaging were the same as in section 4.1. The droplet distribution in the vi-
cinity of the focal point is illustrated in the second and the third image of the first row of Figure 6. Images were



taken with a planar Mie scattering setup, which is described in [26]. The second image of the first row (average
droplet distribution) was created from 180 individual images, and shows the area around the spray cone edge
20 mm below the nozzle. The edge is nearly vertical at this distance. The darkening from the left to the right
indicates the increasing droplet density. The horizontal position of the focal point was adjusted to be close to the
center of the transition region. The third image of the first row shows a representative instantaneous droplet dis-
tribution. The spray is dense in the right part of the image. Individual droplets along the laser beam path are pre-
sent before the focal point. The average spray ignition images (second column) were created from five individu-
al breakdowns by arithmetical averaging with the software LaVision DaVis 7.

5.1.1 Image sequences

The second and third column of Figure 6 show average and individual images of the spray ignition, respec-
tively. Exposure start times -1.06 ps and -0.06 ps (second and third row) imply that, the exposure overlaps with
the instant of the laser pulse, and consequently Mie scattering of laser radiation on dispersed fuel droplets is
visible along the beam path (d,e). The second image (exposure from -0.06 to 1.03 us relative to the laser pulse)
shows two consecutive lobes along the laser beam path before the focal point (f,g). Regarding its shape and po-
sition, the second lobe (g) is very similar to the breakdown in ambient air (a,b,c). The next row (0.44 to 1.53 us)
shows that, the two lobes have both expanded. The first lobe (f) features a nearly spherical shape with a diame-
ter of approximately 2 mm. The shape and size of the second lobe (g) is still similar to the breakdown in ambi-
ent air. The occurrence of the first lobe, which has no counterpart in air, results from local breakdowns which
are initiated by fuel droplets. This becomes obvious in the individual breakdown images: The lobe (f) results
from a cluster of small breakdowns (h). This effect was also observed by Lawes et al. [12] and Kawaha-
ra et al. [15] and is caused by droplets acting as micro-lenses. Fuel droplets before the focal point (d) refocus
parts of the laser radiation and create small breakdowns. The reader is referred to the papers by Chylek et al. and
Kawahara et al. for in-depth investigations of this effect [15,37]. The dispersion of fuel droplets in sprays is
highly stochastic, and therefore the position, size and shape of the lobe (f) varies between individual break-
downs. A stochastic droplet distribution can have a strong impact on the ignition reliability, as observed by
GroB3 et al. [13] in a reciprocating engine with a very inhomogeneous mixture fraction. But it was insignificant
in the present study, as we created breakdowns by abundant laser pulse energy, resulting in an ignition probabil-
ity of 100 %. In the next row (2.94 to 4.03 ps), the spray breakdown differs significantly from the ambient air
breakdown. While the three lobes (a,b,c) in ambient are fully developed, the spray breakdown lobes (f) and (g)
have merged to an ellipsoid shape with a length of 6 mm and a diameter of 2 mm. From this time on, the break-
down surface is blurred and fibrous in the individual images. This is very untypical for a decaying breakdown
plasma and demonstrates that, the transition from a plasma to a flame kernel has advanced considerably or is
completed at this time. The subsequent development of the flame kernel shows the formation of a disk (i). Apart
from an unsymmetrical distortion, the disk resembles the air breakdown. This shows that, the same flow process
as in air, a rollup motion caused by two counterrotating toroidal vortices, is active. But it is apparently distorted,
probably by the presence of a droplet-laden flow field and the heat release from the flame kernel. Finally, the
intensity approaches the detectability limit at 88.94 to 90.03 us.



