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Abstract

This paper explores the ignition and subsequentugga of spray flames in a bluff-body
configuration with and without swirl. Ethanol anehaptane are used to compare the effects
of volatility. Ignition is performed by a laser ska High speed imaging of
OH*-chemiluminescence and OH-PLIF collected at Zkbre used to investigate the
behaviour of the flames during the first stagesigmition and the stable flame structure
following ignition. Swirl induces a wider and sherflame, precession, and multiple reaction
zones, while the non-swirling flames have a simg@gucture. The reaction fronts seem
thinner with ethanol than with heptane. The dateaetbe used for model validation.

1. Introduction

Spark ignition of recirculating spray flames isopit of technological importance which
contains significant fundamental challenges as ntvolves complicated combustion
phenomena [1]. In this paper we extend the invastg of Marchione et al. [2] by examining
flames of various fuels, flows with and without swa laser-induced breakdown for sparking
rather than disturbing electrodes, and we focultaays with higher bulk velocities. Also, fast
imaging diagnostics are deployed to probe the flamécture [3]. There are various phases
associated with the successful ignition of a spoayner: (i) kernel initiation; (ii) flame
growth; and (iii) overall flame stabilisation. Eaaf these phases involves a certain
stochasticity, which leads to a wide range of défeé behaviours for a particular spark
event [1]. This study aims to measure the timescaléhese individual processes, while fast
OH-PLIF is also used to examine the flame structume the development of the kernel in the
first stages of growth.

2. Experimental methods

2.1Burner

The burner was previously used by Marchione grphand slightly modified here, with a
replica installed at the University of Sydney. ¢insists of an outer duct for air injection, a
central inner duct for fuel injection, and a contbars chamber (Fig. 1). Air is injected
through two opposite slots located at the top 86am long circular duct of 37 mm inner
diameter. The air flow rate is set through rotamsetealibrated by a mass flow controller
(Bronkhorst, IN-Flow, [0-600] L/min). The fuel liness a 6 mm inner and 10 mm outer
diameter pipe centred in the outer duct. Two fae¢sused successively for this study: ethanol
and n-heptane. Due to the quick evaporation ofitjugd fuel, it is possible to stabilize spray
flames at a laboratory-scale burner without prahgatir. The fuel is pressurized with
nitrogen in a feeding tank and then atomized thncug@ressure swirl atomizer (Lechler, axial
flow hollow cone nozzle). The nozzle exit diameigr0.15 mm, the spray cone angle is
60 degrees. The fuel flow rate is set by a mass €lontroller (Bronkhorst, LIQUI-flow, L30,
[0-2] g/s). The nozzle is centred inside a bluftipof diameter gg = 25 mm, with a 4 mm



hole in the centre. The burner is oriented vetcdbwnwards in order to collect safely
unburnt fuel during the ignition experiments. Irder to study swirling flames, a swirler
(6 blades oriented at 60 degrees with respectaditiw axis) is inserted between the inner
and outer ducts. The direction of the air swirtisckwise when looking at the nozzle from
the combustor. The combustion chamber has a sguass-section of side 95 mm (3.&¥
and is 150 mm in length (Gg). It is made of synthetic quartz designed for cadti
diagnostics (optically flat sides, deep UV transiue and fluorescence free grade). The
outlet is open to the atmosphere.
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Figure 1: Sketch of the burner. The burner is oriented velf downwards.

2.2 Spark generation

In the studies previously performed at Cambridgevelsity, ignition was achieved by
electrical sparks [1,2,4]. In this study, the spigrkreated by focusing the beam from an 8 ns
Q-switched Nd-YAG laser (Continuum Surelite opergtat 1064 nm) through a biconvex
quartz lens with a 75 mm focal length and a 50 mamdter [5]. The laser operates in the
single pulse mode. The energy of the spark cardhested by changing the Q-switch delay.
In order to get a spark for each laser spot, tleeggnbefore the focusing lens must be above a
threshold that depends on the properties of ther lasd the presence of particles in the
environment. In case of a turbulent droplet-air tomi&, the instantaneous properties of the
mixture at the location of the spark can be strpmiifferent from the mean properties. In the
framework of this study, the energy is set to 14lpulse, to ensure the generation of a spark
after each laser shot, for all studied flow comatis and for all locations of the spark in the
combustor. The energy deposited by the spark sesulplasma formation that generates
radicals and ionized species which can then triggemical reactions and further heat
release, in the case of flammable mixture.

