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ABSTRACT

EXPERIMENTAL INVESTIGATION OF LASER-IGNITED HYDROCARBON SPRAYS

AND DROPLETS

Spray ignition involves complex multiphase interactions wherein atomized fuel droplets undergo
evaporation, secondary breakup, and mixing with the oxidizer. These processes result in highly
heterogeneous fuel-air mixtures, characterized by significant local equivalence ratio variations,
complicating the establishment of consistent and reliable ignition conditions. Additionally,
substantial energy losses occur in spray ignition, as a considerable portion of the input energy is
consumed by droplet heating and vaporization rather than directly contributing to plasma
formation and flame kernel initiation. The presence of turbulence further exacerbates ignition
challenges by introducing local velocity gradients and strain that distort or extinguish nascent
flame kernels. This dissertation aims to bridge the existing knowledge gaps in spray ignition
through systematic experimental investigations under realistic yet controlled laboratory
conditions. The research is structured into two complementary components: (1) laser-droplet

interactions and droplet breakup dynamics, and (2) laser ignition of fuel sprays.

In the first component, experiments focus on elucidating how laser pulse energy and droplet size
influence droplet fragmentation dynamics, plasma formation, and species evolution in the
breakdown region. Utilizing diagnostics such as shadowgraphy and Laser-Induced Breakdown
Spectroscopy (LIBS), droplet breakup regimes, species composition, electron densities, and
temperatures are characterized. A novel energy-based metric is developed to effectively
distinguish and classify different droplet fragmentation regimes. The experiments demonstrated

that low laser energy densities (<~70 mJ/mm?), designated as regime 1, resulted in a single plasma

il



breakdown event accompanied by broadband emission and C, Swan bands, suggesting weak
plasma formation. Conversely, high energy densities (>~70 mJ/mm?), designated as regime 2,
resulted in multiple plasma breakdowns that resulted in emission of Hy, O, and N, implying a full

laser breakdown in the gaseous reactive mixture.

The second component includes laser ignition experiments that were performed in a heptane spray
using an Nd:YAG laser to investigate its ignitability. In the first set, Laser-Induced Breakdown
Spectroscopy (LIBS) and imaging were employed to quantify He/O ratios, kernel size, and kernel
number at various locations within the spray. While these parameters generally followed the spray
profile, they did not reliably predict ignition. In the second set, OH chemiluminescence, LIBS, and
high-speed imaging was utilized to understand the effect of laser energy and ignition location on
ignitability. Two distinct modes of ignition failure—short and long—were identified based on
kernel extinction time. For the spray conditions studied, ignition was achieved at laser energy of
250 mJ, while long-mode failure occurred at 80 mJ, and short-mode failure at 30 mJ. Optical
intensities of OH and CH showed that higher laser energies generated more radical species and
sustained the flame long enough to establish stable ignition. Additionally, kernel trajectories
extracted from high-speed images showed that ignition is more probable for cases where the spark
is generated in or moves into recirculation zone. These findings enhance our understanding of
spray ignitability and can inform the development and validation of models for laser or plasma-

assisted combustion in sprays.

The results presented in this dissertation not only advance the fundamental understanding of spray
ignition phenomena but also contribute toward the development of more reliable and efficient
ignition systems. The broader significance of this research lies in its direct applicability to practical

combustion systems, particularly aero-turbines where dependable ignition and stable flame
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propagation are essential for safe and efficient operation. Moreover, the insights gained from this
work can guide future experimental studies and enhance computational modeling efforts in the

field of multiphase ignition.
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CHAPTER 1:Introduction

1.1 Motivation

Ignition of a combustible mixture! refers to the initiation of a self-sustaining chemical reaction in
a fuel-oxidizer system, typically triggered by an external energy source such as a spark plug or a
laser. Successful ignition requires supplying sufficient energy to elevate a localized region—
typically comparable to the laminar flame thickness—to the adiabatic flame temperature!. This
process marks the transition from a chemically stable mixture to rapid combustion, releasing heat
and forming reactive intermediates that result in the formation of a self-sustaining flame.
Understanding and controlling ignition is critical for designing reliable ignition systems in
practical combustion devices, including internal combustion engines and aero-turbines. These
systems must achieve consistent ignition across a wide range of pressures, temperatures, and
altitudes. Efficient ignition strategies can also reduce ignition delays, enable leaner combustion,
and lower pollutant emissions. The broader significance of ignition research lies in its direct
relevance to real-world combustion applications, where reliable ignition and stable flame holding
are essential for safe and efficient operation. Despite its importance to engines, propulsion, and
fire safety, ignition remains challenging to study due to its highly transient nature, sensitivity to
initial conditions, and the complex coupling of fluid dynamics, chemical kinetics, and energy

deposition?.

Several factors influence the ignition process and one of the primary factors is the fuel-air ratio',
which governs both the stability of the flame and the amount of heat released during combustion.
Mixtures near the stoichiometric ratio generally exhibit more favorable ignition characteristics,

while lean or rich mixtures may require higher ignition energies and may be more prone to



quenching. Initial temperature! is another critical parameter: higher temperatures promote faster
chemical reaction rates, enhance radical production, and shorten ignition delay times, thereby
increasing the likelihood of forming a stable flame. The presence of a radical-rich environment!~,
particularly species such as H, O, and OH, further enhances ignition probability by accelerating
chain-branching reactions that sustain combustion. Turbulence and local flow dynamics®® also
play a dual role. On one hand, turbulence can promote mixing, enhance heat and mass transfer and
assist ignition by distributing hot radicals and reactants. On the other hand, strong velocity
gradients or excessive strain can quench nascent flame kernels by enhancing heat loss or disrupting

the flame structure. While these parameters are relatively well understood and more easily

controlled in gaseous mixtures, ignition in sprays presents additional complexities.
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Figure 1.1 Illustration of Liquid Fuel Injection and Spray Combustion

Most of the challenges in studying ignition in spray systems stem from their inherently multiphase
nature. Figure 1.1 illustrates the multiphase nature and the inherent inhomogeneity present in
sprays. The presence of dispersed liquid droplets introduces substantial spatial heterogeneity in

5

fuel-air mixing, resulting in locally varying equivalence ratios*> and mixture reactivity. Non-



uniform droplet size distributions and vaporization rates further exacerbate this heterogeneity,
often leading to fuel-rich or fuel-lean pockets that influence ignition kernel formation and flame
propagation®. Moreover, droplet evaporation consumes a portion of the deposited energy’*,
thereby reducing the amount available for ignition. In addition to thermal effects, droplets can
optically interact with the ignition source either by scattering, absorbing, or focusing the incident

%10 altering local energy densities through lensing effects’. The interaction between the

energy
spray momentum, background flow field, and turbulence adds another layer of complexity. The

local velocity gradients'! and strain rates'? can either enhance ignition by promoting radical mixing

or suppress it by increasing convective heat losses and kernel deformation.

In summary, spray ignition is inherently complex due to the combined effects of multiphase flow
phenomena, stochastic plasma-droplet interactions, spatially inhomogeneous mixtures, and
turbulence-driven flame kernel distortion. This study seeks to systematically address these
challenges. Given that droplet interactions with the ignition source can critically influence ignition
behavior, the first part of this research focuses on investigating these interactions in detail.
Building on this foundation, the research will progress to ignition studies in a practical spray
burner, aiming to better understand and isolate the specific challenges and mechanisms highlighted
thus far. To enable a more precise and controlled experimental framework, a laser is employed as
the ignition source in place of a traditional spark plug. Compared to spark ignition, laser-based
ignition offers several advantages, including non-intrusive operation, flexible control over ignition
timing and location, and reduced maintenance. The remainder of this chapter provides a detailed
review of prior studies on laser—droplet interactions to understand droplet behavior in sprays,
followed by a discussion on the ignition of spray systems, culminating in the formulation of the

research objectives.



1.2 Literature Review

1.2.1 Laser interaction with droplets

Numerous research groups have investigated the interaction between laser plasmas and liquid

13-28 * Eickmans et al.?’ conducted laser-induced breakup studies on freely falling water

droplets
droplets (diameter ~ 100 um) and demonstrated that laser intensity significantly influences droplet
breakup. Depending on the intensity, the resulting plume may contain droplet fragments on one
side or symmetrically on both sides of the original droplet. Hsieh et al.?° implemented laser
breakdown experiments on water droplets in an argon atmosphere. Spectroscopic analysis revealed
that the plasma generated inside the droplet emits a broadband continuum, while emissions from
either side of the droplet exhibit both continuum and discrete spectral lines from neutral and
ionized species. While both of these studies were among the first to investigate droplet
fragmentation, they offered limited control over experimental conditions, as the droplets were
freely falling. Moreover, their study was restricted to water droplets only.

Klein et al.'® studied the fragmentation of water droplets (diameter ~Imm) induced by a
nanosecond laser, aiming to uncover the underlying physics of droplet breakup. Both laser energy
and laser profile were found to influence the type of breakup. The study identified two Rayleigh-
Taylor instabilities of different origins as the primary mechanisms driving the fragmentation. Avila

1.6 studied the fragmentation of levitated water droplets (diameter ~0.2-1.5 mm) induced by

eta
cavitation bubbles. They established three fragmentation regimes based on laser energy and droplet
size, namely, atomization, sheet formation, and coarse fragmentation. More recently Jagadale et

al.’" established different fragmentation regimes in diesel droplets(diameter ~100 pm) by laser-

induced bubbles using multiple femtosecond laser pulses. While these studies employed a more



controlled setup using a levitator to suspend a single droplet and successfully established distinct
fragmentation regimes, their focus remained limited to the fluid mechanical aspects of breakup.

