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Abstract

An experimental approach is presented to evaluate the impact of plasma composition arising
from pulse-to-pulse energy and mixture fluctuations on the non-resonant laser-induced ignition
of sprays. This allows for spark events to be conditioned on the successful or failed
establishment of a flame kernel, a phase dominated by plasma decomposition and
recombination reactions and the on-set of combustion reactions, that is, independent of the
subsequent flame growth phase controlled by propagation phenomena only, such as fuel
availability and turbulent strain. For that, laser-induced breakdown spectroscopy of the
spark-generated plasma is carried out, followed by OH* high-speed imaging of the kernel.
Exploratory experiments in spatially uniform and polydisperse kerosene droplet distributions in
a jet suggest that the hydrogen concentration in the plasma deriving from the fuel dissociated by
the spark is closely related to the generated OH* radicals levels and, in turn, with the success of
establishing a flame kernel. This suggests that the ignition process is heavily controlled by
mixture fluctuations at the spark, inherent of spray flows. The instantaneous mixture at the spark
is estimated with a stochastic model, with the probability density function of the equivalence
ratio exhibiting values higher than twice the mean value, while the highest probability occurs at
lean conditions between the gaseous equivalence ratio and the overall equivalence ratio. The
findings corroborate insights on the early-phase ignition obtained from direct numerical
simulations, and the framework paves the way for the development of smart online
engine-health tools to assess relight capability in future aeroengines.
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1:or the application of LIBS to unveiling the stochasticity of ignition processes in sprays.
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Nomenclature

Af Projected flame area

d Droplet diameter

dio Mean diameter

dzn Sauter mean diameter

ds Spark diameter

Eabs Absorbed laser energy

Ei, Incident laser energy
Transmitted laser energy
Intensity
Mass

Mass flow rate

Number density

Number of droplets

Binomial single trial success probability
Probability

Rosin—Rammler shape parameter
Cummulative volume density function

NT RS VY ZI I YD

Time
Temperature
Vo Unit volume
Ve Control volume
X Rosin—Rammler scale parameter
A Wave length
I Poisson rate parameter
P Density
10) Equivalence ratio
o Gaseous equivalence ratio
o) Liquid equivalence ratio
bo Overall equivalence ratio
B Average
DNS Direct numerical simulation
FAR Fuel-to-air ratio
LIBS Laser-induced breakdown spectroscopy
pdf Probability density function
SMD Sauter mean diameter

1. Introduction

The ignition of a flame in a two-phase flow is of great relevance
to aeroengines and liquid-propellant rocket engines. Besides
the characteristics of the spark, successful ignition of a com-
bustor is dependent on the local (and instantaneous) flow and
mixture conditions at the spark, impacting the creation of a
flame kernel, as well as globally at the combustor, and affect-
ing the subsequent growth of the flame and its stabilisation [1].
Laser-induced breakdown spectroscopy (LIBS) has been used
as a point-wise technique to evaluate the time-averaged air-
fuel equivalence ratio of gaseous mixtures [2-5] and sprays
[6, 7]. A motivation for the use of LIBS to combustion prob-
lems is that, conveniently, laser-induced breakdown can also
be used to enhance ignition [8]. It has the advantage of forming

a flame kernel within a region of the combustor most condu-
cive to ignition, for example, near the spray cone and recircu-
lation zones [9]. Thus, there are potentially great benefits in
using LIBS for online mixture probing [10] and simultaneous
ignition monitoring, for example, through the development
of engine-health diagnostics that can monitor the capability
of high-altitude relight of an aircraft—a process defining the
engine’s operation envelope. For that, the relationship between
the characteristics of the spark plasma and the subsequent con-
ventional combustion behaviour of the spray must be under-
stood. This work provides an experimental framework towards
the development of such tools.

LIBS has been used to reveal aspects of the plasma-flame
transition in gaseous mixtures, providing evidence that rad-
ical generation during the cooling of the plasma may be a key
factor in the growth of a flame kernel. Beduneau et al [11]
verified that, following the initial decay of OH*, CH* , C3,
and CN* radical emissions, a rise of emissions of those rad-
icals occurred only in ignition events—here, loosely defined
as the appearance of a flame—while the impact of the initial
size of the kernel did not seem to be as determining to the
process [11].

In sprays, however, the initial size of the kernel was
observed to be closely related to ignition success [12], attrib-
uted both to the availability of fuel at the moment and loca-
tion of the spark and to the optical effects droplets have on
the laser beam. The presence of droplets may enhance laser
ignition by simply decreasing the threshold energy necessary
for breakdown [13] and therefore increasing the probability of
breakdown by the laser [12, 14]. Still, their effects on the res-
ulting plasma composition and, in turn, on the establishment
of a kernel are not well understood. Furthermore, experiments
carried out by Gebel et al [15] have provided the first assess-
ment of the plasma characteristics during spray ignition. By
comparing the evolution of the LIBS spectra of fuel in air to
those in a nitrogen atmosphere, they found that recombination
processes in the decaying plasma giving rise to C; and CN*
occurred in both atmospheres, while CH* formation occurred
only in air-fuel mixtures, thus suggesting that CH* must be
formed through combustion reactions of reactants in the rad-
ical pool rather than plasma recombination. Despite the inter-
esting findings, successful ignition was always guaranteed in
the air-fuel experiments by using high-energy sparks of 200
mJ. This approach limits the understanding of the process and
its application to realistic spark conditions where ignition fail-
ure in a combustible mixture is prone to occur.