5.1.2 Intensity

Intensity scales in Figure 6 correspond to the individual minima and maxima of the images. The diagram in
Figure 10 shows the intensity curve for spray ignition as a solid grey curve. Intensities decreases by three orders
of magnitude within a few microseconds after the maximum. Between 3 and 20 ps the intensity of the spray
ignition is significantly weaker the intensity of the air breakdown. In contrast, it is still present at later times
while the air breakdown disappears after 30 ps. It decreases only slowly and approaches at the detectability limit
after 90 us (the zigzag between 10 and 30 ps results from the usage of different transmission filters in front of
the camera lens). Comparing all columns of Figure 6 and the graphs of Figure 10, an important finding from this
experiment is the disappearance of the breakdown luminosity after 30 us in air, while breakdowns in two-phase
flows are visible for 90 ps. This gives indication that other processes than plasma radiation are responsible for
the luminosity at later times. Chemiluminescence from combustion radicals is an obvious candidate. This is dis-
cussed in greater depth in the section 5.2, which presents a spectroscopic investigation of the spray ignition.

5.2 Spectroscopy

The first 20 us of the spray ignition were investigated with an exposure time of 100 ns. An exposure time of
100 ps was used to capture the emissions from later stages, when intensities have decreased by several orders of
magnitude. It was also used at earlier times to obtain spectra with high signal-to-noise ratios. Figure 14 shows
two diagrams with five selected spectra for times between 0.1 to 20 us and an exposure time of 100 ns, similar
to Figure 12 for air breakdowns. Please note, a direct comparison of the absolute intensities between the Fig-
ures 12 and 14 is not possible because of the usage of different collimation optics. The spectra of Figure 14 are
multiple exposures over twenty individual ignitions. Logarithmic ordinates are used because of the extreme dy-
namic range. Figure 14a shows three spectra between 0.1 and 1 ps. Like in ambient air, the first 500 ns show a
bright continuum background, which results from bremsstrahlung. The same ion and atom lines like in air are
visible. However, there are some significant differences: First, the H, Balmer line at 656.279 nm is stronger, and
the Hp line at 486.133 nm is visible. They primarily originate from hydrogen atoms of dissociated fuel mole-
cules. Second, the CN* B?X"-X’%" band between 374 and 388.4 nm appears after 0.2 ps. Figure 14b is signifi-
cantly different compared to its equivalent, Figure 12b: No atom lines are detected, and the spectra are dominat-
ed by the CN* B?2"-X?%" bands and the Cy* d? Hg—a3l'[u bands of the Swan system. Several ion and atom lines
were analyzed with the same algorithms that were used for the lines in ambient air. Figure 15 shows the ampli-
tudes of Lorentz profile fits to the Ny lines at 399.500 and 463.054 nm, and to the N lines at 744.229 and
746.831 nm. The maximum of the ion lines lies between 50 and 150 ns, which agrees well with the air break-
downs. It is followed by a rapid decrease by two orders of magnitude and drops below the detection limit after
500 ns. An exponential decay curve was fitted to the data points of the ion line at 463.054 nm and revealed a
mean lifetime of T=0.105 ps, which is about half as long as the mean lifetime in air breakdowns. The atom
lines become visible after 150 ns. The fit of an exponential decay curve to the data points of the atom line at
746.831 nm revealed a mean lifetime of T = 1.56 us, which is about four times shorter than the mean lifetime of



the nitrogen atoms in air breakdowns. The detectability limit is reached after 3.1 us. The decay curves are indi-
cated by dashed black curves in Figure 15. The mean lifetimes of ions and atoms and the periods of the decay
curve fits are listed in Table 2. The investigation of mean lifetimes shows that both, ion and atom line intensities
decrease faster for spray ignitions than for air breakdowns. Nitrogen ion lines decrease two times faster, and
nitrogen atom lines decrease four times faster. This gives indication for a nitrogen consumption by recombina-

tion processes, including the formation of CN*.
5.2.1 Plasma-combustion transition