Rao et al.!® investigated the laser-induced fragmentation of water and diesel droplets (diameter
~0.2-0.4 mm) in an array, employing shadowgraphy techniques. They established that the droplet
surface acts as a lens and therefore, the actual formation of the laser spark inside the droplet may
not be similar to the location of focus of laser beam. Furthermore, it was found that the breakdown
of the droplet can be a single mode breakdown, or a multi-mode breakdown, based on the location
of the laser focus. Bulat et. al'® developed models to study the interaction of laser pulse with
droplets. They also posited various stages of optical breakdown of the droplet as shown in Figure
1.3. When the laser beam is focused inside the droplet, super heating of the liquid occurs where
the temperature exceeds the temperature of the saturated vapor at a given temperature. This leads
to the formation of an internal vapor cavity shown in Figure 1.3a, also referred to as a cavitation
bubble, inside the droplet. The subsequent absorption of laser pulse increases the pressure in the
vapor cavity resulting in the formation of plasma which generates a shock wave as shown in Figure
1.3 d. The shock wave at later times results in the breakup of the droplets into smaller fragments
as shown in Figures 1.3f. Again, while these studies provided valuable insights into the droplet
breakup regimes, they did not address the nature of the chemical species generated during
breakdown, nor did they examine the temperature within these regions. Both of these parameters
are critical determinants of the combustibility of a mixture, as they directly influence ignition

potential, flame stability, and subsequent chemical reactions.
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Figure 1.3 Mechanism of laser induced breakdown in a drople

1.2.2 Forced Ignition in Gases and Sprays

Lewis and von Elbe’! conducted experiments in methane—air mixtures and demonstrated that the
characteristic size of the ignition source—specifically, the gap between electrodes in spark plug
ignition—significantly influences the ignition probability. The required ignition energy increases
when the characteristic size exceeds the optimal ignition kernel size (usually close to flame
thickness), as this results in heating a larger volume of mixture than is optimal for ignition.
Conversely, when the spark gap is smaller than the optimal ignition kernel size, the required energy
also increases, because energy is confined to a smaller volume, leading to higher peak temperatures
and greater radiative heat losses from the gas, as well as conductive heat losses to the electrodes.
In contrast, for laser-induced spark ignition, this limitation is mitigated due to the absence of
electrodes. The laser allows for electrode-free energy deposition, minimizing conductive heat loss
and enabling precise spatial control over the ignition kernel size. Wienberg and Wilson??

conducted experiments with a Q-switched ruby laser in methane-air mixtures and found that the



energy required for a laser is lower for very lean or very rich mixtures compared to spark ignition.
Phuoc and White®? further investigated ignition behavior using laser-induced spark ignition in a
diffusion jet flames, examining ignition probability as a function of ignition location. They found
that once the laser pulse energy exceeds the threshold required to ensure 100% gas breakdown
probability, further increases in energy do not alter the spatial distribution of ignition probability.
Instead, this spatial variation was primarily governed by local fluctuations in the fuel—air ratio, as
well as variations in turbulence intensity and velocity gradients at the ignition site—factors that
strongly affect local ignition conditions. While several other studies®**** have examined ignition
in gaseous mixtures, the multiphase nature of sprays introduces additional complexities, and the

insights from gaseous systems may not directly apply in spray ignition scenarios.

Nevertheless, numerous research groups have explored various aspects of spray ignition using
both experimental and diagnostic approaches* 6374254 Kawahara et al.” conducted high-speed
imaging of isooctane-air mixtures ignited by a laser-induced plasma. They explored the effect of
microlensing caused by the droplets, where the curvature of the droplet changes the focus of the
incoming laser beam, a result also observed in droplet studies by Rao et al.!> However, they did
not establish any contributing factors to ignitability of the spray. Marchione et al.!! investigated
the ignition of turbulent, swirling n-heptane spray flames using both single and multiple spark
discharges. They identified several key factors that promote successful ignition, including spark
placement within regions of negative axial velocity, relatively small droplet Sauter mean diameters
(SMD ~20-50 pm), and mean equivalence ratios near stoichiometric conditions. The study
distinguished between initial kernel generation and subsequent successful flame propagation and
stabilization, emphasizing the critical role of kernel movement into regions capable of sustaining

combustion. However, they relied solely on ignition probability as the ignition metric. While this



is useful, it does not directly reveal the influence of chemical kinetics—such as the presence of
specific reactive species or temperature—or the effects of flow-field dynamics. Gebel et al.* also
employed laser-induced breakdown spectroscopy (LIBS)*~® to investigate the transition from
laser-induced breakdown plasma to flame kernel formation in kerosene sprays. Additionally, the
appearance of radicals such as CN, Cz, and CH signaled the onset of combustion chemistry during
the early stages of flame kernel development. However, the study did not attempt to establish a
direct correlation between the observed species and the ignitability of the spray, limiting its ability

to inform predictive ignition metrics.

Several studies have also categorized spray ignition behavior by identifying distinct failure modes,
thereby offering a structured framework to understand flame kernel evolution and extinction
dynamics. Mastorakos® proposed a three-phase model of spray ignition (1) flame kernel
generation, (2) kernel/flame growth, and (3) flame stabilization. A successful ignition event
requires avoiding quenching during these phases, from kernel formation to flame propagation,
while events that lead to quenching and inhibit flame formation are nuanced and multifaceted. By
examining ignition and extinction timescales, multiple failure modes have been identified to
enhance the understanding of spray ignition and quenching dynamics. Oliveira et al.* characterized
these failure modes based on the time relative to the spark. In short-mode failure quenching occurs
shortly after ignition (<~0.5ms) as the kernel fails to grow sufficiently to sustain a flame.
Conversely, in long-mode failure the kernel grows into a larger structure but is ultimately quenched
by large-scale flow effects, preventing it from anchoring near the injector. To further distinguish
these modes, they employed OH chemiluminescence imaging and LIBS*>>™’ to analyze atomic

emissions (H, O, N) and molecular species (CN, C:z) under various spray conditions and plasma



sizes. However, their study did not establish a direct correlation between the observed reactive

species and ignition success or the failure modes.

1.3 Dissertation objectives

The current work aims to address critical gaps identified in the literature pertaining to both droplet
dynamics and spray ignition. As mentioned earlier, previous studies have primarily focused on the
fluid mechanical aspects of droplet fragmentation. Those that examined the species present in the
plasma breakdown region often used water droplets (not fuel droplets) in freely falling
configurations, where control over experimental conditions was limited. Notably, there has been
little to no effort to quantify key plasma parameters—such as temperature and electron density—
in realistic fuel droplet scenarios. Yet, these parameters could play a critical role in determining
the ignitability of sprays. Therefore, the first component of this research aims to advance our
understanding of droplet breakup dynamics by examining how laser pulse energy and droplet size
influence the interaction and subsequent fragmentation and the species resulting from the
breakdown. Using shadowgraphy imaging, the droplet breakup and associated plasma formation
resulting from laser-droplet interaction were characterized. To further investigate the breakdown
process, Laser-Induced Breakdown Spectroscopy (LIBS) was employed to analyze the resulting
species and quantify plasma parameters such as electron density and temperature. In particular,
spatially resolved LIBS was implemented by referencing LIBS spectra to the corresponding
imaging data, enabling spatial mapping of breakdown locations and plasma characteristics across

the interaction domain.

These fundamental insights into laser-induced droplet fragmentation provide a necessary
foundation for extending the investigation to more complex multiphase systems. While the single-

droplet study enables control over individual parameters and sheds light on the physical processes

9



governing laser energy deposition and plasma formation, real-world ignition environments like
gas turbine combustors involve turbulent sprays with dense droplet regions, fluctuating
equivalence ratios, and strong convective flows. To bridge this gap and build upon the findings of

the droplet study, the second component of this research focuses on laser ignition of fuel sprays.

Some of the gaps identified in the literature pertain to the role of reactive species in influencing
ignition, as well as the impact of flame kernel characteristics—such as size, number, and spatial
distribution—on flame stability. Additionally, the influence of flow-field dynamics on both
ignition and subsequent flame propagation remains largely unexplored. To elucidate the roles of
chemical kinetics and flow-field dynamics in determining spray ignitability experiments were
conducted by varying the ignition location within the spray to study the influence of local
equivalence ratio on ignition outcomes. LIBS was used to measure the H/O atomic intensity ratio
as a qualitative indicator of local equivalence ratio. Additionally, the number and size of flame
kernels were quantified to explore how kernel statistics affect ignition success. Furthermore, by
varying laser pulse energy and ignition location, three distinct ignition outcomes were observed:
short-mode failure, long-mode failure, and successful ignition. These modes were distinguished
based on the flame kernel's extinction timescale, as captured through high-speed imaging. LIBS
was also used to detect emission from combustion-relevant radicals such as OH and CH. High-
speed imaging not only enabled visualization of flame kernel evolution but also helped quantify
kernel trajectories. Together, these diagnostics offer a comprehensive framework to interpret
ignition behavior and predict failure modes. The results from this study pave the way for the
development of closed-loop feedback systems to optimize ignition parameters and contribute to

the broader goal of designing reliable and efficient ignition systems for spray combustion.

10



Additionally, the insights gained here can inform future experimental investigations and

computational modeling efforts in multiphase laser ignition research.

This dissertation is organized as follows. Chapter 1 introduces the motivation behind the study and
provides a comprehensive review of the existing literature on laser ignition of gases and sprays.
Chapter 2 describes the experimental methodology, and the optical diagnostic setups employed
throughout the research. Chapter 3 presents the experimental investigation of laser and droplet
interaction, with a focus on droplet breakup and plasma formation. Chapter 4 discusses the results
of laser-ignited spray combustion experiments, highlighting ignition behavior under varying
conditions. Finally, Chapter 5 concludes the dissertation by summarizing the key findings, drawing

overall conclusions, and outlining directions for future work.
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CHAPTER 2:Theory and Methods!

This chapter provides an introduction to the fundamental theory of laser-induced plasma
generation and its underlying mechanisms. It also describes the Laser-Induced Breakdown
Spectroscopy (LIBS) diagnostic technique, which is extensively employed throughout this
dissertation. The remainder of the chapter details the optical setups, experimental methods, and

test conditions used in both the laser—droplet interaction study and the laser ignition of spray study.

2.1 Laser Induced Plasma Generation

A laser-induced plasma’'~>* is produced by focusing a laser beam with sufficient intensity to cause

excitation and ionization of the molecules present in the region. Two primary ionization
mechanisms lead to plasma formation and growth: multiphoton ionization (MPI) and electron
avalanche ionization (EAI). The different stages of laser induced breakdown are shown in Figure
2.1. Multiphoton ionization®*>> (as shown in Figure 2.1a) involves the absorption of several
photons by a gas molecule and its subsequent ionization when the total energy of absorbed photons
is larger than the ionization potential of the molecule. The MPI reaction can be described as

follows:

M+nhv > M" +¢ 2.1)

! This chapter is based primarily on material published as a journal article: Lokini P, Dumitrache C, Windom BC,
Yalin AP. Laser-Induced Breakdown Spectroscopy and Shadowgraphy of Acoustically Levitated Heptane Droplets.
Photonics. 2024;11(11). doi:10.3390/photonics11111044. My contribution to this was to perform the experiments and
write the manuscript.
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Figure 2.1: Schematic of the different stages for laser induced breakdown using nanosecond pulses.
(a) Multiphoton ionization, (b) electron avalanche ionization, (c) plasma growth, (d) blast wave
propagation®?

mixture. However, for successful formation of laser spark MPI is not sufficient. Plasma formation
and growth occurs only when there is a rapid generation of free electrons to counteract the various
loss mechanisms such as electron diffusion, attachment, or recombination. This is achieved

3661 or cascade ionization shown schematically

through the process of electron avalanche ionization
in Figure 2.1b. The seed electrons generated through MPI rapidly gain energy through inverse
Bremsstrahlung absorption of laser radiation and upon further collision with surrounding

molecules, induce further ionization of the gas molecule. This process leads to rapid multiplication

of free electrons. The EAI reaction can be described as follows:
e+thv+M>2e + M (2.2)

The competing roles of MPI and EAI vary with conditions including wavelength, pulse duration
and gas conditions %4, Most of the plasma heating occurs during this phase of plasma formation.
In the subsequent stages of plasma formation, plasma is observed to propagate along the beam

path growing towards the laser source as shown in Figure 2.1c. The final stage involves the

13



formation of a blast wave (shown in Figure 2.1d) that propagates outward from the main plasma

kernel.