Correlating ignition to the local mixture conditions is not
straightforward. First, ignition is a highly stochastic process,
sensitive to the fluctuations found in a combustor, from tur-
bulence to energy deposition fluctuations [1]. Ignition itself is
a term that is often not well defined in the literature. When
does the transition from the spark plasma into a flame occur,
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and how can one differentiate and quantify the impact that
fuel fluctuations have on two very distinct phases—the first
depending on thermal runaway and the following on propaga-
tion phenomena? Second, mixture fluctuations are inherent to
sprays, as most of the fuel is concentrated in the liquid droplets
which occupy a small volume fraction and are often of similar
size to the laser probing volume. Finally, LIBS has an inher-
ent uncertainty for evaluating mixture composition because
the breakdown plasma is formed through a stochastic pro-
cess prone to fluctuations that control the absorption of laser
energy by the flow. If the mixture brings its own fluctuations,
either temporal (i.e. pulse-to-pulse) or spatial (i.e. inhomogen-
eities at the scale of the plasma volume), the interpretation
of the LIBS signal involves uncertainties that must be under-
stood for accurate utilisation of the technique for combustion
processes.

This work puts forward an experimental approach com-
bining LIBS and OH* chemiluminescence imaging to char-
acterise the plasma generated by the spark conditioned to
the outcome of an ignition attempt, that is, failure or suc-
cess of establishing a flame kernel and a self-sustained flame.
For that, a brief revision of terms and definitions concern-
ing the ignition is first provided, building upon the under-
standing of ignition phases as defined by Lefebvre [20] and
Mastorakos [1, 16]. Experiments are performed in a canonical
and well-characterised flow comprising of uniformly distrib-
uted droplets in a jet. The effects of the local instantaneous
equivalence ratio at the laser spark on the emission intensit-
ies of atomic lines and molecular bands such as H,,, CN*, C3,
O and N in the plasma are investigated by using polydisperse
sprays with different Sauter mean diameters (SMD = d3;). A
stochastic approach is proposed to estimate the degree of equi-
valence ratio fluctuations expected at the spark location. Pulse-
to-pulse laser energy measurements are carried out to reveal
the impact of energy fluctuations on the process.

2. Methods

2.1 Definitions and phases of ignition

The definitions used by various authors concerning the early
phases of ignition are not always clear or consistent, often giv-
ing rise to ambiguities. Here, a time scale concerning the rel-
ative duration of spark effects on the flame kernel is used as a
reference to distinguish between the phases of kernel genera-
tion and flame growth, represented by the red line in figure 1.
With that, relevant time scales and other ignition-related defin-
itions from the literature are consolidated. The time scale con-
cerning the spark effects on the flame is defined as the time
when a net increase of chain-branching reactions over recom-
bination reactions occurs [18], evaluated here as the time at
which approximately constant OH* emissions relative to the
size of the kernel are observed. In numerical works, it could
also be understood as the time at which the maximum temper-
ature of the flame kernel reaches a stable value, being approx-
imately the adiabatic flame temperature [17]. Further, in this
work, a spark event, or ignition attempt is simply every laser
pulse in which breakdown of the mixture is attempted. A flame

kernel is loosely defined as the region of the flow from the
moment breakdown occurs and a plasma is formed, up to its
transition into a self-sustained flame, being characterised by a
length scale shorter than the flow’s integral length scale and
a time scale shorter than the bulk flow time scale [16]*. Fur-
ther, the formation of a kernel, or its initiation, depends solely
on breakdown of the mixture by the laser, generating a hot
plasma—that is, completion of Phase Ia. Following this, the
establishment of a kernel occurs if combustion reactions are
successfully kick-started and are followed by a net increase of
chain-branching reactions, hence representing the successful
completion of Phase I. The transition from plasma to flame
during Phase I is the focus of this work.

Next, if the flame kernel continues to grow, a self-sustained
flame is obtained and marks the end of Phase II. The self-
sustained flame has a length scale larger or of the order of the
flow’s integral length scale, while its time scale is longer or
of the order of the bulk flow time scale [16]. Failure to ignite
occurring after a short duration relative to the spark [16] is then
referred to as the short mode of ignition failure. Here, this rep-
resents failure during Phase I, being evaluated based on the
complete decay of OH* emissions occurring earlier than the
average duration of the spark effects on the flame. Similarly,
failure to ignite that occurs long relative to the spark is referred
to as the long mode of ignition failure [16], representing failure
during Phase II. Finally, in the present experiments, ignition is
defined simply as the establishment of a self-sustained flame
at the end of Phase II—as no stabilisation mechanism of the
flame is present in this experiment, Phase III is not possible.
For experimental works aiming at investigating issues such as
minimum ignition energy, it may be convenient to define the
probabilities of breakdown, kernel establishment, and flame
and burner ignition, based on the number of successful events
in which completion of Phases Ia, Ib, II, and III, respectively,
is achieved, relative to the total number of events.