The reference location of the spark is determimed non-flowing air environment. Due
to the presence of fuel droplets, the locationhef $park may vary a bit around its nhominal
location. Chemiluminescence and PLIF images shaittie spark may lie a few millimetres
away from its location in clean air. The burnefixed on a frame with 3-directional traverse.
The location of the spark can then be changedentid combustion chamber. Many failed
and successful ignition events have been recorgethd high-speed camera. Two spark
locations were investigated: “position A” is on-sxiLl0 mm downstream of the bluff-body
(x =0 mm, z =10 mm) while “position B” is 10 mnif@xis and at the same downstream
station (x = 10 mm, z = 10 mm).

2.3Flow conditions
Considering a given fuel (ethanol “E” or n-heptaft¢’), two flow conditions are
investigated for the non-swirling flames and thilees conditions for the swirling flames. In



the non-swirling configuration, the flow conditiorme chosen depending on the spark
location. Only a very small change of the air floate is needed to switch from a condition
that enables the stabilization of a flame at evagrk (condition “S”) to a condition that
never enables the stabilization of a flame (cooditF”). Table 1 summarizes the non-
swirling flow conditions.

Table 1 Flow conditions for non-swirling flames (“BB”).

Name Fuel | ™Mwa (9/S) | M, (kg/min) | U, (m/s) @
BBEL-S 0.90 21.0 0.10
BBE2.F | Cnanol 0.17 0.97 23.5 0.09
BBH1-S 0.74 17.9 0.15
BBH2-F 0.80 19.3 0.14
BBH3.5 | eptane 0.12 1.26 306 0.09
BBHA-F 1.29 314 0.08

In the swirling configuration, the flow conditiormse chosen depending on the blow-off
value. Those flow conditions are independent ofdpark location. Condition 1 corresponds
to an air flow rate equal to 77% of the air flowwerat the blow-off condition: it is a stable
flame. Condition 2 corresponds to an air flow ratgial to 89% of the air flow rate at the
blow-off condition. Condition 3 corresponds to anfeow rate equal to 100% of the air flow

rate at the blow-off condition: it is never possibb stabilize a flame. Table 2 summarizes the
swirling flow conditions.

Table 2 Flow conditions for swirling flames (“SW”).

Name Fuel | Mua (9/8)| my, (kg/min) | U, (m/s) | U, /Ug, o)
SWE1 0.65 15.8 0.77 0.14
SWE2 | Ethanol 0.17 0.75 18.3 0.89 0.12
SWE3 0.84 20.5 1.00 0.11
SWH1 0.59 14.3 0.77 0.18
SWH2 | Heptane 0.12 0.68 16.0 0.89 0.16
SWH3 0.77 18.5 1.00 0.14

2.41gnition probability

In the framework of this study, successful ignitisrdefined as a laser spark resulting in a
flame kernel formation and growth, followed by flanpropagation and leading to the
stabilization of a flame in the whole combustoditidual spark events do not always result
in full flame establishment. Ignition is thus a ppabilistic phenomenon. The random
characteristic of ignition is due to different pbemena: inhomogeneous concentration of the
fuel droplets and then equivalence ratio, veloatd strain rate... This is consistent with
similar observations previously made for ignitiodngaseous fuel in turbulent non-premixed
flows [2,4,6,7] and two-phase turbulent flows [1,Zb define the ignition probabilityifz, a
series of trials is performed. The probability ghition is computed as the number of
successful events divided by the number of tribts. this study, the ignition probability is
measured by applying 30 single sparks at eachitocakhis involves an uncertainty of 9% at
50% ignition probability. Moving the location of@hspark, it is possible to get a map of
ignition for the whole combustor. Such detailedadate available only for the swirling
n-heptane flames and are reported in Ref. [8]tHerother flames,{ was measured only at
the points used for visualizing the kernel evolntio