2.2 Laser Induced Breakdown Spectroscopy (LIBS)

Laser Induced breakdown spectroscopy (LIBS)® is a widely employed diagnostic technique across
various fields due to its ease of implementation and minimal equipment requirement. As illustrated
in Figure 2.2, a LIBS system involves directing a pulsed laser beam onto the target medium,
causing molecular dissociation and the formation of plasma through mechanisms like MPI and
EAI as detailed in the preceding section. Following plasma cooling and a reduction in ionization
levels, the electronically excited atoms undergo relaxation, emitting element-specific radiation
(atomic emission). This emitted radiation is scrutinized using a spectrometer coupled with an
intensified charge-coupled device (ICCD) detector. Analysis of the identified spectral lines
provides valuable information on the existence, concentration, and mass of species. LIBS
showcases versatility by facilitating the examination of gases, liquids, solids, and aerosol systems.
In this research we employed LIBS as the primary diagnostic to detect atomic lines of interest in

laser ignition of sprays and droplets.

Laser power
supply

Computer

Spectraph

Figure 2.2 The diagnostic process and the necessary equipment for Laser-Induced Breakdown
Spectroscopy (LIBS).%

14



2.3 Experimental Setup and Methodology for the Study of Laser—

Droplet Interactions

2.3.1 Optical setup

Figure 2.3a illustrates the experimental setup employed in this investigation®® for the study of laser-
droplet interaction. For the laser ignition source, an Nd: YAG laser (Continuum custom system)
with a 35 ns pulse duration, operating at a repetition rate of 5 Hz and emitting light at a wavelength
of 1064 nm was utilized. To control the laser energy, a variable attenuator, formed from a half-
waveplate and polarizer was used, to set the laser energy with values given below (shot-to-shot
energy variation of ~3%). A Galilean telescope (f = -100 mm and f= 200 mm) expanded the laser
beam by 2x resulting in a collimated beam diameter of ~25 mm. The collimated beam is finally
focused with a 100 mm plano-convex lens to achieve a beam waist of ~0.1 mm (based on burn
paper measurement) at the droplet location (held within the levitator) with a Rayleigh range of ~5
mm.

To create a controlled environment for the study of laser breakdown on droplets, a single-axis
acoustic levitator (TinyLev, Makerfabs) was utilized to suspend a single heptane droplet in

ambient air (shown in Figure 2.3b). The levitator, as described in Marzo et al.®’

uses an array of
72 ultrasonic transducers operating at 40 kHz to generate a standing wave, with nodes used for
trapping liquid and solid particles. However, this setup has limitations, particularly in trapping
droplets below a diameter of ~500 um, where the acoustic streaming force induces significant
oscillations®®, leading to the droplet detaching and being laterally displaced from the trap region.

Experiments were conducted with three different laser energies: 35 mJ, 80 mJ, and 100 mJ over a

droplet diameter range of 0.7 — 1.7 mm.
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Figure 2.3: (a) Experimental setup for laser irradiation of heptane droplet showing LIBS and
shadowgraphy diagnostics; (b) Single-axis acoustic levitator used to suspend the droplet in air.

Multiple optical diagnostic techniques were employed to study the laser-droplet interaction and
plasma formation®®. For the spatial and temporal analysis of laser plasma optical emissions, LIBS
was used, while shadowgraphy was used to capture images of droplet fragmentation resulting from
the laser interaction. To enable spatial mapping of LIBS measurements, a periscope was used to
adjust the collection height and rotate the image along the horizontal laser beam to align with the
vertical input slit of the spectrometer. A combination of lenses was used to achieve a magnification
of 0.8 (f=500 mm and f=400 mm) to collect the light and couple it to a spectrograph and camera.
The spectrograph (Andor Kymera 328i) employed a 100 pm slit width and a grating with 300
grooves/mm, offering a theoretical resolution of 1.01 nm. The spectra were recorded using an
sCMOS camera (Andor iStar) with an intensifier gain level of 4000, variable gate width providing
a resolution of 7.7 um/pixel. For shadowgraphy, light from a red LED (emitting light at 623 nm)
was collimated by using a lens with a focal length of 100 mm and a telescope (f =200 mm and f
=75 mm) was employed to magnify and focus the image onto an sCMOS camera (Andor iStar).
The camera's resolution was 3.5 pm/pixel. The shadowgraphy is used primarily for direct imaging

of droplet breakup dynamics but its images are also used to spatially reference the recorded LIBS
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spectra (relative to the initial droplet position). Some regions in the shadowgraph images (shown
in the subsequent sections) at specific time delays appear saturated. While the original image is
unsaturated, we adjusted the brightness of the images to show various features like the blast waves

and droplet fragments.

2.3.2 Spatial LIBS Methodology

Figure 2.4 shows the method employed to implement spatially resolved LIBS measurements
(relative to the initial droplet location and surrounding gaseous regions). The overall approach was
to spatially reference the 1-D spatially resolved LIBS spectra with 2-D images of the droplet at
early time from the shadowgraphy. As an illustrative example, both the shadowgraph image (Fig.
2.4a) and the raw spectral image (Fig. 2.4c) were captured at the same time delay and gate width,
which are 1000 ns and 100 ns respectively in this case. In Fig. 2.4b the pixel intensity versus
distance along the laser beam direction is plotted from the 2-D shadowgraph image (using the
magenta region in Fig. 2.4a). The images were divided into a series of spatial ribbons, each 50
pixels wide (~175 pm), along the laser beam direction. Then a threshold intensity value
(determined from multiple datasets) was applied to differentiate between regions without a droplet
(Intensity > 400 [a.u]) and then assume that remaining regions do contain a droplet. The regions
close to the boundary between droplet and no droplet regions where the threshold algorithm
misassigned the regions as such were rejected. Furthermore, based on the pixel location, the laser
illumination side and the shadow (laser exit) side for the regions with no droplet were
distinguished. The red dotted lines in Figure 2.4a indicate the shadow side of the droplet, the blue
dotted lines represent the droplet region, and the green dotted lines denote the illumination side of
the droplet. To find the corresponding location of the droplet on the spectrometer, a linear transfer

function that maps the location of pixels from one camera to the other (based on viewing a grid on
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both detectors) was developed. In Figure 2.4c, the red, blue, and green dotted regions represent the
shadow side, droplet, and illumination side, respectively.

To generate the spectra from the spectrometer, a 50-pixel long ribbon along the detector (spatial
direction) was averaged. Additionally, to account for the background (dark counts and stray
scattering), another ribbon was selected from the bottom of the camera sensor (a region that did
not receive any light), and averaged and subtracted from the main spectra. In Fig. 2..4d, the
variation in spectra for droplet region, and the illuminated side (there was no detectable emission
on the shadow side for this case) are shown. Note that the spectrometer is also calibrated for

(relative) intensity using an LS-1-CAL tungsten-halogen light source.

2.3.3 Electron Density Determination by Stark Broadening

The electron density (ne) was determined by analyzing the Stark broadening of Hy emission line at
656 nm. Traditionally, electron density estimation relied on the Stark broadening of Hydrogen
Balmer lines, which show significant broadening due to the linear Stark effect. The Gigosos-
Cardenoso model (GC)"®"! was used to calculate electron density as this model also considers
collisional/Van der Waals broadening and instrumental broadening. Natural, Resonance, and
Doppler broadening (at temperatures as high as 10,000 K), were neglected as each contributed to

less than 5 pm’?. The H, FWHM due to Stark broadening AAsirk (nm)’+’2 is determined as:

2

Mhsaric = 8.33x 1073 (2£)° 2.3)

1020

where n. is the electron density (m™).

The FWHM for Van der Waals broadening, AAy4 waais,0f He is calculated (in nm) as’!72:
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Ay waas = 0.1x Tgp 0.7 (2.4)

300

where p is the pressure (bar) and T, is the gas temperature (K). The instrumental broadening of
the spectrometer was measured with a He:Ne laser at 543 nm by fitting a Lorentzian function as
0.48 nm (in rough agreement with calculation based on grating and monochromator parameters).

In Figure 2.5, method used to fit the Hy line using a Lorentzian profile in Matlab with an open
source peakfit * code is shown. Furthermore, the electron density was obtained based on assuming
that the resulting lineshape is Lorentzian broadened with contributions from only Stark, Van Der

Waals, and instrumental broadening as follows:*’

A7\Stark = A7\measured - A7\vd Waals — A}\instrurruzntal (2'5)

where the uncertainty in electron density measurements was estimated based on the method

discussed in Van der Horst et al.”? and found as ~£25% with the fitting error contributing the most.
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Figure 2.4: Spatial LIBS procedure (a) 2-D shadowgraphy image, (b) Intensity from 2-D image
(found from magenta region in 2a) plotted against axial distance along laser direction, (c) Raw
spectral image showing spectral data versus spatial position (along laser), (d) Representative
spectra in the illumination side and droplet region. The spectra in the shadow side (red region) is
not shown due to absence of emission. Laser energy — 80 mJ, Droplet diameter — 1 mm, Camera
delay — 1 ps, Gate Duration — 100 ns.
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Figure 2.5: Curve fitting of Hq line emission from heptane droplet irradiation with laser. Laser
energy — 80 mJ, Droplet diameter — 1 mm, Camera delay — 1 ps, Gate Duration — 100 ns.