2.2. Experimental setup

The jet spray burner used in the present work (figure 2(b))
has been previously discussed in detail [12, 22]. Thus, only
its main features, relevant to the present work, are given. The
burner consists of a diverging-converging tube (1) where Jet
A-1 fuel [23] is atomised by an air-assist atomiser (2) in an air
stream, exiting through a 20.8 mm diameter nozzle (detail A).
This forms an open jet, characterised by uniform velocity, tur-
bulence, and droplet size distribution profiles in the radial dir-
ection and within one jet diameter downstream. The droplet
size distribution is controlled by adjusting the liquid and air
flow rates into the atomiser. The overall equivalence ratio of
the flow, that is, the ratio of global fuel and air mass flow rates

4 The flow integral time scale Ty, can be obtained by integrating the norm-
alised autocorrelation coefficient of the velocity measurement. In this work,
measurements were previously carried out with laser doppler anemometry.
The integral length scale is then estimated as Lisb = Twurb X Up, Where the
latter parameter is the flow bulk velocity. Here, Ty, = 1.2 ms, which results
in Ly = 9.5 mm, that is, approximately half of the jet diameter, as expected.
More details on length and time scales of turbulent flows can be found in [21].
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Figure 1. Ignition time scales and relevant definitions. The plot illustrates the maximum flame kernel in respect to the time after the spark.
The figure consolidates findings from previous experiments and simulations [1, 8, 11, 12, 16-19] and shows a critical time scale (red line)
used to distinguish between the kernel generation phase and flame growth phase.

supplied to the burner relative to the stoichiometric fuel-to-air
ratio, ¢, = (el /Mair) /FARy, is set to 0.8 with the mass flow
rate of fuel ritge = 0.133 g s~1 and air s, = 2.364 g s—L.
The stoichiometric fuel-to-air ratio, FARy;, is the mass ratio
of (mgye1/mair) at stoichiometric conditions, being 0.07032 for
kerosene. Within the region of interest the gas-phase equival-
ence ratio, based on the mass of fuel vapour and air, ¢, =
(mMyap/myir) JFARg, is evaluated to be 0.3 [22], as the spray
is partially prevaporised by setting the main carrier air flow
temperature to 100 °C. The two-phase jet formed immediately
downstream of the burner nozzle is characterised by a poly-
disperse size distribution, evaluated in a previous work by the
authors [22] through particle Doppler anemometry measure-
ments. From measurements of the SMD with phase Doppler
anemometry, three distinct conditions of the spray immedi-
ately downstream of the jet nozzle are chosen for experiments:
16, 23, and 27 pm. Modified Rosin—Rammler distributions
were obtained for the three spray conditions [22], with the
shape parameter g being 5.04, 6.12, and 7.23, and the scale
parameter X being 27.9, 38.0, and 44.7, from fine to coarse
spray, respectively.

The jet was ignited with a 532 nm 5 ns beam generated with
an Nd:YAG laser (Continuum Surelite II). Second-harmonic
generation was chosen for convenience, as non-resonant laser-
induced breakdown is independent of laser wavelength [8] and
enough energy, for the purposes of this work, was available
at 532 nm. The ignition optical path consisted of a telescope
(3, —30 mm plano-concave lens and 75 mm plano-convex
lens) to expand the beam prior to focusing with a a 30 mm
plano-convex lens near the edge of the flow. The laser was
fired at 2 Hz so that events were completely independent from

each other. A photodiode at the laser output was used to sync
the laser pulse, an intensified camera for OH* chemilumin-
escence, and the spectrometer system to evaluate the plasma
emissions after breakdown of the mixture. The OH* chemilu-
minescence was imaged after a 100 ps delay form the spark at
12 kHz with an exposure time of 80 us. An additional high-
speed camera with the same frequency and exposure settings
was used with schlieren optics for visualisation of the flow
[12]—used here for the sole purpose of illustrating the prob-
lem investigated. The incident energy was kept at 23 mJ and 47
mJ by adjusting the Q-switch delay of the laser throughout the
experiments. Pyroelectric energy sensors are used to evaluate
the incident (4, partially reflected by a beam splitter) and the
transmitted laser energies (5), Ein and Ey,yg, for each spark.
An approximate 5% pulse-to-pulse variation of the incid-
ent energy was evaluated experimentally, that is, £1.2 and
+2.5 mJ for the low and high energy cases (confidence inter-
val of 95%). The absorbed energy for each condition, evalu-
ated simply as Ei, — Eyans, 1S lower than the incident value;
measurements are given in the results section. The systematic
uncertainty [24] of the air mass flow rate was approximately
2% and 1% for the carrier and atomising air, respectively, and
0.2% for the liquid mass flow rate, thus resulting in a derived
experimental uncertainty [25] for ¢ of approximately +0.3%
(confidence interval of 95%). A systematic uncertainty of 3%
was associated to the incident and transmitted laser energy
measurements, and a combined uncertainty for the absorbed
energy was evaluated using the Taylor series method for
propagation of uncertainties described in [25], being typically
around 0.8 and 1.6 mJ for the low and high incident energy,
respectively.
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Figure 2. Schematics of the (a) laser ignition and diagnostics
systems and (b) the jet spray burner. The apparatus produces a
uniform droplet distribution in a jet, characterised by a polydisperse
spray, top-hat velocity profile, and well-defined gaseous phase. The
growth of the flame following a laser spark is observed immediately
downstream the nozzle. Plasma emissions are collected for each
spark attempt, and the OH" is imaged with an intensified high-speed
camera. Energy measurements are carried out for each spark.
Modified from [12].