2.5High-speed imaging

Ignition events have been monitored by fast OH*rsieminescence and fast OH-PLIF
to study the kernels growth after the end of theeidaspark. Since chemiluminescence is a
line-of-sight integration technique, the interpteta of data can sometimes be ambiguous.
That is why the behaviour of the kernels is alsangxed on the burner axis by PLIF.

The system used is described with more detail ifh [Re]. The detection system is
similar for both chemiluminescence and PLIF recoftdsonsists of a LaVision High-Speed
Star 6 CMOS camera (HSS6, 1024x1024 pixels) fittwdth a two-stage intensifier
(High-Speed IRO, LaVision, 12 bits). Two UV aplanateniscus lenses back to back are
used instead of a camera objective (clear aper@@€ mm, focal length: 192.0 mm). The
repetition rate of the camera is 5 kHz. The resmubf the images is 0.08 mm/px (image
width: 45 mm). The highest sensitivity of the imagisystem is in the UV range. To collect
either OH*-chemiluminescence signal or OH-PLIF sigrthe intensifier properties (gate
width and delay) and the filters are chosen depgndn the fuel used. The conditions of
acquisition are summarized in Table 3.

To avoid intense light into the intensifier, thesti OH*-chemiluminescence image is
recorded 4Qis after the spark. To process the chemiluminesciemages, a threshold is first
defined. The value of the threshold is arbitradhosen from the histogram of grey levels. A
binary mask is then computed: all pixels undertkineshold are put to zero, all pixels equal to
or above the threshold are put to one. This magditesed by a 3x3 px median filter. The
multiplication pixel by pixel of the images and thesociated masks allows noise removal
without affecting the shape of the flame nor thtemsity counts.

To avoid intense light into the intensifier, theglming of OH-PLIF images is 25
(except for the ethanol flames where the delayegabetween 5 and 46). To collect the
OH-PLIF signal, the OH molecule is first excited283 nm. A Nd-YAG laser is used to
pump a SIRAH Allegro high speed dye laser. Theidy®hodamine 6G dissolved in ethanol.
The fundamental beam at 566 nm is then frequenaybldd using a BBO crystal. To
maximize the signal to noise ratio, the OH-PLIFEahducted in the non-linear regime. Both
the flame luminosity and the laser wavelength dteréd. Images of acetone vapour were
recorded before and after every set of data tahgelaser beam profile. OH-PLIF images are
next divided by the mean image of acetone PLIRke in account the laser profile.

Table 3. Acquisition parameters.

Flame type Non-swirling Swirling
(BBE, BBH) Ethanol (SWE) Heptane (SWH)
. é Gate width 3500 ns 3500 ns
% 2| Gate delay 50 000 ns 50 000 ns
Ol Filters UG11 UG11

- Gate width 200 ns 200 ns
% | Gate delay 2 100 ns 2100 ns

Filters UG11, WG295, WG305 WG295, WG305

3 Results and discussion

3.1Ignition probability

In the non-swirling burner, it is not possible ¢mite a flame very close to the bluff-body
(z<4 mm, i.e. z<0.1643). At a given distance z from the bluff-body, theolpability of
ignition was found to change from O on the air-diold. in the jet over a very short distance
(typically the spacing is less than the mesh grig, less than 5 mm). Thus only two



conditions with ignition probabilities of respectly zero and 100% were chosen at each
spark location for the non-swirling flames, as showw Table 4 for both ethanol and n-
heptane fuels.

Table 4: Probability of ignition of the non-swirling flarsdor the two spark locations.