Systematic variations of the exposure time and its start after the laser pulse were performed to detect the be-
ginning of the CH* chemiluminescence. CH*, which is a prominent intermediate reactant in hydrocarbon
flames, was not identified in the 100 ns exposures shown in Figure 14. Its strong A’A-X°II band ranges from
416 to 440 nm and has its most distinctive peak at the Q branch band head at 431.4 nm. A long exposure time of
100 us was required to obtain an evaluable signal. The flow condition and the laser pulse energy were the same
as for all other measurements within this study. A strong signal was found for an exposure start 1 ps after the
laser pulse. The spectrum between 428 and 441 nm is shown as a solid black curve in the insert of Figure 16.
The Q branch band head for vibrational quantum numbers v’ = v’ = (0 was identified. The band is much weaker
than the bands of CN* and C,*, and it overlaps with the band of the (Av = +2)-transition of the Swan system.
Moreover, it is superimposed by weak lines of the B-X transitions of CN* and N,". The different intensities of
the three species CN*, C,* and CH* raise the question of their origin. Emissions of CN* are not strong in typi-
cal kerosene spray flames. But the bands of CH* and C2* are and typically feature a similar order of magnitude,
see for example the jet fuel flame spectra shown in [38]. The fact that the detected CH* band is much weaker
than the C,* Swan bands indicates either a different formation mechanism or a delay in the combustion chain
reactions after the ignition.

In order to determine the origin of the detected radicals, a comparative experiment was performed in an inert
atmosphere: The air co-flow and atomization air flow were replaced by nitrogen with a purity of 99.998 %. A
spectrum from this experiment is presented in Figure 16, together with its equivalent in air. Both spectra are
very similar. The CN* and the C,* bands are visible and feature similar intensities in both, air and nitrogen.
This gives strong indication of a radical formation by plasma recombination, rather than by combustion chain
reactions. The insert in Figure 16 shows the spectrum from the nitrogen atmosphere between 428 and 441 nm as
a solid grey curve. If CH* is present at all, its emission is much weaker than in air. An edge is marked by a
question mark which might be the Q branch band head. But this signal may also result from a superposition of
noise and lines from other species, for example N,". The comparison of both spectra indicates a primary CH*
formation mechanism that involves the presence of oxygen. In conclusion, we propose that, the decaying break-
down plasma creates a radical pool which initiates combustion chain reactions. The subsequent paragraph ex-

plains this in more detail.

Radicals are known to form by recombination processes in decaying breakdown plasma [39]. For instance,
laser-induced breakdown spectroscopy experiments on graphite targets show the formation of C,* by ion-



ion [40,41] and ion-atom [42] recombination. The herein presented emission spectroscopy experiments showed
a formation of CN* and C,* by recombination in spray breakdowns, as well: First, the mean lifetime of nitrogen
ions and atoms was found to be considerably shorter in spray breakdowns than in air breakdowns, indicating a
consumption by recombination processes, see Table 2. Second, the CN* and C,* intensities did not change sig-
nificantly when the air in the flow channel was replaced by nitrogen. In contrast, the CH* radical was only iden-
tified in igniting spray in air. According to the present knowledge [43,44], one of the main CH* formation paths

in hydrocarbon flames is C, + OH—CH" + CO [45]. The mechanism requires the reactants C; and OH in the
ground state. An excited state AB* can transfer to the ground state AB by photon emission (AB* —>AB+ hv)

and by collisional quenching (AB* +M—>AB+ M). Apart from C,, which originates from excited C,*, the

mechanism requires the reactant OH, which was not identified in the experiment. The distinctive OH* bands lie
in the near ultraviolet spectrum, which was inaccessible with the optical setup. But OH* radicals are frequently
observed in different plasmas [46-49]. We identified atomic oxygen and hydrogen, and thus OH* can form by
recombination processes. We propose CH* to form from the radical pool of the decaying breakdown plasma.
The CH* formation path which is known from hydrocarbon flames may be active here, since the required reac-
tants are very likely to form from the radical pool.