In addition to determining the electron density, optical emission spectra of O lines was utilized to
measure the plasma gas temperature. Assuming the plasma is in Local Thermodynamic
Equilibrium (LTE), the Boltzmann plot method was employed to estimate the plasma temperature
using the atomic oxygen lines at 715 nm and 777 nm. These lines were chosen based on their

strengths and upper-level energy spacing. The plasma temperature is found as>*:

E'-E

I aly,!
ln(lg,A v )
I'gAv

KT = (2.6)

where [ is the total emitted line intensity (wavelength-integrated), v is the line center frequency, g
is the statistical weight, E is the transition upper-level energy, and A is the Einstein coefficient for
spontaneous emission (for two lines ¢ and unprimed). While deviations from LTE can occur, the
high electron densities, electron temperatures and short time scales associated with laser-induced
breakdown plasmas typically support the LTE assumption, especially in the core region of the
53,74

plasma
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In Figure 2.6, curve fitting of both the O lines with a Voigt profile using the peakfit’® code to
calculate the total intensities is illustrated. The uncertainty is estimated based on the method given
in El-Rabii et al.>* and is about 30% with the uncertainty in Einstein coefficients and measured

areas contributing the most.
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Figure 2.6: Curve fitting of O line at 715 nm (left) and O triplet at 777 nm (right) emission from
heptane droplet irradiation with Laser energy — 80 mJ, Droplet diameter — 1 mm, Camera delay —
1 ps, Gate Duration — 100 ns.

2.4 Experimental Setup and Methodology for Spray Ignition Study

Figure 2.7 illustrates the experimental setup used for spray ignition study. A vertically mounted
annular co-flow spray burner (ACS) was used for spray ignition. The burner and nozzle were
characterized in previous works’ for various fuels, including n-heptane. The airflow rate was
regulated using a mass flow controller (Alicat MFC, model?) with high accuracy (+0.8% of reading
and +0.2% of full-scale), while the fuel flow rate was controlled by a high-pressure syringe pump
(ISCO, Model 260D). The ACS burner was placed on a three-axis kinematic stage to change the
relative spark position in all three directions. All the experiments in this study were conducted at

fixed air fuel flow rate of 250 SLPM and fuel flow rate of 50 ml/min. A Nd: YAG laser (Continuum
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custom system) with a 35 ns pulse duration, repetition rate of 5 Hz, and a wavelength of 1064 nm
was used for laser ignition. A variable attenuator, formed from a half-waveplate and polarizer
combination was used to control the laser energy without affecting the beam profile or temporal
characteristics. The shot-to-shot variation of laser energy was ~3%. A Galilean telescope with
focal lengths of =100 mm and 200 mm expanded the laser beam by a factor of 2, resulting in a
collimated beam diameter of ~25 mm. The collimated beam was then focused with a 250 mm
plano-convex lens to achieve a beam waist of ~0.2 mm (based on burn paper estimate) with a

Rayleigh range of ~5 mm. The laser was focused at 40 mm above the burner in all the test cases.

Several optical diagnostic techniques were used to investigate the ignition kernel evolution and its
interaction with the spray. LIBS was employed to collect optical emissions of combustion relevant
radicals including H, O, N, OH, CH, CN, and C». A combination of lenses were used to achieve a
magnification of 0.7 (f = 500 mm and f = 350 mm) to collect the light and couple it to a
spectrograph and camera. The spectrograph (Andor Kymera 328i, Belfast, Northern Ireland)
employed a 100 um slit width and a grating with 300 grooves/mm, offering a theoretical
wavelength resolution of 1.0 nm. The spectra were recorded using an sSCMOS camera (Andor iStar,
Belfast, Northern Ireland) with an intensifier gain level of 4000 and variable gate width and delay,

providing a spatial resolution of 7.7 um/pixel.

The acquired spectra were analyzed using MATLAB with the open-source peakfit’”® code. A
Lorentzian function was employed to fit the Stark-broadened H line at 656 nm, while a Voigt
function was used to fit the O I triplet at 777 nm. The integrated areas (and associated fitting errors)
of the H and O lines were used to compute the H/O spectral ratios, including the corresponding
uncertainty. Although a relative spectral response calibration was not performed, this omission

does not affect the interpretation of trends or relative changes in the H/O area ratios. Additionally,
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Fig. 2.7: Experimental setup for laser ignition and diagnostics of spray. Inset at top right shows a
photograph of the burner flame operating on an n-heptane flame (Fuel — 40 ml/min, Air — 200
SLPM). Inset at bottom right shows the coordinate convention for ignition locations.

the CH band emission (A2A — X?I1 (0-0), with a peak near 432 nm was analyzed to differentiate
between ignition and failure modes. This spectral band was also fitted using a Voigt function to
quantify the CH intensity. A statistical analysis of the number and size of ignition kernels was also
conducted using an intensified camera (Andor iStar sSCMOS). Figure 2.8a shows an image of the
corresponding plasma kernels captured with 50 ns gate-width centered on the laser pulse. The
corresponding intensity profile, shown in Figure 2.8b, illustrates the method used to identify and
characterize individual kernels. Peaks in the intensity profile were used to count the number of
kernels, while the kernel size was estimated from the spatial full-width-at-half-maximum (FWHM)

of each peak. The total kernel length was obtained by summing the individual kernel widths.

OH chemiluminescence imaging was also used to characterize the ignition modes in this study by
using an intensified camera (Andor iStar sCMOS) with a bandpass filter (Andover) with a center
wavelength of 310 nm. The camera was operated with a gain of 4000 and the images were captured
at varying delays from the laser pulse with variable gate widths, providing a resolution of 27
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um/pixel. Finally, high-speed imaging was employed to track the evolution of the flame from laser
deposition to the formation of a self-sustained flame. A high-speed camera (Photron Fastcam SAS)

operating at a 40 kHz frame rate was used to this end with an image resolution of 0.15 mm/pixel.
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Fig. 2.8 (a) Location of spark kernels Image captured on sCMOS (b) Intensity from spark kernel
plotted against axial distance along laser direction.

Table 2.1 Summary of experimental conditions

Laser Energy Radial ignition location
(mJ) (mm)
20
30
Set #1 125
40
30 0
50 0
80 0
Set #2
80 10
150 0
250 0
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Table 2.1 summarizes the experimental conditions for the two sets of tests performed. In both
cases, the air flow rate was held constant at 250 SLPM, and the fuel flow rate was fixed at 50
mL/min. The first set of experiments focused on examining the effect of local fuel-air ratio and
kernel characteristics on spray ignitability. The second set investigated how varying laser energies

and ignition locations influence ignition outcomes and failure modes.
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CHAPTER 3: Laser Induced Breakdown Spectroscopy and
Shadowgraphy of Acoustically Levitated Heptane Droplet?

This chapter presents the results from the laser—droplet interaction study conducted using an
acoustic levitator and the optical setup described in Chapter 2, Section 2.3. Both laser energy and
droplet size were systematically varied to investigate different droplet fragmentation regimes.
Droplet fragmentation dynamics were visualized using shadowgraphy, while Laser-Induced
Breakdown Spectroscopy (LIBS) was employed to identify the species present in the breakdown
region and to quantify electron density and temperature. To resolve the plasma characteristics
across the interaction domain, spatially resolved LIBS measurements were performed by mapping
the reference images acquired from the camera to the corresponding emission spectra. This
approach enabled the determination of breakdown locations and the inference of localized plasma

parameters throughout the droplet interaction region.

3.1 Results and Discussion

3.1.1 Shadowgraphy of laser-induced droplet fragmentation

The fragmentation of droplets induced by a laser pulse is influenced by factors such as laser pulse
energy, duration, and focusing conditions as well as the intrinsic droplet characteristics such as
size, composition, and density'>?°. When the laser is focused within the droplet, part of its energy
is scattered and reflected while the droplet absorbs (and potentially refocuses) the remainder. This

absorbed energy partly initiates plasma formation, causing droplet expansion and fragmentation,

2 This chapter is based primarily on material published as a journal article: Lokini P, Dumitrache C, Windom BC,
Yalin AP. Laser-Induced Breakdown Spectroscopy and Shadowgraphy of Acoustically Levitated Heptane Droplets.
Photonics. 2024;11(11). doi:10.3390/photonics11111044. My contribution to this was to perform the experiments and
write the manuscript.

27



while the rest dissipates into a blast wave. In some cases, plasma formation events occur at multiple
locations within or around the droplet®®. Bulat et al.!” proposed that the fundamental mechanism
behind laser-induced droplet breakdown is the explosive evaporation of the droplet. As the laser
penetrates the droplet's core, it heats the droplet intensely, exceeding the saturation vapor
temperature at the given conditions and creates an internal vapor cavity, or cavitation bubble,
within the droplet. Subsequent laser pulse absorption increases the pressure within this cavity,
generating plasma and initiating a blast wave. This expanding blast wave leads to thermal
ionization of the surrounding (cavitation) gas and droplet species along its path. The resultant free
electrons cause further ionization, continuing the breakdown process and culminating in rapid
vaporization. Consequently, the droplet undergoes destruction through jetting or explosion. While
Bulat et al.! do not specify the droplet size and laser energy required for this type of breakdown,

15,16,76

several studies experimentally verified this mechanism of droplet breakdown in water

droplets at diameters of 3-4 mm with small laser energies (~2 mJ).

8.96 mm :
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Figure 3.1: Time-sequence of shadowgraph images of laser irradiation of heptane droplet at laser
energy of 80 mJ for droplet diameter of ~1.5 mm. The camera gate width is 100 ns.
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Figure 3.1 illustrates the optical breakdown of a heptane droplet, approximately 1.5 mm in
diameter, induced by a laser pulse at 80 mJ, captured at various time delays from the laser pulse.
Although each image corresponds to a distinct experiment, the sequence is quite repeatable such
that the panels illustrate the temporal evolution of droplet irradiation phenomena. At these laser
and focusing conditions, optical breakdown in air (without the presence of the heptane droplet)
was also observed. In the image shown at t = 100 ns (relative to the time of the laser illumination),
strong luminous (plasma) region within the droplet, proximate to the droplet-air interface on the
“shadow” (downstream laser) side was observed. This luminous region may be indicative of a
cavitation bubble, likely consisting of heptane vapor, and suggests plasma breakdown primarily
occurs at this location. At 400 ns, owing to rapid ionization and heating, the bubble/luminous
region grows in size, engulfing the droplet. The plasma formation inside the droplet generates a
blast wave (labeled forward plume) that propels the droplet fragments (as seen at 1000 ns) towards

the shadow side of droplet implying non-uniform spatial energy deposition.

A time scale for cavitation formation and bubble growth can be determined from the Rayleigh-

Plesset equation’’:

Ro

teav = Praser/p (3.1)

where Ry is the initial bubble radius (considered to be on the order of the beam waist) and p is the
heptane density. The pressure inside the bubble after laser energy deposition, Praser comes from
the rapid conversion of the absorbed energy into heat, which causes localized vaporization and a

vapor bubble to form. This pressure can be estimated from the energy density in the region affected
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by the laser. A rough estimate of the pressure rise inside the bubble can be obtained by assuming

that the energy density is approximately equal to the work done by the expanding bubble:

E aser
PLaser = —tasel (3.2)

3VLaser

where the factor 1/3 is a consequence of averaging over the three spatial dimensions for energy
distribution into the bubble, Epaser is the laser energy, Viaseris the initial volume of the spark . The
substitution of laser parameters yields a characteristic time scale for the bubble development is

~30 ns (prior to explosion) which agrees with our empirical observations presented in Figure 5.