Ethanol Heptane
A BBE1A-S Pgn = 100% BBH3A-S Pgn = 100%
BBE2A-F Pign = 0% BBH4A-F Pgn = 0%
B / BBH1B-S Pgn = 100%
BBH2B-F Pgn = 0%

In the swirling burner, it is possible to ignite feme at various locations in the
combustion chamber with different probabilitiesmap of ignition probability was generated
for each heptane swirling flame [8]. This map destmted that, for the lowest air flow rate,
the proportion of successful events can reach 18086me locations (i.e. all kernels turn into
a stable flame). An increase of the air flow ra¢meyates an increase of failed events and a
decrease of successful events. The number of leedy&lg very quickly after the end of the
spark increases too. The probability of ignitionao6table flame & is compared with the
probability of getting a visible kernekd (without considering its evolution i.e. extinction
growth). Note that g is easily established by eye, whilg,fnay be ambiguous as kernels
missed by the operator may have been generatedhéyspark. That's why further
investigation was performed by fast diagnosticelitain more accurate statistics. From these
experiments, it is evident that (i) as the air eélpincreases and the blow-off condition is
approached, i decreases and reaches zero at the blow-off condifihese set of data also
show that (ii) Reris equal to R, for the low velocity condition; (iii) R is grater than g, for
the high velocity conditions: kernels are generateen for the blow-off condition, but these
fail to grow or, even if they do, full-flame stallgnition is not achieved. The probability of
ignition for the swirling flames for the two spddcations are shown in Table 5.

Table 5 Probability of ignition of the swirling flamesrf¢he two spark locations.

Ethanol Heptane
SWEI1A Py = 86% SWH1A Rn = 98%
A SWE2A Rpn = 70% SWH2A Rn = 82%
SWE3A Ry = 0% SWH3A Rn = 0%
SWE1B Rn = 32% SWH1B Bn = 28%
B SWE?2B Rn = 28% SWH2B B = 8%
SWE3B Rn = 0% SWH3B Rn = 0%

3.2Visualization of ignition events

Many failed and successful ignition events haventreeorded by the high-speed camera.
From chemiluminescence records, it seems that ¢hauour of the kernel after the end of
the spark is generally the same for a given bucoefiguration no matter what the fuel is,
despite the fact that ethanol vaporizes quicken theheptane. Instantaneous individual
images are not representative of all the infornmatisible in the high-speed movies, but they
show samples of the behaviours of the kernel aedfldme. The typical evolution of the
kernel is described below.

Chemiluminescence images show line-of-sight infdroma Due to soot emission and
long camera exposure, the structure of the flanmatfris not clearly visible on the
OH*-chemiluminescence images. Thus, ignition waso ahvestigated through OH-PLIF
records. Information is recorded in the plane éngsthe burner axis.



Non-swirling flames

Figure 2 shows typical snapshots of OH*-chemilurag@ce images for a successful
spark event in a non-swirling flame. After the esidhe spark, the kernel starts growing and
the intensity decreases. The kernel then movesagrstand takes a few tens of milliseconds
to reach the bluff body. The kernel continues tmwgand eventually, the whole combustor is
ignited. Records of the n-heptane flame show a gergll kernel that sometimes disappears
almost completely. The difference of kernel sizéwleen ethanol and n-heptane flames is
possibly due to the vaporisation properties offtred. It takes a bit longer for the n-heptane
kernel to reach the bluff-body (relative to ethaketnels). However, the evolution of the
kernel into a stable flame is quicker with n-heptafihe maximum intensity is found on the
edges of the flame and along the spray cone.

A kernel leading to misfire is usually a bit smaltean a kernel leading to successful
ignition. After the end of the spark, the emissiatensity decreases. The kernel does not
grow and sometimes its size even decreases onrshenfages. Some records of n-heptane
show the initial kernels splitting into separateafler kernels. Considering flow condition
BBH4-F (highest air velocity), the kernel is ledesely to split and the intensity decreases
more slowly than in the other flow conditions.
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Figure 2: Typical snapshots of OHthemiluminescence of non-swirlingheptane flames
(BBH1B-S).