5.2.2 Rovibrational temperatures

Breakdown temperatures during the transition from a plasma to a flame kernel are crucial information, in par-
ticular for the numerical modelling of two-phase flow ignitions. The CN* band between 374 and 388.4 nm fea-
tures strong intensities between 0.6 and 10 pus after the laser pulse. Therefore, it was used to estimate the rovi-
brational breakdown temperatures during the transition phase. Simulated CN* bands were fitted to the measured
spectra between 384.2 to 388.4 nm with the software LIFBASE 2.1 [50] by the method of least chi-squares. The
selected spectral range covers the P branches of the band. The Fortrat parabolas of the P branches have turning
points towards the longer wavelengths. Therefore, they feature distinctive peaks which provide a very good sig-
nal-to-noise ratio. Figure 17 shows an example of a measured spectrum (in red at the upper half) and of a fitted
simulation (in blue at the lower half). The residual is shown as a grey curve along the horizontal axis. The re-
sulting temperatures are given in Figure 18. Spectra with an exposure time of 100 ns covered the period from
0.6 to 10 us. No analyses were performed for earlier times, because the population density distributions of the
molecular states were not in a thermal equilibrium. Due to the progressing transition to a flame kernel, the CN*
signal-to-noise ratio decreased and was very low after 10 pus. Consequently the period from 50 to 150 us was
covered by a 100 ps exposure. The temperatures in the decaying plasma before 2 us are around 7800 K. The
scattering of the data points before 1.2 us probably results from a still incomplete thermal equilibrium of the
involved molecular states. Afterwards, temperatures decrease steadily to 6210 K at 10 us. An accuracy analysis
of the measured temperatures was performed and revealed an accuracy of = 100 K for the period from 0.75 to
3 ps. The incomplete thermodynamic equilibrium at earlier times and the low signal-to-noise-ratio at later times
drop the accuracy to £ 250 K. An average CN* radical temperature of 4490 K was determined for the 100 us
exposure from 50 to 150 ps, which is in good agreement with the temperature decrease of the 100 ns exposures.



The temperatures are in reasonable agreement with the measurements in laser-induced air breakdowns by
Yal¢in et al. [51], Phuoc and White [28] and Kawahara et al. [34]. They independently found temperatures of
10,000 to 20,000 K for the period between 1 and 2 us after the laser pulses. Our measurements show the same
order of magnitude during the plasma stage before 2 ps and a temperature decrease of the evoking flame kernel
towards typical hydrocarbon flame temperatures.

6. Summary and conclusions

Non-resonant laser-induced breakdowns were created by focused laser radiation from a frequency-doubled
and Q-switched Nd:YAG laser in ambient air and in a kerosene spray. The breakdown energy in air was deter-
mined by the measurement of the absorbed laser pulse energy and the energy fraction that was consumed by the
blast wave. The absorbed laser pulse energy was measured with a laser power volume absorber before and be-
hind the focal point. The blast wave energy was estimated by the measurement of the expansion trajectory with
schlieren imaging and the application of a blast wave model to the trajectory. It was found that, from an average
laser pulse energy of 193.1 mJ only a small fraction of 24.7 mJ remained in the air breakdown. The breakdown
energy in fuel spray was not measured, but it was somewhat smaller, since a fraction of the laser pulse energy
was lost by Mie scattering on fuel droplets. The initial breakdown phase was characterized by a plasma state.
Optical emission spectroscopy showed that, a continuum background and nitrogen ion lines dominated the spec-
tra of air and spray breakdowns during the first 0.5 us after the laser pulse. High-speed imaging of the air break-
downs showed that, the hot plasma expanded at supersonic velocity during the first three microseconds after the
laser pulse. The rapid expansion created a shock layer at the interface to the surrounding air. Temperature and
pressure decreased after the termination of the laser pulse, which in turn decelerated the expansion. Consequent-
ly, conservation of momentum caused the detachment of the shock layer, resulting in a separated blast wave.