Additionally, at later delays (10 ps and 1 ms), the droplet undergoes catastrophic fragmentation,
disintegrating into smaller fragments. Overall, when the laser passes through the droplet, the front

side (entrance) appears to undergo a relatively weaker disturbance, while the exit experiences

1.78

intense energy buildup and eventual fragmentation. Hsieh et al.”® noted this type of fragmentation

15,16,29

in water droplets in an argon atmosphere with a 532 nm laser, and several other studies also

documented this in diesel'® and biodiesel droplets48.
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Figure 3.2: Time-sequence of shadowgraph images of laser irradiation of heptane droplet at laser
energy of 80 mJ for droplet diameter ~1.0 mm. The camera gate width is 100 ns.

Figure 3.2 depicts a qualitatively different optical breakdown in this case due to a heptane droplet
with a diameter of approximately 1 mm, induced by a laser pulse of 80 mJ, again captured at
various time delays relative to the laser pulse. In comparison to the larger diameter (1.5 mm) case,

at early time (100 ns panel), a prominent luminous (plasma) region was observed on the
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illumination side (upstream side), as well as within the droplet, closer to the droplet-air interface
on the shadow side. This may be indicative of two distinct breakdown events, contrasting with the
single event observed in the case of the larger droplet. The plasma breakdown on the illuminated
side appears to originate from the gas phase adjacent to the droplet, potentially incorporating the
vapors from the droplet and may not have formed from the cavitation/vapor bubble route as
described by Bulat et al.!>. The second breakdown site, a weaker event occurring at the shadow
side of the droplet, can be attributed to the droplet's ability to refocus’ some of the laser energy.
However, this results in a significantly weaker breakdown and blast, as much of the energy has
already been expended in the initial breakdown. Furthermore, two blast waves generated from the
two breakdowns, with a stronger blast wave on the illumination side and a weaker one on the
shadow side of the droplet were observed. In addition to these blast waves, two jets, labeled as
backward and forward plumes, are evident on both the illuminated and shadow sides of the droplet.
These plumes show the expulsion of droplet fragments propelled outward from the droplet.
Eickmans et al.”’ noted this type of fragmentation in water droplets with a 1064 nm laser at

different intensities.

If the energy deposited by the laser pulse is large relative to the volume of the droplet, the droplet
may not have time to undergo cavitation and instead it will disintegrate due to rapid phase
transition or explosive boiling. This is supported by the experimental observation shown in Figure
3.1 and Figure 3.2. For a fixed laser energy of 80 mJ, quite different droplet fragmentation regimes
based on the droplet size were observed. In the case of the 1.5 mm droplet, plasma emission was
observed inside of the droplet and the droplet seems to maintain its structural integrity during the
emission process for a relatively long time (~ 1 us) thus supporting the idea that cavitation has led

to formation of plasma within the droplet. However, when the droplet size is reduced to 1 mm,
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plasma emission is accompanied by droplet fragmentation almost instantaneously (images at 100
ns already show droplet fragmentation). It is posited that as the volumetric energy absorbed in the

droplet increases, the droplet undergoes almost instantaneous disintegration without cavitation.

.

[ |
(a) (b)
Figure 3.3: Shadowgraph images of laser irradiation of 1 mm diameter heptane droplet at: (a) laser

energy of 80 mJ (b) laser energy of 35 mJ. The camera delay is 1000 ns and gate width is 100 ns
for all cases.

Figure 3.3a and 3.3b provide a comparison of droplet breakup dynamics for a droplet of 1 mm
diameter but at two different laser energies of 80 mJ and 35 mlJ respectively. Note that optical
breakdown was not detected in air at 35 mJ. Despite the substantial difference in laser energy, the
droplet fragmentation at 35 mJ closely resembles that observed at 80 mJ with a larger droplet
diameter of 1.5 mm (Fig. 3.2). In both cases, a single blast wave originates from a single
breakdown event occurring at the droplet-air interface on the shadow side, resulting in a forward

plume.

The results so far indicate that the energy coupled into the droplet affect the breakup dynamics and
energy distribution within the droplet. It is also worth noting that there may exist other
fragmentation regimes beyond those examined in this study, that could result in different modes
of optical breakdown within the droplet. Some research groups'*?%? have identified a lower
energy regime where breakdown predominantly occurs near the shadow side of the droplet, with

the remaining laser pulse sustaining breakdown growth that results in a blast wave. On the other
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29,78

hand, a higher energy regime is also observed, characterized by multiple breakdowns on both

the illuminated and shadow sides of the droplet.

3.1.2 LIBS of laser-induced droplet fragmentation

Figure 3.4 shows single-shot LIBS spectra of air plasma over a range of 500-800 nm at various
time delays relative to the laser pulse. The laser was focused using the same configuration as is
employed for droplets with pulse energy of 80 mJ in this case. These data, collected in the absence
of droplets, serve as a benchmark for the diagnostic system and will be crucial for subsequent
comparisons with spectra acquired when droplets are present. At the earlier time delays, a high
background contribution from bremsstrahlung emission (also known as free-free transitions)
which decreases significantly with time®* was noticed. The plot labels the atomic lines of N 1I at
648 nm and 661 nm, H, at 656 nm, O I at 715 nm, 777 nm, and 794 nm, N I at 746 nm °. These
lines are a result of the laser breakdown of ambient air, with N and O originating from the
dissociation of molecular nitrogen and oxygen respectively, while H, comes from the dissociation
of naturally occurring water vapor in air*>. These air plasma spectra are consistent with

measurements from other researchers at similar conditions.>?

40

——Delay =100 ns

NII-518 nm
Delay = 200 ns
NII-553 nm —Delay = 300 ns
30¢ —Delay = 500 ns
NII- 648 nm

|

OI-777 nm
N II- 567 nm
\

Intensity [a.u]
N
o

10x intensity
NII - 594 nm N1- 746 nm

H, - 656 nm l

-
o

0 : : ;
500 550 600 650 700 750 800

Wavelength [nm]

Figure 3.4: Emission spectra of air plasma at various time delays with atomic lines labeled. The
spectrum at 500 ns is shown after multiplication by factor of 10 (for enhanced readability).
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Figure 3.5a and 3.5b show the time-resolved LIBS spectra over the spectral range of 500-800 nm
following laser irradiation of a heptane droplet with laser pulse energy of 80 mJ at diameters of
~1.5 mm and ~1 mm, respectively. The spectra are representative of all spatially integrated light
from the droplets as found by averaging across all pixel (spatial) rows showing luminosity (the
spatial variation in the spectra is discussed in the subsequent section). In the ~1.5 mm case (Fig.
3.5a) C; Swan bands at ~516 nm, ~563 nm, and ~600 nm are noted with no discernible atomic
lines. The C> molecular bands are superimposed on a significant continuum emission that reduces

1.2° also noted continuum emission from the laser breakdown of water

with time. Eickmans et a
droplets. The plasma inside the droplet is optically dense (electron density ~10'® cm™) such that
the emission from the atomic species (internal to the droplet) is absorbed by the electrons. This
radiation is then re-emitted by the electrons via Bremsstrahlung emission®®. As discussed in the
previous section, under these conditions only a single breakdown event and a single blast wave
due to the reduced energy distributed among the heptane molecules was observed. This indicates

that the energy is insufficient to dissociate the heptane into atoms, but it can lead to the formation

of C through the multi-photon dissociation®! of heptane.
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Figure 3.5: Emission spectra of heptane droplet irradiated by laser at energy 80 mJ, at various time
delays, for droplet diameter of (a) ~1.5 mm and (b) ~1 mm. The spectra in (a) at delays 700 ns and
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1000 ns are shown after multiplication by factor of 5 for enhanced readability. Gate duration in all
cases is 100 ns.

In the ~1 mm case (Fig. 3.5b) significant continuum emission superimposed on atomic lines of H,
N, and O was noted at earlier delays compared to later times. The H, (656 nm) emissions may be
due to a combination of dissociation of the heptane (C7His) molecule (liquid phase but also
vaporized in air region adjacent to droplet) and partly from the dissociation of ambient water vapor.
The atomic O and N lines originate from the dissociation (and excitation) of the oxygen and

nitrogen molecules in the air surrounding the droplet.

These findings indicate that the breakup dynamics of the droplet are significantly influenced by
the ratio of laser energy to the droplet's volume. Therefore, energy density metric, expressed
volumetrically as energy per unit volume is proposed to classify the cases into the two observed
regimes based on the experiments conducted at different laser energies (35mJ, 80mJ, 100mJ) and
droplet diameters (0.7-1.7 mm). Figure 3.6 shows the impact of energy density on the type of
breakdown or regime. Here regime 1 is defined as the scenario where only one breakdown (within
the droplet) and its corresponding blast wave are observed, and regime 2 as the scenario with
multiple breakdowns and blast waves. Furthermore, in terms of spectra regime 1 shows primarily
C> bands but not atomic lines, while regime 1 shows atomic lines of Hy, O, and N. Regime 1 is
present for energy density <~70 mJ/mm?> while regime 2 occurs when energy density exceeds that
value. A transitional regime is observed for energies densities in the range of ~60-80 mJ/mm?

(which may also be due to experiments with slight misalignments between laser and droplet).
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Figure 3.6: Mapping of energy density and regimes observed in the current study. Inset pictures
are both captured at 1 ps from the laser with a gate duration of 100 ns and laser energy of 80 mJ
and droplet diameter of ~1. 5 mm for Regime 1 and ~1 mm for Regime 2.

In addition to the reported regimes, other types of fragmentation are also noted in the

literature'®-17-2%-30

. Alternatively, the droplet mass could be used in place of droplet volume to
develop this metric. Building on this approach, a dimensionless number could be formulated to
account for factors such as droplet density, specific heat/latent heat of vaporization (to account for

varying droplet compositions), initial droplet temperature, and ambient pressure, providing a

predictive tool for determining the fragmentation regime.

3.1.3 Plasma parameters of heptane droplet

The obtained droplet spectra can be analyzed to infer electron density and temperature. As a means
to validate our methods, a study for laser plasmas formed in air (no droplet present) was first
performed. Figure 3.7a and 3.7b present the electron density and temperature measurements of the
air plasma at laser energy of 80 mJ at various time delays compared to two related literature
studies®*®2. Since El-Rabii et al.”® conducted their study with a 355 nm laser (34 mlJ), and
Boguszko et al.*? conducted their study with a 532 nm laser (180 mJ), exact match to their values

was not expected, however, observed values show similar magnitudes and trends. A reduction in
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electron density with time was observed in all studies owing primarily to plasma recombination®’.