Given breakdown of the mixture occurs for a specific laser
spark, the flame kernel may grow or quench while it is con-
vected by the bulk flow at approximately 8 m s~!. The growth
or quenching of a given flame kernel was determined from
its projected flame area, A¢, obtained from post-processing of
the OH* image sequence. From all ignition events, a critical
timescale concerning the effects of the spark on the flame was
obtained based on the decay of the average value of OH* /A¢ to
an approximately asymptotic value [12]. Based on that, events
were categorised as short-mode failure, long-mode failure, in
addition to ignition, as shown in figure 1. In all spark events,
the plasma emission light for each individual spark attempt
was collected and classified based on the ignition attempt out-
come. The emission light was collected using a large 100 mm
convex lens and an optical fibre connected to an echelle spec-
trometer (Andor Mechelle 5000, 50 x 50 um entrance slit,
52.13 lines mm~' grating blazed at 32.35°, reciprocal dis-
persion 1-4.5 nm mm~') and an ICCD camera (Andor iStar,
1024 x 1024 pixels, 13 pum pixels) to record the signal (0.1 nm

FWHM spectral resolution). A delay of 1 ps was set in relation
to the laser pulse, and the plasma emission was collected with
an exposure time of 50 us. The spectrometer was calibrated
with a Hg—Ar light prior to the experiments.

2.3. Mixture fluctuation estimation

Two-phase reacting flows have significant mixture inhomo-
geneities. Most importantly, a significant fraction of fuel is
concentrated in the liquid droplets, which only occupy a very
small volume fraction due to much higher density than the gas
phase. As a result of the random motion of droplets in a tur-
bulent flow and the random break-up of droplets in the atom-
isation process, mean spray properties converge in a statistical
sense when the sampling volume is large and the number of
droplets in a small volume exhibits stochastic fluctuations.

In order to estimate the fluctuations of local equivalence
ratio expected in a small (spark) volume for a monodisperse
spray, a stochastic approach is employed, under the single
assumption of uniform spatial distribution of droplets [26].
Assuming the unit volume V with precisely N droplets ran-
domly distributed, the number of droplets N, that is found in
a small control volume ¢, V. < V,, follows a binomial distri-
bution

No
N

P(Nc) = ( )pN%l —p)hH (1)

where the parameter p = V. /V, represents the success prob-
ability for each trial.

The binomial distribution can be approximated by a Pois-
son distribution if Ny is large and p = V. /Vj is small. Both
assumptions usually hold for sprays of technical interest and
small sparks. Additionally, it is convenient to describe the
number of droplets by a mean number density, defined as the
mean number of droplets in a unit volume, n = Ny/V;, which
is not limited to integer values. Following the Poisson distri-
bution, the probability of finding exactly N, droplets in the
volume V, is
Ne

e Hu
P(NC): N'
N

2

where p is the expected value of the number of droplets in
the spark volume, ;1 = nV,. Analogue to the gaseous equival-
ence ratio a liquid equivalence ratio, based on the mass ratio of
liquid fuel and air, ¢ = (my/ma;) /FARg, is introduced. Then
the liquid equivalence ratio in V. is

Ne

= v o 3

]

where N, is the stochastic variable given by equation (2) and
¢ is the expected value of ¢;. Here, the case of a spatially
uniform distribution was used for graphical purposes. Formu-
lations based on time-average for statistically stationary flow
or an ensemble average for a transient flow are equivalent.
Most sprays of practical interest have a polydisperse char-
acter where droplets span a range of sizes. These size char-
acteristics of the spray can be described statistically by
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means of a size distribution. Under statistically stationary
conditions, this distribution is obtained experimentally with a
long sampling time, corresponding to the time-averaged flow
field. In general, this distribution will depend on the location
in the flow. A commonly used statistical model is the Rosin—
Rammler distribution, which is used to fit the droplet volume
distribution. Then the cumulative volume density function is

ca-1-sa]- (4]

where X >0, ¢>0 are the parameters of the distribution that
can be related to the statistical moments of the spray, e.g.
djo and d3; [27]. Alternatively, sometimes a modified Rosin—
Rammler function, where (d/X) is replaced by (Ind/InX), is
used to better fit the small-size range [28].