Figure 3 and 4 show typical snapshots of OH-PLIRges for a successful spark event in
the non-swirling configuration. The behaviour ot tkernel is different depending of the
location of the spark initially. For a spark in fimsn A, the kernel usually stays in the laser
plane. Sometimes the kernel stagnates at the docafi the spark but then moves quickly
towards the bluff-body. For a spark in positioniBages show that the kernel grows in all
directions and often moves out of plane. The ihkenel splits into smaller parts most of the
time. One of them anchors on the bluff-body. Imagéso show a different structure
depending on the fuel. Ethanol flames exhibit anlafront that is continuous, thin and very
distorted. Once the flame is stabilised, the OHhaigs mainly located at the edges of the
bluff-body (Fig. 3). Heptane flames present a flainoat slightly thicker and patchier. The
flame front is distorted too. But the main diffecens the presence of OH in the area in the
wake of the bluff-body that appears and disappéais. 4). A double flame structure is
sometimes visible and the flame front seems t@¥olhe spray cone.
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Figure 3: Typical snapshots of ORLIF of ethanol non-swirling flames (BBE13).
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Figure 4: Typical snapshots of OH-PLIF of n-heptane nonréng flames (BBH1B-S).

Swirling flames

The three flow conditions were investigated by Qtfemiluminescence first. Figure 5
shows typical snapshots of OH*-chemiluminescenceaféailed spark event in the swirling
burner.

Considering flow condition 1 (with either fuel, i8WE1 or SWH1) that is far from blow-
off, it seems that the behaviour of the kernel miyithe first stages of growth, and next during
propagation, depends more on the ignition locat&ative to the recirculation zone, rather
than on the flow condition. When the spark is ledain position A (on the axis), the kernel
moves quickly upstream and seems to be a bit lalgeakes only a couple of milliseconds
for the kernel to reach the bluff-body. As obserf@dthe non-swirling flames, the intensity
of the kernel decreases a bit after the end obplaek. It is even possible to have a few dark
frames considering n-heptane kernels, especiallyhé spark is located in position B.
Comparing positions A and B, by the time a sparkated at the location A has reached the
bluff-body, a spark initiated at the location Balknost not visible any more. A few frames
later, a kernel re-appears close to the bluff-b&@bme ten milliseconds after the laser spark,
the kernel is anchored on the bluff-body and startsving. On the one hand, the growth of
the kernel is more slowly for n-heptane flames. 8uthe other hand, the development of the
kernel into a stable flame is quicker. In case dffine, the kernel does not move after the end
of the spark. Usually the kernel is smaller thamé&its leading to successful ignition. If the
spark was located in position A, the kernel sizk eviolve rapidly. On the other hand, if the
spark was located in position B, the size of thené&kis not likely to evolve before reaching
the bluff-body. The intensity is very low and itadeases with time.



Considering flow condition 2, the behaviour of tkernel is very similar to flow
condition 1 when the spark is located in positignbit the development of the flame is
longer when the spark is located in position B. Tdi®wing phenomena are visible for most
of the records: (i) once the kernel has reachedlifébody, its size grows considerably; (ii)
motions of some “arms” to the left and to the riginé visible. Some rotating motions can
happen too; (iii) from time to time, some burnirapes are detached from the main flame and
extinguished. Some zones of high intensity can ajgmear in the reacting zone.

Considering failed events (Fig. 5), is not possitaledistinguish between successful or
failed ignition looking only at the very first fraes of flow condition 2. However the kernel is
very likely to disappear either in a few or somestef frames.
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Figure 5: Typical snapshots of OHéhemiluminescence of swirling flames (failed, SWE2A

The evolution of the kernels in flow condition 3ldWw-off condition) is much more
stochastic. Images extracted from high-speed mafiesvirling flames (either n-heptane or
ethanol) show that failure occurs in a (i) “shaaildre mode”, where the kernel sometimes
extinguishes before reaching the bluff-body, (ifadlure at intermediate times and (iii) a
failure at very long times after the spark. Theetsrales associated with the above transients
and derived from OH*-chemiluminescence recordsaaysed in the following section.
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Figure 6: Typical snapshots of ORLIF of ethanol swirling flames (SWEZ2B).