The transient morphologies of air breakdowns and kerosene spray ignitions were compared by means of
high-speed imaging. Air breakdowns constantly had a compact shape with a defined surface. They became in-
visible for the applied optical setup after 30 us. Their decay was accompanied by shrinkage and the formation to
a disk. In contrast, the spray breakdowns became blurred and fibrous after 3 to 4 us. They did not shrink but
deformed, and their intensities decreased steadily. They became invisible after 90 pus, which is three times later
than the air breakdowns. Their fibrous shapes indicated the evoking flame kernels, and the bright plasma emis-
sions were replaced by a much weaker combustion chemiluminescence. Small breakdowns along the laser beam
path occurred in spray due to a micro-lens effect of the present fuel droplets.

The plasma-flame kernel transition in spray was further investigated with optical emission spectroscopy. Re-
combination reactions to atoms and later to diatomic radicals occurred inside the decaying spray breakdown
plasma. These radicals were not detected in air breakdowns. Another significant difference between air break-
downs and spray ignitions were the mean lifetimes of ion and atom lines. In spray ignitions, mean lifetimes of
nitrogen ions were two times shorter, and mean lifetime of nitrogen atom lines were four times shorter. Ion lines
disappeared after 0.5 us and atom lines disappeared after 3 ps, indicating a consumption by recombination pro-
cesses, including the formation of CN*. The time scale is in very good agreement with the rise of the blurred



and fibrous shapes. In conclusion, the transition from a breakdown plasma to a flame kernel proceeded within
few microseconds after the laser pulse.

A comparative spectroscopic investigation of the first 100 us after the laser pulse was performed on spray
breakdowns in air and in nitrogen. While the spray ignited in air, no ignition was possible in nitrogen. Strong
bands of C,* and CN* radicals were verified in both atmospheres. The band intensities were virtually equal,
verifying that both species form by recombination processes. In contrast, a band of the CH* radical was only
verified in spray ignitions in air but not in spray breakdowns in nitrogen. It indicated that, CH* is formed by a
combustion chain reaction, rather than by plasma recombination. We propose CH* to form by a reaction path
similar to hydrocarbon flames. The required reactants originate from the radical pool which forms in the decay-
ing breakdown plasma through recombination processes.

Spray breakdown temperatures were determined by the fits of simulated CN* radical bands to the measured
bands. Rovibrational temperatures were determined to be around 7800 K between 0.6 and 2 ps after the laser
pulse. Temperatures decrease steadily to 6210 K between 1.2 and 10 ps. An average temperature of 4490 K was
measured for the period from 50 to 150 ps.

The present study supports a better understanding of the flame kernel formation in sprays. We strived for
high temporal and spatial resolutions, which is very challenging in this difficult environment. But the process is
complex and further research is required, before all aspects are well understood. The authors hope that their
study gives impulses for future research, which has to incorporate the fields of combustion diagnostics, kinetics
and numerical simulation. In particular, a better understanding of the diffraction and displacement of fuel drop-
lets in the immediate vicinity of the breakdown is required. This is a very difficult experimental challenge due to
the high irradiance of the breakdown plasma. Also, the development of the radical intensities for times later than
100 ps can advance the understanding of the plasma-combustion transition, since CN* should decay while CH*
and C,* should meet at a similar intensity level once the transition is completed. Such a measurement was not
possible in the flow channel, because it featured a steady downward flow of both, air and fuel droplets, which
dragged the evoking flame kernel out of the field-of-view of the optics. We suggest that future experiments shall
be done in an aerosol chamber with a spectrometer or a photomultiplier. Numerical simulations can provide
essential insights, and our results may be used for the numerical modelling of flame kernel generation in two-
phase flows.
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TABLES AND FIGURES (This section supports the correct assignment of subscripts to figures and ta-

bles. It must be removed from the document for the final version)

Tab. 1 Laser pulse energies in front and behind the breakdown, and the resulting breakdown energy. Average

over two thousand laser pulses.