The droplet number distribution (i.e. pdf of droplet dia-
meter) can be obtained from the cumulative volume density
function as follows:

“

___ 1 640

where dQ/dd is the volume distribution function. The pdf is
normalised dividing by its integral.

For a polydisperse spray, the reasoning from equation (2)
can be applied to droplet classes containing all droplets of sim-
ilar size, under the assumptions that (a) droplets of each size
class are uniformly distributed in space and (b) that droplets
of different size classes are independent of each other, i.e.
independent and identically distributed. Then the liquid equi-
valence ratio in V, is [26]

= Ni,c n
¢1= ;AQ, T 6)
where AQ; is the the fraction of liquid volume contained in
droplets of size class i (from equation (4)), n; is the droplet
number density of size class i, N; ¢ is the stochastic number of
droplets in V., which follows equation (2) with u; = n; V..
If the spray is partially prevaporised, some fuel may be
present in gaseous form, which is characterised by the gaseous
equivalence ratio, ¢,. The total equivalence ratio in V, is

=g+ 1. (7)

3. Results and discussion

3.1 Fluctuations

3.1.1 Mixture conditions. ~ An important aspect of spray
ignition—in particular, laser ignition with small spark
volumes—is the presence (or absence) of droplets in the spark
volume. This aspect can be understood using the stochastic
approach presented in section 2.3 to describe the fluctu-
ations of the local equivalence ratio in a spark volume. The
model is applied here to the experimental cases described
in section 2.2: kerosene fuel and air supply mass flow
rates rge = 0.133 gsfl, Mgy = 2.364 gs’l, so that ¢, = 0.8

1 0.2
o~ spray
' dy, (um)
O = 16
> = 0.1 o
= — 27
o]
o
0 0
0 50 100 0 50
d (um) d (pm)

(a) cumulative liquid volume (b) number distribution

3
spark
P ds(mm)
- 2p — 04 ]
© ---1.0
g
2. L _
0 \\\\\\\\\
0 1.5 2

(c) estimated equivalence ratio at the spark

Figure 3. (a) Cumulative liquid volume distribution, (b) number
distribution, and (c) pdf of resulting equivalence ratio at the spark
location. Overall equivalence ratio ¢, and gaseous equivalence ratio
¢ are indicated by vertical lines.

(FARg ~ 0.07032). At the region of interest ¢, = 0.3 and, as
a result, the mean liquid equivalence ratio is estimated to be
61 = o — 3 = 0.5,

For three measured flow conditions with SMD d5, = 16,
23 and 27 wm, modified Rosin—Rammler volume distributions
are presumed with X and g parameters given in section 2.2.
For those flow conditions, the cumulative volume distributions
are shown in figure 3(a). The corresponding number distri-
butions (equation (5)) are shown in figure 3(b) for reference.
They illustrate the characteristic high number of small droplets
in a polydisperse spray, which account for only a fraction of
the total fuel volume. Two spark conditions were studied with
spark diameters dg = 0.4 and 1 mm corresponding to the two
incident energies of 23 and 47 mJ, respectively. The plasma
diameter was estimated by imaging the bremsstrahlung radi-
ation of the plasma in air [12].

The model was evaluated using a Monte Carlo approach.
The droplet size range, 1 < d <200 pm, was divided into
approximately one thousand size classes. For each bin, i, the
mean number density n; is estimated as follows. The bulk
volume flow rate at the region of interest is approximately
computed from the supply air volume flow rate to be 7t / Pair-
It is very little affected by the presence of the (dilute) spray,
but the effect of evaporative cooling was taken into account
when evaluating the gas density, pyir, at 7 = 80 °C. The liquid
fuel mass in the region of interest was estimated taking into
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account the prevaporisation, so that the remaining mean liquid
fuel mass flow rate at the spark location is (/¢ )fitguel.
It follows that the number density for size class i can be
estimated as

L A0 (61/ o) 1t/ (md; 7/6)

i "
mair/ Pair

®)

where AQ; represents the fraction of liquid volume contained
in droplet size class i. The spark size was defined by the spark
diameter ds. The relevant control volume representative of the
spark was V, = d> /6.

In the Monte Carlo simulations, a sample of one million
random numbers N, ; is generated for each size class i, follow-
ing a Poisson distribution (equation (2)) with the parameter
i = n;V.. Using equation (6) a sample of one million possible
outcomes for the liquid equivalence ratio in the spark volume,
¢1, is computed. The equivalence ratio at the spark location
is given according to equation (7). Here the gaseous equi-
valence ratio, ¢, is assumed constant, i.e. without stochastic
fluctuations due to complete prevaporisation and premixing
upstream of the section of interest. Finally, the degree of mix-
ture fluctuations expected at the spark location, that is, the
pdfs of the total equivalence ratio at the spark location for the
three spray conditions and two spark diameters are presented
in figure 3(c).