The temperature decreases with time because of rapid expansion and cooling of the plasma after

plasma initiation including radiative losses and collisional processes™.
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Figure 3.7: Variation in (a) electron density and (b) gas temperature of air plasma with time delays
from the laser pulse in air (no droplet) compared with literature®>3?. Laser energy is 80 mJ.
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Figure 3.8: Variation in (a) electron density and (b) temperature of heptane droplets with time
delays from the laser pulse at laser energy 80 mJ and droplet diameter of ~1 mm (regime 2). The
signal-to-noise ratio of O I at 715 nm and H, at 656 nm was too low to estimate temperature and

electron density in the droplet region, respectively.



Figure 3.8a and 3.8b depict the spatially resolved electron density and gas temperature
measurements in heptane droplets of diameter ~1 mm (regime 2) at various time delays for the
illumination side. The data are for laser energy of 80 mJ and compared with results from the air
spark. A similar analysis is not possible for the regime 1 scenario due to the absence of spectral
lines and the droplet region in regime 2 owing to low signal-to-noise ratio of the H, at 656 nm.
The electron density in the air plasma and on the illuminated side of the droplet are comparable,
with the exception of early times. Similarly, the temperature of the air plasma closely matches that
of the illuminated side of the droplet. Despite differences in species composition between air and
heptane, the plasma parameters, including electron density and temperature, remain remarkably
similar. This could be possibly because the ionization energies of heptane 33 (~10eV), nitrogen **
(~15 eV) and oxygen® (~12 eV) in air are on the same order of magnitude. As a result, the laser
energy needed to generate free electrons and heat them to high temperatures is comparable in both

media, resulting in similar electron densities and temperatures.

3.1.4 Spatial LIBS of heptane droplet

Figure 3.9a and 3.9b shows representative spatially resolved spectra at laser energy of 80 mJ and
at droplet diameters of ~1.5 mm and ~1 mm respectively. Using the spatial referencing scheme
discussed in Section 2.2, spectra corresponding to the droplet region and illumination (upstream)
side were obtained. Even though a blast wave is seen propagating from the shadow side of the
droplet in both the regimes, emission lines or continuum in this region were absent. In ~1.5 mm
scenario, Cz bands at 516 nm and 563 nm in the droplet region were observed while the
illumination side is devoid of any atomic or molecular bands. However, in ~ mm scenario, atomic

lines of Hy and N in both illumination and droplet regions were noted. This supports our earlier
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hypothesis about there being a single breakdown in ~1.5 mm (regime 1) and two breakdowns in

~1mm (regime 2).
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Figure 3.9: Spatially resolved LIBS spectra due to droplet and illumination-side regions at laser
energy 80 mJ for droplet diameters of (a) ~1.5 mm and (b) ~1 mm. The spectrum for droplet region
in (b) is shown after multiplication by factor of 10 (for enhanced readability). All spectra use a
time delay of 300 ns and gate width of— 100 ns.
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Figure 3.10: Variation of electron density over the length of air plasma at Laser energy — 80 mJ,
Camera delay — 1 pus and gate duration — 100 ns. Inset shows the shadowgraphy image of the air
plasma.

Figure 3.10 shows the spatial variation in electron density for an air plasma formed from focusing
a laser at 80 mJ at 1 ps from the laser. The shadowgraphy image shown in the inset highlights the

characteristic tear drop shape of an air plasma with broader waist oriented in the laser direction.
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While the electron density variation in Figure 3.10 is based on a single-shot measurement, it is
representative of similar spectra observed at this time interval in other instances as well. The
electron density remains consistent over the length of the plasma since air is relatively
homogeneous. Additionally, the constant electron density may also imply that laser energy is
distributed uniformly along the plasma. The signal-to-noise ratio for the O 715 line was so low
that spatially resolved temperature measurements for air plasma and droplet breakdown* were

not possible.
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Figure 3.11: Variation of electron density over the length of heptane droplet breakdown at Laser

energy — 80 mJ, Droplet diameter - 1 mm, Camera delay — 1 ps and Gate duration — 100 ns. Inset
shows the shadowgraphy image with different regions of the breakdown labeled.

Figure 3.11 shows the spatial variation in electron density in the event of a breakdown of a 1 mm
heptane droplet at laser energy of 80 mJ, 1 us after the laser deposition. The shadowgraphy image
shown in the inset shows the different regions in the droplet breakdown. Electron density was
detected only in the illumination side. Unlike air plasma, in the droplet case, spatial variation in
electron density was noted. The electron density is higher in the center of the illumination side and
tapers off on both sides. While the air is relatively homogeneous, when the laser hits a droplet

there are abrupt morphological changes . The laser pulse interaction with the denser liquid (droplet)

40



regions create more localized energy deposition which can rapidly vaporize and ionize the droplet

and lead to a spatial variation in the electron density over the length of the plasma.
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CHAPTER 4: Influence of Laser Energy and Ignition Location on
Evolution of a Hydrocarbon Spray Flame?

This chapter presents the results of the laser ignition experiments conducted on a heptane spray.
The 1* set of experiments were designed to investigate the effect of ignition location within the
Laser-Induced Breakdown Spectroscopy (LIBS) was utilized to measure the H/O atomic intensity
ratio as a qualitative indicator of the local equivalence ratio. In addition, the number and size of
flame kernels were quantified to assess the relationship between kernel statistics and ignition
success. In the second set of experiments both the laser pulse energy and ignition location were
varied, and three distinct ignition outcomes were identified: short-mode failure, long-mode failure,
and successful ignition. These modes were distinguished based on the flame kernel’s extinction
timescales, as captured through high-speed imaging. LIBS was further employed to detect
emissions from combustion-relevant radicals such as OH and CH, providing additional insight into
local chemistry. High-speed imaging not only visualized the evolution of flame kernels but also
enabled quantification of kernel trajectories, offering a detailed view of kernel dynamics under

different ignition conditions.

4.1 Results and Discussion

4.1.1 Representative LIBS spectra

Figure 4.1 shows single-shot LIBS spectra from an air plasma (control case) and a heptane-air

mixture in the 640-790 nm range at a delay of 1 ps to the plasma deposition. Key atomic emission

3 This chapter is primarily based on AIAA conference proceedings paper: Lokini P, Dumitrache C, Windom BC,
Yalin AP. Simultaneous Laser Ignition and Laser-Induced Breakdown Spectroscopy of a Hydrocarbon Spray Flame.
In: AIAA AVIATION 2023 Forum. AIAA AVIATION Forum. American Institute of Aeronautics and Astronautics;
2023. doi:doi:10.2514/6.2023-3603. My contribution to this was to perform the experiments and write the manuscript.
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lines are labeled, including Hq at 656.3 nm (Hq and H are used interchangeably in this paper), N I
at 746 nm, and O I at 777 nm. While H, emission occurs primarily from the dissociation of water
vapor in air, O I and N I originate from the dissociation of oxygen and nitrogen in air respectively.
Spectral line identification was performed using the NIST database ’°. The O I emission is
significantly stronger than H, due to the low water vapor content in air (typically less than 2%).
In the heptane-air spectra, H emission arises mainly from the dissociation of heptane, while O 1
and N I originate from the ambient air. Compared to air plasma, the heptane/air mixture exhibits a
significantly stronger H signal, as expected due to the higher hydrogen content in the fuel. In the
subsequent analyses, the ratios of these spectral features will be examined relative to the ignition

outcomes.
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Fig. 4.1 LIBS emission spectra of air and heptane-air at a delay of 1 us from the laser.

4.1.2 Ignition probability and average H/O from LIBS

Figure 4.2a shows the variation of ignition probability with radial ignition location at a fixed laser
energy of 125 mJ and an axial ignition height of 40 mm (test conditions listed as Set #1 in Table
1).The following equation was used to calculate the uncertainty bars, based on standard deviation

(6), by assuming a normal approximation to the binomial distribution*!:
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o= iZ(

P(1-P)
n

)1/2

(1

where P is ignition probability, n is the number of tests, and Z = 1.96 (based on 95% confidence).

Figure 4.2 b shows the average H/O ratio at the three radial ignition positions (with uncertainty

bars due to standard deviation of repeats). These H/O ratios were obtained by averaging the total

(wavelength-integrated) emission from the sparking events for ignition and no ignition cases due

to H and O. A general decrease in the average H/O ratio was observed as the spark position moves

farther from the burner, which is consistent with a lower concentration of the combustible mixture

in those regions. Lee et al.*’ calibrated H/O ratios with local equivalence ratio and observed a

similar decrease in equivalence ratio with increasing distance from the burner center. However, no

significant difference in H/O was observed between ignition and no ignition events in the present

study. While spectral ratios such as H/O may hold potential as indicators of ignition, these results

suggest that additional spectral features or more comprehensive diagnostics would be necessary

for reliable prediction.
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Fig. 4.2 (a) Variation in ignition probability with radial ignition position (20 tests at each
position with number of ignitions shown). (b) Variation of Ho/O for cases of ignition versus no
ignition. All these tests were conducted at Laser energy = 125 mJ, z =40 mm.
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4.1.3 Early Flame Kernel statistics

Here, we consider statistical analyses of the early flame kernel(s), to look at possible correlation
with extinction trends, using the methods of Section II. Figure 4.3a shows the variation in average
number of kernels with the ignition position at laser energy of 125 mJ and axial ignition location
of 40 mm (test conditions listed as Set #1 in Table 2.1). On average, more kernels are observed for
spark locations closer to the burner centerline. This is likely due to higher droplet density near the
centerline of the burner, which increases the probability of breakdowns since the breakdown
threshold for droplets is lower than the gaseous fuel-air regions*>. However, there is no significant
difference in the average number of kernels between igniting versus non-igniting cases. Figure
4.3b presents the total kernel size, which remains relatively constant across different radial spark
positions, but also does not show significant statistical differences between igniting and non-
igniting cases. Figure 4.3c shows the variation in average kernel size with spark position.
Interestingly, the average kernel size increases with distance from the burner center. This may be
attributed to the distribution of laser energy. Near the centerline of the burner, energy is distributed
over more droplets such that the energy deposition per droplet is likely lower thereby resulting in
smaller kernel size, and vice versa far from the centerline. Again though, considering r = 30 mm,
which is the only position with both ignition and non-ignition, we do not see clear size differences
between those cases. Several studies®** have also noted that in addition to kernel size, a number
of other factors like the local flow dynamics and turbulence could also play a role in ignition of
the spray. For example, Wawrzak and Tyliszczak®® observed that interactions with vortical
structures influence flame kernel development more significantly than the kernel size or number.
Therefore, while both Ho/O ratios and kernel statistics provide useful insights into spray ignition

behavior, they are not sufficient on their own to reliably predict ignition outcomes.
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Fig. 4.3 Variation in (a) Number of kernels, (b) Total kernel size, (c) Kernel size with the radial
ignition location for ignition and no ignition cases.