The OH-PLIF images of the swirling flames show ttred kernel grows in all directions
from the spark location, while the reaction zorike(l to be the region of strong OH signal)
is thin, very distorted, and eventually becomeshared at the edge of the bluff-body. Very
strong temporal fluctuations are evident (Fig. @ Zp A reaction zone going across the
burner is evident, but it seems broken occasionallyich may point to the presence of
localized extinctions or fuel starvation. The bmok@H sheet is consistent with the fact that
this flame condition is close to blow off and isnestent with imaging in gaseous non-
premixed flames close to extinction [3].
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Figure 7: Typical snapshots of OH-PLIF of heptane swirlflagnes (SWH1B).

Finally, we note that playback and some limitedrquative analysis of the OH* movies
of the stable flames reveals a low-frequency walgpblimotion of the flame, where long
“arms” such as the right flame branch in Fig. 7.03ens) or the left branch in
Fig. 7 (51.83ms) seems to periodically swing leftright. Such a motion may be associated
with a precessing vortex core. Velocity measuresmiean help the interpretation the flame
propagation behaviour. It would be of great helpgh&we gaseous global equivalence ratio
measurements as well as droplets size and veldaity to better understand the ignition
kernel behaviour and the flame structure.

3.3Time scales

Three time scales were defined from the OH*-chemihescence records: kernel
initiation, full flame ignition and extinction. Tbe characteristic of the phenomenon they
describe, the time scales have to be objective. méthods used here are applicable to all
studied conditions. They were initially developed the swirling heptane flame [8] but are
applicable to all the studied conditions. The tiscales are defined from the evolution of the
intensity in the image versus time as describedvineFigure 8-a shows a typical example of
the evolution of the area-integrated OH*-chemiluesicence of a successful event versus
time, 1(t).

I nitiation time scale

“Initiation” is used to describe the developmentiwé spark into a kernel that is growing
in time. Initiation can only be achieved once themie is attached to the bluff-body. Two
methods are used and compared. The first methogpa@s the evolution of the surface
emitting some OH* signal S(t) and the mean areaddffor a stable flame in the same flow

condition, S. The time scale of initiationgn;, is defined as the time when the curve S(t)

reaches the value 0.%5(Fig.8-b). In the alternative definition, the tinseale of initiation,
Tin2, IS defined as the time when the curve of intgnedunts, I(t), reaches the first local



maximum (Fig.8-c). The values af; are a bit lower than that ef.. Initiation is generally
achieved within tens of milliseconds, most of theet in less than 10 ms (Tables 6 and 7).

The order of magnitude is very similar for bothlfuand both burners.
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Figure 8: (a) Typical area-integrated OH*-chemiluminescenmie a successful event;
(b) Definition of the initiation time scales,1; (c) Definition of the initiation time scales,,
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Table 6: Range of time scale of kernel initiation of thenrswirling flames.

Tin1 Tin2
BBELS| , [2:27] ms [3: 14] ms
BBE3-S [10; 24] ms [4; 27] ms
BBHLS| B [5: 16] ms [4: 23] ms

Table 7: Range of time scale of kernel initiation of theiring flames.

Tinl Tin2
g SWE A [2; 39] ms [19; 41] ms
§ SWH [4: 6] ms [8: 16] ms
a SWE B [6; 7] ms [7; 11] ms
SWH [6; 18] ms [7; 32] ms
= SWE A [2; 8] ms [14; 29] ms
Q@ SWH [3; 7] ms 12 ms
® | SWE 5 [7: 24] ms [3; 27] ms
SWH [4; 24] ms [5; 16] ms