Note that the expected value from all pdfs of ¢ is equal
to the overall equivalence ratio ¢, in the present case with
stationary uniform flow conditions, so that ¢ = g + b=
¢o. Since ¢, is approximately constant, all fluctuations of ¢
are associated with ¢;. Fluctuations of the equivalence ratio
increase with droplet size and decrease with spark size. For
the larger spark, the statistic converges and the pdf narrows
around ¢,. In contrast, for larger droplets the pdf widens with
a higher probability for lean or rich mixture. Additionally the
influence of two further parameters should be noted: (a) fluc-
tuations decrease with the degree of prevaporisation since the
gap between ¢, also representative of the minimum equi-
valence ratio, and the expected value ¢, narrows; (b) fluctu-
ations are higher for a polydisperse spray—such as considered
here—compared to a monodisperse spray, since relatively few
large droplets may contain a large fraction of the total amount
of fuel.

3.12. Energy. Despite the stable operation of the Nd:YAG
laser, characterised by small fluctuations of approximately
5% (C.I. 95%) around the mean incident energy value, the
energy deposited in the flow in each spark event actually
exhibits great variation. This is shown in figure 4 in terms
of pdfs of absorbed energy, E,, for the three spray condi-
tions and low and high incident energies. Fluctuations of up
to 90% of the mean absorbed energy value for low incid-
ent energy are observed, while that value was 20% for high
incident energy. Furthermore, the effect of the SMD on the
absorbed energy seems to be more significant at low incid-
ent energy, in which the coarse spray (ds; = 27 um) led to
typically lower absorbed energy. Two effects are in play and
are expected to affect the energy absorption process. First,
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Figure 4. Pdfs of absorbed energy at the spark location in terms of
the SMD for fine to coarse sprays (dz, = 16-27 um) and low and
high incident laser energies (Ei, = (b) 23 and (c) 47 mJ. The detail
plot shows the mean absorbed value.

if the laser energy is lower than the minimum required for
excitation and atomisation of the mixture—as different spe-
cies have distinct excitation energies—the amount of ion-
ised molecules will be dependent on the local mixture. These
molecules ionised through a multi-photon process release the
necessary seed electrons that absorb more photons, thus collid-
ing with other molecules and ionizing them and, in turn, lead-
ing to further energy absorption, an electron avalanche, and
breakdown of the mixture [8]. Therefore, different local com-
positions would lead to different plasma volumes and differ-
ent amount of energy absorbed between distinct spark events.
Second, the presence of droplets has also optical effects on the
beam path, increasing locally the fluence of the beam and thus
facilitating breakdown, as mentioned previously [13, 14]. In a
non-reacting gaseous atmosphere, for instance, breakdown is
always achieved at absorbed energies of approximately 10 mJ
in the current setup. Moreover, the higher the incident ener-
gies, the larger the focusing region of the laser path with the
required fluence for breakdown and the larger the ‘sampling’
volume of the two-phase mixture (figure 3). This in turn is
expected to lead to more consistent excitation of the species,
lower fluctuations of absorbed energy and of plasma volume
and composition, thus enhancing ignition (figure 5).
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Figure 5. Schlieren (gray scale) and OH* (log color scale) image sequences of the flame kernel during (a) and (b) ignition, (c) and
(d) long-mode failure, and (e) and (f) short-mode failure events—¢ = 0.8, d3, = 16 um, Ei, = 23 mJ.
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3.2. Towards understanding of plasma-flame transition

As an attempt to identify the differences between the success
or failure to establish a flame kernel from the spark-generated
plasma—that is, between short-mode failure events and events
marked either by long-mode failure or ignition—we first illus-
trate the problem with characteristic image sequences of the
flame kernel in figure 5 undergoing (a) ignition, (b) long-mode
failure and (c) short-mode failure as visualised by schlieren
and OH* imaging. Then, the spectroscopic information of the
plasma is introduced in figure 6 for the same flow condition
and incident laser energy, conditioned to (a) short- and (b)
long-mode failure.

Typical of laser-ignition experiments in a jet, the
millimetre-sized flame kernel formed by the spark is imaged
at 100 us after the laser pulse (i.e. at about the end of the
plasma-related processes, early Phase 1b) and during a time
interval of approximately that of the flow’s integral time scale
(1.2 ms). During this short window, the kernel may either
grow or quench, being advected in the direction of the mean
flow (upwards). If only schlieren imaging is used, one cannot
assess the reactivity of the mixture within the kernel region,
that is, distinguish a hot gas blob from a vigorously burning
flame. As seen in the OH* details of the image sequences,
ignition ((a) and (b)) is marked by a strong OH* signal, with
peak regions that represent combustion in the vicinity of large
droplets. In contrast, a slowly or abruptly fainting OH* signal
is observed in the ((c) and (d)) long and ((e) and (f)) short
modes of ignition failure. The connection between the plasma
characteristics, the initial flame kernel formed and the out-
come of an ignition event are unclear.

