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Abstract

Laser-Induced Incandescence (LII) occurs when a higlggneulsed laser beam
encounters graphitic particulate matter particles liket smo carbon black. The
particles absorb laser energy from the beam and seaaceease in their internal
energy, resulting in an increase of temperature. Aséime time, the particles loose
energy through heat transfer mechanisms. If the ersygyrption rate is sufficiently
high, particle temperature will rise to levels whergndicant incandescence
(blackbody emission) can occur .Typically, Laser-Inducecamdescence produces
50ns to 1is long light pulses at atmospheric pressure.

So far, LIl measurements had been restrained to coondemtiminated conditions,
whereby signals are short-lived (less than one @mond) and require sensitive
nanosecond resolution instrumentation. This thesi®doces a novel LIl — based
measurement method performed under high vacuum conditions. ndvelty of LIl
under vacuum resided in the fact that heat conduction &way the soot particle
becomes negligible below fambar and this constituted a step away from the typical
situation, whereby laser absorption is followed byt lmmduction from the particles
to the surrounding medium. Instead, sublimation and radi&kat transfer would
follow laser absorption. The consequence was the tdateaf long-lived LII signals
(up to 100 microseconds) and a large gain of photons (rangimgeén 50 to 300)
emitted per primary soot particle during LIl temperature ygec&urthermore, the
refractive index function E(m) value could be determina@ctly from measured
radiative temperature decays, with potentially an unicgytaof circa 7%, which
outperformed current soot extinction measurements. Intiaaldifor laser fluences
below 0.06 J/cf a regime where only laser energy absorption and isliaeat
transfer apply would be reached and LIl signals becampemndient of particle size.

Throughout this project, Laser-Induced Incandescence undeuvawas applied to a
sample of carbon powder (agglomerated soot particlespds@ala glass vessel and
held below 13 mbar. Initial spectral measurements performed atex Fisence of
0.3 J/cm confirmed the obtention of long-lived (60 microsecormisy) blackbody
spectra, which confirmed the feasibility of the tegbe and vyielded an E(m)
measurement of between 0.35 and 0.45. A second study wasneetfauith a dual-
wavelength pyrometric system specifically designed focomding live Ll
temperatures and signal intensities coupled to an abdaghteintensity calibrated
intensified imaging system. Experimental results unveitbeé thermo-physical
behaviours of agglomerates enduring LIl. The most remérkabtcomes of the
results concerning carbon nanoparticles agglomerates tivat. clusterous particulate
matter absorbs and radiates light in a very similady single isolated carbon
nanoparticles and therefore obey largely the Raylemit; Isoot agglomerates also
dissociate during LIl in an explosive mode and ejecta werasured to reach up to
400 m/s following chain dissociations; complete aggloreedassociations can be
obtained and measurements performed on individual aggreghtpemary soot
nanoparticles. In parallel, LIl measurements revedbad dptical shielding is largely
present within agglomerates, and therefore clusters aiisems exposed large
guantities of particulate matter and increased greatly dighal levels. Overall,
radiative heat transfer measurements yielded E(m) =a0@.& and time-integrated
ICCD measurements resolved signal levels as low as graip$ carbon



nanoparticles. This sensitivity clearly was the h&heecorded to date for Laser
Induced Incandescence and the sensitivity boundary daéthaique was increased to
nearly resolving single nanopatrticles.

Further measurements were performed in collaboratidh thie National Research
Council (NRC) of Ottawa, Canada, at the Combustiore&es Group facility. The
results obtained validated the obtention of repeata@oigérature profiles for Laser-
Induced Incandescence under vacuum. In addition, comparisovedre results
obtained on a controlled source of agglomerates at ptrads pressure established
that the increase for LIl signals with laser fluerice both atmospheric and vacuum
conditions could be directly associated with agglomerdigsociations. Indeed, net
diminutions in optical shielding were measured in bothdémms and could be
coupled with diminutions in thermal shielding at atmospgheressures. High-
resolution temperature measurements established that ddsorption, annealing,
sublimation and radiative heat transfer rates could h@egadently and directly
measured by laser-induced incandescence under vacuum. Agraadl sublimation
of soot primary particles could also reasonably be asgumbe the phenomena at the
heart of agglomerate dissociations. It was also establ that agglomerate
dissociation was dependent not only on laser fluencealot on the instantaneous
laser power absorbed by the carbon agglomerates: indegslirements performed at
NRC were effected with a instantaneous laser poweus fones lower than
previously and radiative heat transfer measurementstedtéencomplete agglomerate
dissociations with E(m) values measured between 0.8 and 1.