Full flame ignition time scale

We consider that “full flame ignition” is achievexice the global behaviour of the flame
is constant in time. Here again, we compare twohood. The first definition,tig,

corresponds to the time when the curve I(t) readkes/erage valué (Fig.8-c). The second
definition comes from individual image viewing. dgithe images of the movies, the time
scale of full flame ignitiontg, is defined as the time needed to get a fully higesl
symmetrical flame anchored on the bluff-body. Thaues oftig and tigz are in good
agreement. In case of non-swirling flame, this ml&én is applicable to successful events
only. On the other hand, in swirling flames, flastabilisation is possible for some failed
events. Kernels corresponding to successful ewemetstabilized more quickly than kernels
corresponding to failed events. The range of valisesummarized for all conditions in
Tables 8 and 9. Considering a spark located intipash, the nature of the fuel does not
influence too much the time scale. However, weratice a slight difference when the spark
in located in position B for the swirling flamest case of a successful event, full flame
ignition is achieved more quickly if the fuel ishanol; whilein case of a failed event, full
flame ignition is not achieved. However, the stgbtion of the flame on the bluff-body is
achieved more quickly if the fuel is heptane.

Table 8 Range of time scale of full flame ignition of then-swirling flames.

Tig1 Tig2
BBE1-S A [6:17] ms [4:18] ms
BBH3-S [3:21] ms [4:19] ms
BBH1-S B [2:8] ms [6:11] ms

Table 9 Range of time scale of full flame ignition of teeirling flames.

Tig1 Tig2
éa SWE A [11:15] ms [4:6] ms
§ SWH [1:5] ms 6 ms
a SWE B [4:6] ms [7:15] ms
SWH [5:27] ms [5:24] ms

Extinction time scale

The time scale of extinction is the simplest toed®ine. However great care is required
as the images can be totally dark at some pointedisethe flame is not extinguished yet. In
fact, some curves present a decrease to zero andathincrease of the intensity counts, but
this lasts less than a few milliseconds (Fig.8duste is defined as the time for which the
curve of intensity goes down to zero and stays letquéhat value for at least 15 ms. The
movies show three time scales differing by ordénmagnitude: (i) short failure mode: from a
few microseconds to a few milliseconds; (ii) intexirate mode: a few tens of milliseconds;
(iii) long failure mode: hundreds of milliseconds.

In case of non-swirling flames, the short failureda is the only mode reported. The
range of values is summarized for all condition$atles 10 and 11.

Table 10 Range of time scale of flame extinction of the+swvirling flames.

Short failure
BBE2-F A [2:6] ms
BBH4-F [1:10] ms

BBH2-F| B [1:6] ms




Table 11 Range of time scale of flame extinction of therbmg flames.

Short failure Intermediate failure Long failure
= SWE A [5:6] ms [34:58] ms [464:835] ms
9 | SWH 2ms [9:42] ms [341:492] ms
& | SWE 5 [2:5] ms [10:23] ms [468:597] ms
SWH 1 ms 6 ms [362:698] ms

4 Conclusions

An experimental study of laser ignition on lab-gca@on-swirling and swirling spray
flames has been conducted. Ethanol and n-heptareeused as fuel and the behaviour of the
flames was compared. Fast OH*-chemiluminescenceignosallowed a classification of
successful and failed events. Time-scales of trotia full flame ignition and extinction were
also extracted from the movies. Concerning the swining flames, the ignition behaviour is
relatively simple: the small kernel generated liy spark either stabilises on the bluff-body or
dies within less than 10 ms. Considering the ignitbehaviour of swirling flames, it was
found that spark kernels either die very quicklieathe end of the spark, or survive during
some time and move inside the combustor, or devigittpa stable flame. For both fuels,
three extinction modes were identified: short, imediate and long failure modes.

Fast OH-PLIF records at 5 kHz identified the motadrihin flame sheets. Ethanol flames
exhibit a front flame that is virtually continuoubjn and distorted and attached to the bluff-
body edge. Heptane flames present a flame frontighticker and a double flame structure,
with a front approximately following the spray inj@n angle and another attached to the
bluff body-edge. The swirling flames show a lowefuency wobbling motion that is
attributed to the possible presence of a precessirtgx core.

The data can assist the validation of numericaukations for spray ignition and stable
combustion problems.
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