In figure 6, each sub-figure shows the cumulative spec-
trum concerning many events of a given category out of a

total of 120 spark events for this condition (16 um SMD,
23 mlJ incident energy). Several emission lines can be iden-
tified in both cases. The H, Balmer line and O; atomic
line are clearly visible at 656.3 nm and 777.3 nm, respect-
ively, the former originating from dissociated hydrogen from
hydrocarbon molecules and the latter from dissociated oxygen
molecules in air. Similarly, Ny atomic lines are also present,
e.g. at 821.6 nm. A strong CN* BX+ X231+ molecular band
is found (peak at 388.3 nm), originating from the recombina-
tion of carbon and nitrogen dissociated from fuel and air [29].
The C; d®II,—a’ll, band, which peaks at 516.5 nm, is also
characteristic of hydrocarbon fuels and visible, although very
weak in the cumulative spectrum in comparison to other lines.
Other than the fact that events where a flame kernel was estab-
lished (figure 6(b)) exhibit somewhat higher CN*, C5, H,, and
O; emission levels, not much can be said about the differences
between short-mode and long-mode failure events.

The individual spectra used to obtain the cumulative spec-
trum shown in figure 6 exhibited great event-to-event vari-
ation. This was expected, as both mixture and energy depos-
ited in each spark event were also expected to vary from
event to event [12]. Although the ignition process is under-
stood to be affected by such fluctuations through the result-
ing composition and temperature of the kernel [1], it is a
challenging task, if not impossible, to experimentally evalu-
ate the impact of chemical and thermal effects independently
of each other (e.g. by holding the plasma temperature con-
stant while varying its composition). As the plasma temper-
ature is not directly measured in the present experiments, a
statistical approach is needed to assess the impact of plasma
composition on the process. Next, we discuss these fluctu-
ations in terms of the emission lines previously highlighted.
Each emission value for a different species is evaluated as
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Figure 7. Nj emissions versus energy absorbed in each event. Jet A,
(;5 = 0.8, d32 = 16 pHm, Ein =23 ml.

the intensity measured at the CCD sensor integrated over the
full-width half-max around the peak. As our interest lies in
assessing the impact of the concentration of a given species
in the radical pool on the establishment of the flame kernel,
we look at emissions in terms of Nj emissions as a reference.
N emissions span linearly with the laser energy absorbed, as
illustrated in figure 7 (16 pm SMD, 23 mJ incident energy)—
high emission intensities suggest both a high plasma temper-
ature as well as a large plasma size. Thus, individual species’
emissions are interpreted relative to Ny emissions, represent-
ative of the amount of air present and excited by the laser
spark (hence providing a measure of the relative concentra-
tion of a given species in the plasma) and, to some extent,
representative of the approximate plasma temperature. Addi-
tionally, as the absolute intensity of the species’ emissions
increases exponentially with the absorbed energy, understand-
ing emission intensities in light of N emissions as a reference
can be convenient to account for energy fluctuations inherent
of the process in experiments where the absorbed energy is
not measured.

Figure 8 depicts how H,, and O; may impact on the igni-
tion process. It shows the emissions for each spark event out
of 120 attempts, with H,, in the top row and Oy in the bottom
row, for coarse to fine sprays (left to right). As results for low
and high incident energies are shown, a dashed line and differ-
ent backgrounds roughly separate the two data sets—despite
the high confidence interval, some outliers are present. Events
fall in three categories: (blue) short-mode failure, in which a
kernel is formed but not established, (red) long-mode failure,
in which a kernel is formed and established, and (green) igni-
tion, in which a self-sustained flame is observed at the end of
the process. First, one should note that in the coarse spray ((a)
and (d)), a smaller number of events at low incident energy is
observed since breakdown of the mixture is more challenging

at those conditions [12]. Greater variation of both (a) H,, and
(d) Or emissions can be noted at those conditions, especially
at very low Np values, representative of low absorbed energy
and small plasma size. This effect is expected to be a combin-
ation of higher mixture fluctuations at smaller plasma sizes,
as well as to the partial excitation of the mixture present due
to the extremely low energies deposited in the flow. As the
absorbed energy increases, lower variations are expected, as
seen in the experiments—an effect that seems to be greater
than that occurring due to the change in SMD from 23 pm
to 16 wm.

To establish a kernel—chain branching reactions leading
to net positive radical production—a high ratio of hydrogen
to nitrogen emissions seems to be necessary, that is, a high
concentration of hydrogen excited atoms in the plasma. Most
long-mode failure events (red markers, figure 8) exhibited high
H, emission levels. In particular, events in which successful
ignition was observed (green markers) were characterised by
high H,, emissions. A group of outliers is shown in figure 8(a)
at high incident energy and low H, emissions; these could
be related to spark events in which breakdown occurs in the
absence of droplets at the spark, with only fuel vapour present.
For that, high absorbed energy is needed, near the threshold
value of 10 mJ previously found for breakdown of a pure
gaseous mixture. Few events of this type can be seen at the
right tail of the pdf in figure 4(b)(23 um). Further, in contrast
to the H,, emission data, a wider range of O emissions was
verified in both long-mode failure and ignition events. While
high variations of Oy emissions are observed for low Ny values
or absorbed energies, small variations are observed for high Ny
values, especially in comparison to emissions levels of fuel-
derived species (figures 8 and 10).