Overall, the present work introduces LIl under vacuum asigh sensitivity
measurement method for particulate matter. The seatisgivobtained approached
nanoparticles resolution and constitutes one of the s®ssitive particulate matter
measurement technique to date with real-time measurgmapibility. Because of
the sample studied, agglomerate dynamics during LIl were ledverr the first time
and explained the increase of LIl signals with laseerfte as a diminution of both
thermal and optical shielding. The LIl under vacuum techna&se proved its ability
to resolve and isolate some of the key phenomena dawguduring LIl: laser
absorption, annealing, sublimation and heat radiation.
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Foreword

Soot, also called particulate matter, is a by-productath human and natural
activity. When originating from human activity, sosetformed in processes involving
fuel-rich combustion conditions. It constitutes a earfor carcerinogenic and toxic
compounds, such as polyaromatic hydrocarbons, sulphur amdlicreshes into the
human lung epithelium. As well, it is the second contabub climatic changes after
carbon dioxide and had a large contribution as an sathation absorber within the
atmosphere.

Soot production is largely associated with vehicular €oms and industrial
activities. Even though recent regulations led to stadtctions in terms of mass of
particulate matter emissions, these same regulatiores|éd to a situation where the
vast majority of particulate matter emissions are nmwhe PM s (particulate matter
below 2.5 microns) size range. The consequence ofsthisat, in terms of vehicular
emissions, the total particulate mass emitted has thesestically reduced. However,
this mass reduction has since translated into a langetber of smaller emitted
particles having a greater penetration depth and aaiiface area in human lungs
epithelium and therefore a greater toxicity potential.

In terms of particulate matter measurements, thisskages into the progressive
obsolescence of the current measurement standard, #wmefric procedure,
whereby part of an exhaust stream is passed through aefficjancy particle filter
held at 52°C and the particulate mass loading of the filssasured.

Therefore the need for a new particulate matter measumtelegal standard has been
recognized in the recent years and the focus is oncplate matter measurement
methods that can prove highly sensitive, repeatablglve sharp transients and
particle sizes. Laser-Induced Incandescence fulfils tbetaia: its current sensitivity
in the order of a few parts per trillon and the tegbeiis highly repeatable, partly
because the measurement is performed on the “solid’opaine particle and volatile
and metallic compounds are vaporized by the laser beanpaiallel, the time
resolution is dependent of the laser repetition ratecandoe chosen by the end user
between 10 and 100 measurements per second with measur¢éakemswithin a
microsecond, making LII highly suited for transient measwnts. The last point is
the particle size measurement: LIl is not sensitivéhe overall particulate matter size
but to its primary constituents size, which are caferhary soot particles. These
particles are broadly spherical in shape and are prasemthe atmosphere as
aggregated chains that eventually agglomerate into latgerLIl provides a direct
measure of the soot primary particle size and researaturrently focussing on
associating laser-induced incandescence with elastic dgfttering measurements in
order to provide both overall and primary particle sizéss would eventually lead to
the capability of measuring particulate matter partidescentrations and active
surface area and therefore toxicity potential in teah&ing penetration and active
carrying surface area.