4.1.4 Classification of Ignition Failure and Success Events

In certain extinction test cases, a luminous ignition kernel that eventually extinguished was
observed. This prompted further investigation using high-speed imaging to better understand the
evolution of the flame kernel from the time of ignition to either a stable flame or extinction at test
conditions designated as Set #2 in Table 2.1. Figure 4.4 presents representative high-speed image
sequences of laser-ignited heptane spray at three laser energies—30 mJ, 80 mJ, and 250 mJ—with
ignition initiated at the burner centerline, 40 mm above the burner surface, i.e., r = 0 and z = 40
mm. In ambient air, a visible spark was generated only at energies above 80 mJ. However, in the
presence of the heptane spray, a spark was observed even at 30 mJ (Figure 4.4a, 0.1 ms) due to the
reduced breakdown threshold caused by fuel droplets. At 30 mJ (Figure 4.4a), the kernel appears
to drift away from the burner and extinguishes at time ~9 ms. At 80 mJ (Figure 4.4b), the kernel
grows larger and propagates further before quenching at time ~31ms. In contrast, 250 mJ
(Figure 4.4c) results in a stable, self-sustained flame, indicating successful ignition. A kernel

failure time was defined as the time of the last frame with an intensity above a predefined threshold.
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Fig. 4.4 High-speed images at different times for three events (a) Short-mode failure, Laser Energy
=30 mJ, (b) Long-mode failure - Laser Energy = 80 mJ, (c) Ignition - Laser Energy =250 mJ. All
tests were conducted at ignition location r = 0 mm, z = 40 mm.

The characteristic velocity for the burner used in this study was estimated based on the air flow
rate of 250 SLPM, through an annular region with an outer diameter of 27.7 mm and an inner
diameter of 10.7 mm?’. This geometry yields an annular cross-sectional area (A) of ~ 512 mm?.
Based on the flow rate and the cross-sectional area, the volumetric flow rate (V) is computed as ~
4.167 x 10° mm?/s. From this flow rate and area, the characteristic velocity (U) was calculated to
be ~8.14 m/s under standard conditions (1 atm, 298 K) using equation 4.1. The contribution of the

fuel stream (50 ml/min of heptane) to the total volumetric flow was neglected in this velocity
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estimate, as it constitutes less than 0.1% of the total volumetric flow rate.
U=~ (4.1)

The flame kernel propagation height, determined from image processing (described in detail in
section 4.1.7), was ~55 mm for ignition cases. Based on this height and characteristic velocity (U),
the corresponding flow time scale is ~7 ms. Kernels extinguishing in less than 7 ms were therefore
classified as “short-mode failures”, while those persisting beyond 10 ms but still ultimately
extinguishing were labeled as “long-mode failures”. Finally, a test case was designated as a
“successful ignition” when the flame stabilized, propagated self-sufficiently and then anchored
itself. Figure 4.5 quantifies the kernel failure times and the probability of each mode across all
tested laser energies. As can be seen, the selection of 10 ms as a separating threshold is appropriate
to classify (delineate) the cases. Similar failure modes were reported by Oliveira et al.>!* for fuel—
air sprays, although their time threshold for distinguishing short- and long-mode failures was
significantly shorter (~0.5 ms) due to different experimental conditions (burner geometry, bulk
flow velocities, and partial pre-vaporization of the fuel). Additionally, while multiple kernels were
observed in this study, Oliveira et al.>!* usually noted single kernels, again, possibly because of
the presence of prevaporized fuel resulting in a relatively homogeneous fuel-air mixture compared
to the present study. The following sections further examine the physical mechanisms underlying

the ignition failure modes.
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Fig. 4.5 Quantified flame kernel failure times at different laser energies, derived from high-speed
image analysis.

4.1.5 OH chemiluminescence Imaging

Figure 4.6 shows representative OH chemiluminescence images captured 1 ms after laser
deposition for the three ignition outcomes. Qualitatively, the OH signal (area and intensity) appears
to be highest for successful ignition, followed by long-mode failure, and lowest for short-mode
failure. Figure 4.7 presents corresponding OH images at 5 ms after laser deposition, where the
distinction between ignition and long-mode failure becomes more pronounced. Based on the OH
chemiluminescence images in Figures 4.6 and 4.7, the total area integrated intensity was computed
and plotted in Figure 4.8a (at 1 ms) and Figure 4.8b (at 5 ms) for various laser energies. These
values represent averages over multiple experimental runs. Data for 150 mJ at 1 ms were not
acquired, and cases corresponding to 30 mJ and 50 mJ were excluded from Figure 10b since the
flame kernels had generally extinguished by 5ms. Across all tested energies, OH
chemiluminescence consistently showed the highest intensity for successful ignition, decreasing
through long-mode and short-mode failures. The increasing gap in OH between ignition and long-
mode failure cases at 5 ms suggests that critical differences in flame development occur within the

first few milliseconds following plasma.

49



68 mm

(2) (b) (c)

Fig. 4.6 Representative images of OH chemiluminescence acquired 1 ms after the laser
deposition for (a) Ignition at Laser energy — 250 mJ, (b) Long mode failure at Laser Energy —
80mlJ, and (c) Short mode failure at Laser Energy — 30 mJ. Camera gate — 1 ms. Scales in all
panels are the same.
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Fig. 4.7 Representative images of OH chemiluminescence 5 ms after the laser deposition (a)
Ignition at Laser energy — 250 mJ (b) Long mode failure at Laser Energy — 80mJ. Camera gate —
I ms.
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Fig. 4.8 Variation of OH chemiluminescence intensity across laser energies and ignition modes.
Data is based on OH images captured with camera gate — 5 ms and delays of (a) 1 ms, (b) 5 ms
after laser pulse.
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4.1.6 CH intensities from LIBS

Several groups have used atomic line ratios including H,0, and N %% to quantify the local fuel-
air ratio in gaseous fuel-air mixtures and correlate it with ignition. However, we did not observe a
strong correlation between the H/O ratios (measured at 1 us after laser spark deposition) and
ignition. This suggests that, even at 1 pus, the dominant influence of the plasma may still obscure
fuel-air ratio effects. To better capture the influence of fuel-air mixing on ignition kinetics, species
measurements at later times may be necessary. However, atomic species undergo recombination

at these timescales leading us to acquire molecular species signals at a delay of 100 ps.

Figure 4.9a illustrates representative emission spectra for ignition cases acquired 100 ps after laser
plasma deposition. The species reveal the presence of key combustion species including OH, CH,
CN, and C.. In addition to OH, CH >*7? is also a key marker of the flame front as it is a critical
intermediate in the oxidation of the hydrocarbons. C; is formed during the decomposition of larger
hydrocarbon molecules*’ and is an indicator of soot formation (precursor to polycyclic aromatic
hydrocarbons (PAHs)). Figure 4.8b compares the CH intensities at different laser energies across
multiple iterations. No spectra or signals were observed for laser energies below 80 mJ where short
mode was observed. At 80 mJ only long-mode failures were detected, while at 250 mJ only
successful ignition occurred. The CH intensities reflects this trend, with higher values
corresponding to ignition cases and lower values to long-mode failures. At 150 mJ both long-mode
and short-mode failures were observed. As previously mentioned, CH serves as an indicator of the
flame front, and based on this data, it can clearly distinguish between successful ignition and long
mode failure. While CH provides insights into why some cases ignite and others fail at 150 mJ,
we hypothesize that additional factors, such as the influence of flow dynamics, may contribute to

the variability in ignition outcomes.
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Fig. 4.9 (a) Representative LIBS emission spectrum acquired for ignition cases at Laser — 250
mJ, (b) variation in CH intensity across different laser energies and ignition modes. Camera
Delay- 100 ps, Gate — 5 ms.

Analysis of Figures 4.8 and 4.9b indicates that both OH and CH radical emissions provide valuable
insights into the mechanisms underlying the identified failure modes. Short-mode failures
exhibited low OH intensities, suggesting insufficient generation of reactive species and inadequate
plasma kernel temperatures. This insufficient reactivity prevents the kernel from sustaining itself,
resulting in rapid quenching within a few milliseconds. Such behavior aligns with prior

observations by Marchione et al.!”

, who identified a threshold in radical production below which
ignition consistently fails due to insufficient chemical activity and heat release. In contrast, long-
mode failures showed intermediate OH and CH emission intensities—higher than short-mode
failures yet lower than successful ignition cases. The inability to transition from a surviving kernel
to stable flame propagation in long-mode failures can be largely attributed to insufficient heat
release to counteract cooling effects. Specifically, the energy provided by the laser at intermediate
energies (e.g., around 80 mJ) is sufficient to initiate kernel formation and initial combustion
activity but inadequate to sustain the vaporization and subsequent ignition of surrounding fuel

droplets. The significant heat loss associated with evaporative cooling slows flame propagation

and prevents the kernel from propagating upstream against the prevailing flow, causing eventual
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kernel extinction®>*’. Oliveira et al.>!> similarly observed a correlation between OH emission
intensities and failure modes, further supporting the significance of radical species measurements

as indicators of ignition success or failure.

The presence of both short-mode and long-mode failures at 50 mJ, and coexistence of long-mode
failures and ignition at 150 mJ, highlights the inherent stochasticity in spray combustion processes.
Such stochasticity in laser-induced ignition has been documented extensively in spray combustion
literature, where slight fluctuations in local equivalence ratios*, droplet clustering, and laser

deposition characteristics'*!

significantly influence ignition outcomes. Furthermore, flow
dynamics such as turbulence intensity, local strain rates, and mixing efficiency significantly impact
kernel survival and growth®. Turbulence can both enhance and impede flame kernel propagation

by affecting heat and mass transfer processes. The subsequent section investigates the impact of

flow-field characteristics on the ignitability of the spray.

4.1.7 Kernel Trajectories and Implications for Ignition

High-speed imaging was utilized to track flame kernel trajectories as a means to investigate the
influence of local flow dynamics on spray ignitability. The kernel locations were identified using
image processing in MATLAB. A threshold level of 0.08 (based on several data sets) was used to
binarize the images. The kernel centroid was then computed as a weighted average of the centroids
of individual subregions, with weights based on both pixel intensity and area. Figures 4.10a and
4.10b depict kernel trajectories over five independent trials at two different ignition locations at
the same height above the burner of z =40 mm both with the same laser energy of 80 mJ. Figure
4.10a is at r = 10 mm, where all the trails resulted in successful ignition and Figure 4.11b is atr =
0 mm where all the trails resulted in long-mode failures. The trajectories at r = 10 mm exhibited a

characteristic downward trajectory following an initial upward motion which redirects heat and
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reactive species toward the incoming fuel-air mixture, promoting sustained combustion. Such
motion is consistent with the presence of a recirculation zone (near the burner), that facilitates
enhanced mixing and longer residence times, thereby favoring ignition. In contrast, kernels
generated at the centerline rose steadily upward, away from the burner, likely due to strong axial
flow. This consistent upward motion inhibited interaction with the fresh mixture, contributing to

flame kernel quenching.