The present experimental evidence on the role of hydrogen
radicals in the ignition process, deriving from the local pres-
ence of droplets at the spark location, seems to corroborate
numerical findings obtained in direct numerical simulations
(DNS). DNS findings [17, 30] indicate that the generation of
a mixture with optimum equivalence ratio at the spark loca-
tion is key to the establishment of a flame kernel. For instance,
if evaporation of the droplets surrounding the spark lead to a
near-stoichiometry or rich gas phase, heat release in that area
is observed to be maximised, allowing for a thermal runaway
process to occur and, at the same time, diffusion of energy
towards the surroundings of the spark, which, in turn, allows
for further fuel evaporation leading to flame propagation. Even
in purely gaseous mixtures, the presence of fuel inhomogen-
eities is known to enhance ignition of overall lean mixtures,
while ignition of locally lean mixtures can only be achieved
with significantly higher energies [31]. Furthermore, as dis-
cussed by Gebel et al [15] in the context of LIBS experiments,
the availability of hydrogen in the radical pool is key to igni-
tion, as those recombine with oxygen radicals to form OH*
[15]. With that in mind, we report the OH* intensity of the
flame kernel early in Phase 1b (figure 1), which results from
the plasma processes and early fuel pyrolisis in the kernel. The
OH* signal normalised by flame unit area imaged from 100 to
180 ps after the spark is given in figure 9 together with the
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ratio of H,, to Ny emissions. Despite the great scatter in the
results, a positive correlation between the two can be observed.
Decreasing the SMD from (a) to (c) led to a shift from short-
mode (blue) to long-mode failure (red), that is, flame kernels
survived for longer times in the flow

Similarly to H,, high levels of CN* and C; emissions
were also found in long-failure events and ignition events
(figure 10). CN* emissions are stronger by at least one order of
magnitude than C3, similar to what has been observed in pre-
vious experiments [11]. Additionally, C; emissions exhibited
the greatest variation at high energy conditions in comparison
to all the emissions of all species investigated in this study.
Typically, C5 emission lines are characteristic of overall rich
mixture conditions (mean equivalence ratio between 6 and 10)
[5, 29] and high liquid loading [7]. Both CN* and C, seem to
originate from the recombination of fuel-derived plasma rad-
icals [15], hence also depending on the local instantaneous
equivalence ratio at the spark location. The establishment of
the kernel is believed to also depend on high concentration
of C; in the plasma, which reacts with ground-state OH to

form CH* + CO—an important formation paths of hydrocar-
bon flames [15].

4. Conclusion

An experimental approach was presented to assess the impact
of the plasma composition on the transition from plasma to
flame kernel to self-sustained flame during the ignition of
sprays. LIBS was used to evaluate H,, CN*, C3, Or and Ny
emissions in the flame kernel within the first 50 ps from the
spark, followed by OH* imaging. The OH* signal was nor-
malised by the flame area imaged, used to evaluate the aver-
age time to the net increase of chain-branching reactions,
here defined as critical time scale. Ignition terminology and
definitions were revised based on that time scale, so that the
distinction between kernel generation and flame growth can
be experimentally assessed. This approach allowed for the
plasma emissions to be quantified and conditioned based on
the establishment of a flame kernel, a process dominated by
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plasma decomposition, recombination which then lead to com-
bustion reactions, that is, independently of the subsequent
flame growth phase, which is mostly controlled by flame-
propagation phenomena such as fuel availability and flame
strain.

The stochasticity of ignition was then understood in light
of the kernel generation process and its combined fluctuations
related to laser energy, breakdown and radical generation pro-
cesses, as well as local mixture fluctuations inherent of two-
phase flows. A simple stochastic model was proposed to illus-
trate the degree of mixture fluctuations expected at the spark
location. It showed that, in sprays with a SMD from 16 to 27
pm and plasma sizes between 0.4 and 1 mm, fluctuations of
equivalence ratio can be expected up to over twice the overall
(mean) equivalence ratio of the flow. That, together with laser
energy fluctuations, seem to have impacted on the hydrogen
emissions which derive from fuel decomposition in the break-
down plasma. Preliminary results indicate that in order to suc-
cessfully establish a kernel, that is, obtain a net-positive gain
of radicals through chain-branching reactions, a high concen-
tration of H in the breakdown plasma is needed. Self-sustained
flame propagation is observed for the highest levels of H, and
CN* emissions. Confirming previous evidence, experiments
indicate that the high availability of hydrogen seems to allow
for recombination with oxygen to form OH* in large quantit-
ies, then leading to the main formation paths of hydrocarbon
flames.

The present framework allows for further development of
LIBS towards ignition and engine-health devices that can be
employed in aerospace applications. For that, future work will
include a more detailed account of the plasma-flame kinetics in
sprays by focusing, for example, on the temporal evolution of
key species’ emissions such as H,,, OH* and CH* throughout
the process—from the breakdown of the mixture and recom-
bination processes, through on-set of chain-branching reac-
tions of the kernel. Additionally, the development of LIBS
as an accurate point-wise technique for air-fuel ratio meas-
urements in sprays will also be further explored by combin-
ing the present stochastic model with careful calibration pro-
cedures to obtain local-instantaneous measurements and, with
that, reduce the large uncertainties currently associated with
this technique.
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