At the beginning of this project, the Laser-Induced Ideseence (LIl) technique had
recently transitioned from requiring an external catiion with a source of particles
having a known concentration and size to a novelredign technique based on an
absolute light intensity calibration. Indeed, prior tdl Imigrating to being an
independent measurement technique, measurements wereutdizery in general



the whole incandescence emission spectrum in thdevisii deriving soot particle
sizes and concentrations from an hypothetical peak tatope and reference
measurements performed on particulate matter sources rmordess well
characterized. The invention of the independent célitraechnique by Smallwood,
Snelling et al. in 2001 led to the following measuremep@béity during LII: time-
resolved LIl measurements would yield particle temperatamasd light intensity
measurements and provide a direct link between thedretmdelling and practical
situations. The overall enhancement was based on 2isiopr pyrometry to measure
particle temperature and calibrating the pyrometric systeterms of absolute light
intensity provided direct measurements of particle cangBons. However, the
pyrometric technique imposed limitations in terms of soneement volumes
configurations and sizes and the technique evolved intaaixe sampling from
exhaust streams and performing measurements withincargfolled sampling cells.
In parallel, the spectral emission measured represemigdadraction of the visible
incandescence spectrum emitted during LIl as two bandplsss fivere used
simultaneously to resolve instantaneous particle megteperatures. Because of these
new constrains imposed by this measurement methodmeHsurements became
limited to resolving only a few parts per bilion inrmes of particulate matter
concentration.

Therefore an increase in sensitivity was clear¢y ficus and early in the project two
directions became evident: either a technical soluttas achieved, with the use of
faster optics, larger probe volumes and increased doflecind transmission
efficiencies; or a physical solution could be reacheth & larger number of photons
emitted per unit primary soot particle. With these twmwices in mind, Professor
Greenhalgh and | started a fruitful collaboration wita Combustion Research Group
at the National Research Council (NRC, Ottawa, Cgn&aa common objective was
to achieve each between 100 and 1000 times greater seesitivr LIl and resolve
parts per trillion particle matter concentrations. Hpproach | favoured at Cranfield
was to obtain physically more signal per unit primargtsparticle, whereas Greg
Smallwood and Dave Snelling focussed on revising opticaigde and increasing
collection and transmission efficiencies, bearingmimd that our combined efforts
would eventually lead LIl into sub-parts per trillion sensges...

From the start of this project, two methods for @asing the emission of photons per
primary soot nanoparticles were identified: either high@noparticles temperatures
or longer signal durations could have been used. Cleaglgethtemperatures were
attractive, has they would have been associated watigel instantaneous
incandescence signals. However, bringing carbon namdpatémperatures above
4000 K during LIl also implies large sublimative losses andretfiore overall
decreases in signal. However, this could have been cwaysel by performing
measurements in conditions were sublimation would lealdrge concentrations of
thermally excited € vapours being released from the particle carbonaceougise
and produce large emission signal levels. Unfortunatélig mute was not chosen as
it would not constitute laser-induced incandescence, regunemely high laser
fluences and prevent any particle morphology measurerodm performed because
of the large volumic losses required to achieve largensative rates.



Instead, a more subtle approach was to lengthen LIl Isigigpically, LIl is
associated with sharp light pulses lasting less than caoseicond. Short signal
durations are due to the rapid heat conduction from tee-laadiated soot particle to
its surrounding gas. Therefore a decrease conductivedssatdtes was necessary in
order to lengthen LIl signals. Hence the principle df whder vacuum was defined:
by performing LIl under vacuum, light signals could be modelte last up to 100
microseconds and the associated gain in number of phetoitted per primary soot
particle was predicted to be in the order range of 50 to 88pefding on primary
soot particle size). In parallel, because heat conducisay from the unit soot
particle is reduced to negligible, the sublimative andr#uBative properties of soot
nanoparticles could be measured by the technique.

Therefore this thesis is based on an analysis oérblasluced Incandescence under
vacuum conditions and a thorough study of the signals ebtdor a large laser
excitation range using the dual-wavelength pyrometric nigale applied to time-
resolved LIl combined with imaging and spectral analysis.

Vi
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gas (Doherty, 2003).