Although the instantaneous flow field was not directly measured and is expected to be turbulent,
symmetry-based considerations provide qualitative insight into the observed ignition behavior. At
the burner centerline (r = 0 mm), the flow is dominated by upward momentum due to the axial
injection of air and spray, resulting in predominantly upward streamlines. This is consistent with
the observed kernel trajectories that rise away from the burner, limiting interaction with fresh
reactants and leading to quenching. In contrast, at off-center locations (e.g., r = 10 mm), the flow
is more likely to contain recirculation zones that could enhance ignition probability. Santiago et
al. reported similar observations*! in the burner ignition phase of ignition. Their study identified
multiple ignition and extinction modes as a function of kernel motion. Additionally, Yang et al.!!
analyzed flame kernel motion and demonstrated that lower local flow velocities and strain rates,
coupled with longer residence times, significantly increased the probability of ignition. The present
observations are consistent with these prior findings, reinforcing the notion that flow-kernel
interactions—particularly those influenced by recirculation zones—are critical in determining

ignition success.
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Fig. 4.10 Kernel trajectories based on high-speed imaging for five iterations over a 8§ ms duration
following the laser spark, at (a) r = 10 mm, Ignition, (b) r = Omm, Long-mode failure. Laser
energy = 80 mJ. The nominal spark location is shown as red star at z =40 mm. The kernel
location at 5 ms is shown as magenta crosses.
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Fig. 4.11 Schematic illustrating the characteristic timescales and temperatures associated with
short-mode failure, long-mode failure, and successful ignition. This schematic builds upon the
qualitative framework proposed by Oliveira®, providing a quantitative depiction of the ignition
modes and includes the plasma temperature (typically ~10,000 K)** and adiabatic flame
temperature of heptane (~2300 K) 374
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The schematic in Figure 4.11 summarizes the insights derived from the present study. Upon laser
deposition in the spray, a high-temperature plasma is formed (typically ~10,000 K*?). This plasma
rapidly cools via recombination processes, typically within a few microseconds. If the deposited
laser energy is too low, the resulting spark gives rise to a small flame kernel that extinguishes
quickly—usually within 10 ms. Despite the high initial temperature, the quantity of reactive
species generated under these conditions is insufficient to sustain combustion, resulting in a short-
mode failure. At higher laser energies, the outcome depends on the ignition location and local flow
conditions, and it can result in either a long-mode failure—where the flame kernel survives longer
(~30 ms) before quenching—or successful ignition, where the kernel transitions into a stable
flame. In successful cases, the post-recombination kernel temperature approaches the adiabatic
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flame temperature of heptane enabling continuous combustion.

Two primary factors were identified as critical to ignition success: laser pulse energy and ignition
location. While high-energy pulses (250 mJ) consistently resulted in successful ignition (with
spray conditions under flammability limits), ignition was also achievable at moderate energies (80
mJ) when the ignition location was shifted to more favorable regions—typically near recirculation
zones. These zones offer enhanced residence times, favorable velocity gradients, and improved
entrainment of fresh reactants, all of which promote kernel growth and flame stabilization. In
contrast, ignition near the burner centerline, where strong axial flows dominate, often resulted in
flame kernel displacement and extinction, even at moderate energies. Overall, the evolution of a
flame kernel into a self-sustained flame is governed by a complex interplay of factors, including
incident energy, ignition location, and flow—kernel interactions. Local turbulence intensity,
convective heat losses, and the ability of the kernel to entrain unburned reactants contribute to

determining whether ignition is ultimately achieved.
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CHAPTER 5: Conclusions

The objective of this research was to develop a deeper understanding of spray ignitability, with the
ultimate goal of informing the design of more effective ignition systems. The investigation was
structured into two complementary components. Chapter 3 focuses on the fundamental interaction
between individual droplets and a laser, while Chapter 4 addresses ignition phenomena within a
spray burner. This chapter summarizes the key findings from Chapters 3 and 4 and concludes by

outlining directions for future research.

5.1 Summary

In Chapter 3, the influence of droplet size, laser energy, and their combined effects on droplet
fragmentation and species composition during the laser irradiation of heptane droplets was
investigated using an acoustic levitator. Shadowgraphy and spatially resolved Laser-Induced
Breakdown Spectroscopy (LIBS) diagnostics were employed to achieve the research objectives.
The experiments revealed that at higher energy densities (>~70 mJ/mm?), designated as Regime
2, multiple breakdown events occurred near the droplet—air interface on both the illumination and
shadow sides of the droplet. The corresponding LIBS spectra exhibited strong atomic emission
lines of Hq, O, and N. In contrast, at lower energy densities (<~70 mJ/mm?), referred to as Regime
1, only a single breakdown event was observed, characterized by spectra containing solely C:
molecular bands with no detectable atomic lines. These results indicate that droplet breakup
dynamics are strongly governed by the ratio of laser energy to droplet volume. At lower energy
densities, the energy available per heptane molecule is insufficient to generate multiple plasma
events, resulting in fewer breakdowns compared to higher energy conditions. This variation in

energy distribution influences both the frequency of plasma breakdowns and the chemical
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composition of the resulting species. These observations also offer potential insights into the
phenomenon of multiple kernel formation in spray-ignited flames. While droplet lensing remains
a widely accepted explanation, another plausible mechanism is that, following the formation of the
initial kernel, residual laser energy—unabsorbed during the primary plasma formation—continues
to propagate and induces additional, smaller breakdown events. Although the available energy is
reduced, the formation of secondary breakdowns remains feasible due to the smaller droplet sizes

typically present in sprays, which require less energy for plasma initiation.

Furthermore, the electron density and temperature under Regime 2 conditions were determined
using Stark broadening of the H, line and the Boltzmann plot method, respectively. It was found
that the electron densities and temperatures in the droplet-induced plasma were comparable to
those observed in air plasmas. However, while air plasmas exhibited minimal spatial variation in
electron density along the plasma channel, droplet plasmas showed a localized increase in electron

density near the center of the illumination side.

The measurements also suggest that the plasma effects persist up to 1 us after breakdown. This
finding implies that, in sprays, estimations of electron density and temperature based on the
methods employed in this study could be significantly influenced by residual plasma effects and
may largely reflect properties similar to those of an air plasma. Measurements at later times are
not feasible due to rapid recombination of hydrogen and oxygen species, leading to insufficient
signal-to-noise ratios for reliable application of Stark broadening and Boltzmann methods.
Consequently, new diagnostic techniques, such as CARS or Rayleigh scattering, would be

necessary to accurately measure the local temperature at later stages.

In Chapter 4, Laser-induced ignition experiments were conducted in an annular co-flow spray

burner to investigate the ignition behavior and ignitability of a heptane—air spray. The first set of
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experiments were conducted at fixed laser energy and varying radial ignition locations. The Ho/O
ratio and kernel size and number were obtained using LIBS. Although the Ho/O ratio decreased
with increasing radial distance from the burner—due to reduced fuel-air mixture availability—it
showed no clear correlation with ignition success. Similarly, while a higher number of kernels
were observed near the burner centerline due to increased droplet density and higher fuel
availability, no consistent relationship was found between kernel number and ignition outcome.
Though the total kernel size correlated to successful ignition cases, no significant spatial trends
were identified in relation to ignition position. These observations suggest that relying solely on
average Ho/O ratios and/or kernel statistics may be insufficient for predicting spray ignition

behavior.

The schematic in Figure 4.11 summarizes the insights derived from the second set of experiments.
Upon laser deposition in the spray a localized high-temperature plasma is formed. This plasma
rapidly cools via recombination processes, typically within a few microseconds. If the deposited
laser energy is too low (30 mJ), the resulting spark gives rise to a small flame kernel that
extinguishes quickly (<10 ms). Despite the high initial temperature, the quantity of reactive species
generated under these conditions is insufficient to sustain combustion, resulting in a short-mode
failure. At higher laser energies (> 50mJ), the outcome depends on the ignition location and local
flow conditions, and it can result in either a long-mode failure—where the flame kernel survives
longer (>30 ms) before quenching—or successful ignition, where the kernel transitions into a
stable flame. The long-mode failures produced substantial radical pools and exhibited signs of
progressing chain-branching chemistry leading to flame front propagation but were ultimately
quenched—Iikely due to the inability to reach an anchoring point leading to blowoff. In successful

ignition cases, the post-recombination kernel temperature approaches the adiabatic flame

60



temperature of the fuel enabling continuous combustion. While high-energy pulses (250 mJ)
consistently resulted in successful ignition (with spray conditions under flammability limits),
ignition was also achievable at moderate energies (80 mJ) when the ignition location was shifted
to more favorable regions—typically near recirculation zones. These zones offer enhanced
residence times, favorable velocity gradients, and improved entrainment of fresh reactants, all of
which promote kernel growth and flame stabilization. The results presented not only highlight the
influence of ignition location but also provide a framework for identifying optimal spark sites—

particularly relevant for practical systems like gas turbine combustors employing laser ignition.

5.2 Future work

The energy density metric developed in the droplet study can be further expanded into a more
comprehensive dimensionless parameter that incorporates additional factors such as droplet
composition, density, laser wavelength, and pulse width. Such a parameter could provide a more
universal framework for predicting droplet fragmentation regimes across different experimental
conditions. By capturing both fluid and laser properties, this metric could enable the determination
of the laser energy and pulse characteristics necessary for achieving consistent and efficient
ignition in sprays. Moreover, the data and trends presented in this work could serve to validate and

36

refine models of aerosol behavior droplet breakdown '°, and ignition phenomena®® offering a

foundation for broader predictive modeling efforts.

Future studies in spray ignition can build on these findings by systematically varying spray
characteristics—such as droplet number density, velocity, and size distribution—to assess their
relative contributions to spray ignitability. Controlled parametric studies could help disentangle

the complex interplay between physical spray properties, chemical kinetics, and flow-field
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dynamics during ignition. Furthermore, extending ignition experiments to include a range of fuels
with differing physical and chemical properties would provide valuable insights into how fuel-
specific factors, such as volatility, molecular structure, and chemical reactivity, influence the
ignition process. Together, these studies would advance the development of more robust ignition

strategies for practical combustion systems, including engines and gas turbines.
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