Ep Er Ep

Average energy [mJ] 193.1 719 121.2
Standard deviation [mJ] 1.74 1.07 2.04

Tab. 2 Mean nitrogen ion and atom line lifetimes in decaying laser-induced breakdowns, and the periods of the
exponential decay fits.

Ny N;
463.054 nm 746.831 nm
71in air [us] 0.193 6.30
fstart / Tend 1N QIT [US] 02/0.5 1/13

7 in spray [us] 0.105 1.56




lstart / tend 1N Spray [Us] 0.2/045

04/1.5

Fuel and

114 | atomizition air
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Fig. 1 Schematic representation of the flow channel with the spray nozzle. Scales are given in millimeters.
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Fig. 2 Schematic representation of the schlieren imaging, high-speed imaging and optical emission spectroscopy
setup. Please note, the setups were not applied simultaneously.
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Fig. 3 Schlieren images of a laser-induced air breakdown. The spherical blast wave is visible in the first three
images. The white spot at the origin is the breakdown plasma. At 100 ps the plasma has disappeared, a gas

plume remains.

30 — T T T T T
; N .”.-
,?' S, . -',9"
S i ..,-” -
A &
[ I-' ,'II '.'I P N'..,-
£ -
E e
g 15 i
=
1]
o
10 i
= Experiment
. . -=-=- Jones' model
! < Breakdown head
0 f":—'_l Brealkrk;v.;n mp. | . l . ' . | .
0 10 20 30 40 50 60 70

Time [ps]
Fig. 4 Comparison of the measured blast wave trajectory with Jones’ blast wave model in ambient air. The dis-
tance of the air breakdown head and top from the focal point are indicated by two small curves in the lower left
corner. They are identical to the curves displayed in Figure 8.
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Fig. 5 Camera gate function for an exposure time of 1.09 us and an exposure start 1.06 us before the laser pulse
(Q-switch). This diagram illustrates that, the exposure captures only the first 30 ns of the breakdown. This is the

time setting for the images shown in the second row of Figure 6.
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Fig. 6 Sequences of the temporal development of laser-induced air breakdowns (left colum) and kerosene spray
ignitions (center and right colums). The first row indicates the droplet distribution of the spray. The times give

the beginning and the end of the camera exposure. The center column shows arithmetic averages over five indi-
vidual ignitions.
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Fig. 7 Air breakdown and a Cartesian coordinate system rotated by 23° clockwise towards the horizontal axis.
The origin is at the focal point.
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Fig. 8 Transient morphology of the air breakdowns: a) Volume and volumetric growth, b) vertical edge trajecto-
ry and velocity, and c) horizontal edge trajectory and velocity. The breakdown head is at the laser beam incident

side.
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Fig. 9 Absolute velocities of the air breakdown edges. The Mach numbers are given for the undisturbed lab at-
mosphere.
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Fig. 10 Peak intensities of the recorded images for laser-induced air breakdowns and spray ignitions. The initial
intensities of the air breakdowns are higher, but they disappear after 30 ps. In contrast, the spray ignition inten-
sities are detected for 90 ps.
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Fig. 11 Ensemble of the optical emission spectra from laser-induced air breakdowns. Every spectrum is an over-
lay of one hundred individual breakdowns. The exposure time for each spectrum is 50 ns.
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Fig. 12 Optical emission spectra from laser-induced air breakdowns. Every spectrum is an overlay of one hun-
dred individual breakdowns. The exposure time for each spectrum is 50 ns.
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Fig. 13 Exemplary transient line intensities in laser-induced air breakdowns.
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Fig. 14 Optical emission spectra from laser-induced kerosene spray ignitions. Every spectrum is an overlay of
twenty individual breakdowns. The exposure time for each spectrum is 100 ns.
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Fig. 15 Exemplary transient line intensities in laser-induced kerosene spray ignitions.
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