Figure 50 (Johnston, 200Q) The three basic types of inlet designs available for
molecular beam. (A) is a sharp orifice inlet, (B) as capillary and (C) is an
aerodynamic lens system terminated with a capilladyaaifice.

{S)Figure 51 (Xuefeng Zhang et al., 2002-1)particle behaviour in front of one o|f
the lenses inside the aerodynamic lens system. Tia¢ioo R,m on the left hand side
of the graphs is a relative distance from the centrthe@ cylindrical lens and X,m
defines the distance from the start of the lens.

Figure 52 (Xuefeng Zhang et al., 2002-1¥ull aerodynamic lens apparatus modelled
under working conditions for different particle sizes: @9 nm diameter particles;
(B) 500 nm diameter particles;(C) 1Qm diameter particles.

Figure 53:. Evacuated roller bottle system: (a) Wheaton bengh rler bottle
apparatus (Fisher,2004); (b) Roller bottle schematic.

Figure 54: Initial vacuum system schematic.
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Figure 55: Vacuum pumping system picture and flame-sealed roller batieaining
a sample under vacuum.

Figure 56: Spectrographic LIl measurement.

Figure 57: Details of the ICCD measurement method.

Figure 58: Laser spatial profile measurement principle.
Figure 59: laser beam profiles obtained.

Figure 60 Electrical circuit of the Neon diode used for the sméctocation
calibration.

Figure 61: Calibration against a Neon diode result for a gratings8.460 mm.

Figure 62: The tungsten strip filament lamp used for the absolgt® Intensity
calibration.

Figure 63 brightness temperature versus current for the stamdiht lamp calibrator

Figure 64: System used for controlling the lamp current.

Figure 65 : Flat-fielding check at 1203.1 °C lamp brightness temperature.

Figure 66: Spectrometric system sensitivity over the wholeblasregion. Results
obtained with a lamp brightness temperature of 1892.5°C aeat while the grating

was scanned over the visible region.

Figure 67 : Calibration input spectra centred at 650nm used during th@at@in
method validation.

Figure 68: Calibration checks using 9 different temperatures (leftg after
discarding lamp radiance temperatures < 1500 °C (right).

Figure 69 : Signal to Noise Ratio for a typical LIl signal, atuaction of signal level
(proportional to the number of gatings per CCD exposure).

Figure 70: Schematic of the laser-induced incandescence systemigio vacuum
measurements (a) and corresponding picture of the ogidal ().

Figure 71: Laser spatial fluence profile at the measurement pvohene (units are
in CCD counts)

Figure 72: probing a measurement volumeg,\A probe volume is analysed out of the
laser beam irradiated volume. the cylindrical shapehef measurement volume is
dictated by the use of spherical optics . (Greg Smallwd004)

Figure 73: Layout of the pyrometer optical system (scale 1:2).
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Figure 74: Cross-section of a head-on type photomultiplier tubé¢,deél cathode
radiant sensitivities plotted against wavelengths foe tdifferent types of
photomultiplier tube modules available, right. Courtesiamamatsu.

Figure 75: Gain voltage programming method illustration (left) andtpmultiplier
sensitivity spatial uniformity (right): the photomultgi tube gain is plotted against
the control voltage fed to the high voltage power sup@lgurtesy of Hamamatsu.

Figure 76: pyrometric system optical efficiencies for both amela: (a) PMT
channel, centred at 500 nm; (b) PMhannel, centred at 700 mn.

Figure 77: Side view of the pyrometer optical collection systesndaclared under
code V. The left focal point is located within the si@@ment volume ¥

Figure 78 : The three situations faced during ray-tracing calculatim.aperture
diameter of 3mm would overfill the detector surface (togereas a 1mm diameter
matches the detector surface (middle) and a 0.1 mm diaoederfills the detector
surface.

Figure 79: Transmissivity of light from the measurement volumeindyical
extremity to the detector surface .

Figure 80: Pyrometer electronic system schematic used for plastomultiplier tube
(PMT) module.

Figure 81: Calibration procedure.

Figure 82: Gain calibration results of the photomultipliers imnte of calibration
factor vs gain control voltagedv (a) 700 nm channel (PMT); (b) 500 nm channel
(PMTy)

Figure 83: software Settings tabulated page

Figure 84: “raw measurements” tabulated page.

Figure 85: “Absolute light intensity values and Temperature wavasirsoftware
tabulated page.

Figure 86: ICCD system spectral efficiency calibration.

Figure 87: average pixel calibration factor calculated for theensified CCD camera
system.

Figure 88: Calibration strip filament uniformity and brightnessmperature. All
measurements units are in ICCD counts.

Figure 89 : Image analysis principle using imaging software algorithfay original
measurement image (black and white); (b) convolutidarifig: highlighting details
and separating particulates; (c) agglomerates separatibimdividual morphological
analysis.
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Figure 90: Ejecta velocity measurements.

Figure 91: Experimental NRC measurements layout Bob Sawchuck (2008)teRe
for labels and explanations.

Figure 92: 532 nm (big sky dual head CFR200) laser pulse temporal profile as
measured with an oscilloscope.

Figure 93: Transmissivity of the standard sensitivity system.
Figure 94: Measurement system picture

Figure 95: Spectrographic LIl under vacuum measurement system laaigtailed
description of the system is provided in section 1V.2.

Figure 96: Spectral measurements obtained with the spectrograsés

Figure 97: First 25us spectra compared with the blackbody and soot temperature
spectra deducted during calculations.

Figure 98: Spectra obtained between 30 to @ after the LIl peak temperature
compared with the blackbody and soot temperature spectra teédutiring
calculations.

Figure 99 : Measured temperature decay using the “soot” temperatureaappand
theoretical comparative curves.

Figure 100 : The LIl under vacuum investigation system, featuring &umly laser
irradiated sample volume, an absolute light intensitjpreded ICCD and a 2-color
transient pyrometer. The measured sampled is suspended ddgo® held under
vacuum below 18 mbar.

Figure 101: Typical broadband LIl under vacuum signals. Single LIl dgydaand 2
are filtered with a time constant of 50ns for claatyd the average LIl signal was
obtained by averaging 500 LIl pulses.

Figure 102Overall LII signal intensity contributions as a fuoctiof agglomerate
diameter at 500 ns after the laser pulse, obtained by impegessing 200 ICCD
images at a fluence of 0.18 JfcrBimilar results were obtained at 0.24 and 0.28%)/cm
with a large majority of signal contributors of optid@meter > 132m.

Figure 103: Absorption efficiency for a refractive index m = 1.50.56i at 532 nm

and the corresponding modelled LIl peak temperatures faeadé of 0.24 J/chas a
function of carbon particle diameter using Mie theory.
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Figure 104: Measurements obtained and fit with theoretical tentpezadecays. The
pyrometric ratios obtained at fluences of 0.18, 0.24 and 02§ ere processed
using two different methods: particulate temperatures Vetecalculated assuming
that particles emit in the Rayleigh regime and subsediie¢atdata for E(m)=0.4 and
0.6 were performed. The second (Mie) approach was alsonfmutpractice and is
labelled “bulk”, but both corresponding temperature decagsfiafior an emissivity
value were not consistent.

Figure 105: First 2us LIl signals. (a) ICCD measurement of the incandéscen
particulates for a gate duration ofu2and a delay of 500 ns after laser irradiation.
The scale is in ICCD counts whereas laser beam prapagatfrom the left to the
right; (b) Initial signals presented characteristic 170omg emission peak for low
carbon concentrations (circa 1 ppt). LIl signal legeinore reliably measured by the
red channel (PM3J) whereas the blue channel (PMPpresents the emission peak.

Figure 106: C, Swan bands spectral investigation. (a) 500 nm filter usdant of
PMT; transmissivity versus wavelength and location of itte@n Swan bands. (b)
Spectrum measured in conditions similar to the presqrerexent for a laser fluence
of 0.3 J/cri with a 100ns gate duration and just after laser irradiation

Figure 107: Typical broadband LIl under vacuum signals. Single LIl dgydiaand 2
are filtered with a time constant of 50ns for claatyd the average LIl signal was
obtained by averaging 500 LIl pulses.

Figure 108: Example of the anomalous behavior of the incandescsignal for a
fluence of 0.28 J/cfrfor a single shot LIl signal after noise filteringftl The average
measured temperatures are given on the left.

Figure 109: Average ratios and standard deviations of initial ank geat volume
fraction measured for the three laser fluences weureas

Figure 110: Time-integrated (from the start of the laser pulseaf@ate duration of
50us) ICCD measurement taken at 0.24 J/tmser fluence and revealing miniature
“starbursts”.

Figure 111: Average Feret diameter (see text) as a function o€ tior an
agglomerate explosion. Each point represents an averaggpooximately 300
measurements.

Figure 112 Images of incandescence from particles irradiated witfluence of

0.18J/crh (left ) and a fluence of 0.24J/€nfright) with the intensifier gate timing
open and shut at: (a) 0-5 pusec after laser pulse, (b) 5etOaftsr laser pulse, (c) 20-
25 usec after laser pulse, (d) 25-30 psec after laser pulsslek scales in ICCD

counts.

Figure 113: An example of a single frame, double exposure PIV imagser
propagates left to right and the first exposure is st and second at 1¥ec both
with a gate width of ds. The very bright spot is the initial particle frohetfirst
exposure and the scattered ejecta are from the second.
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Figure 114: Velocities of in plane ejecta (see text for defim)io(a) 2-8usec image
pairs ; (b) 2-14isec image pairs. See text for classes of particles.

Figure 115: Relative ejecta number as a percentage. (ajs2eBimage pairs and (b)
2-14usec image pairs. See text for classes of particles.

Figure 116 Relative size of ejecta based on intensity (s@®:t (a) 2-gisec image
pairs ; (b) 2-1dsec image pairs. See text for classes of particles.

Figure 117: Image of an exploded cluster for a gating of 25-30usec Eser
excitation. The color scales is in ICCD counts.

Figure 118 Plot of the relative number (%) of particles vertes number of primary
particles measured per isolated aggregate based on 15 nnedipnmagry particles.

Figure 119: NRC dual wavelength pyrometer measurement system &etaillable
in section 1V.4)

Figure 120 : Average LIl absolute light intensities as a functidnimme measured for
a fluence ranging from 0.070 to 0.153 Jdor both demultiplexer channels: (a) blue
channel; (b) red channel

Figure 121: Average of temperatures measured on a single-shot (gsiand
temperature reproducibility (b), illustrated as a standarihtion for typically 150-
200 single-shot LIl measurements.

Figure 122 : Average soot volume fractions measured at differeneades.

Figure 123: Absolute light intensities as a function of time mead for laser
excitation fluences ranging between 0.046 3/¢minimal fluence achievable) and
0.081 J/crft (a) blue channel (b) red channel

Figure 124: Soot temperature and Soot Volume fraction (SVF) astiurs of time
for laser excitation fluences ranging between 0.046 2J/¢minimal fluence
achievable) and 0.081 J/&nfmedium fluence) and computed using absolute light
intensity data displayed on figure 129: (a) Soot temperab)ir®@gqot volume fraction.

Figure 125: absolute light intensities measured for laser excitafiuences ranging
between 0.086 J/dm(medium fluence) and 0.145 Jfcrthigh fluence). (a) Blue
demultiplexer channel; (b) Red demultiplexer channel

Figure 126: Soot temperature and Soot Volume fraction (SVF) feerlaexcitation
fluences ranging between 0.086 Jofminimal fluence achievable) and 0.145 Jcm
(medium fluence) and computed using absolute light intensityg daplayed on
figure 125. (a) Soot temperature; (b) Soot volume frag&\F)

Figure 127: LIl signal absolute light intensity signals recordedfrB5mm above the

cold carbon generator drier outlet for five differerselafluences, ranging from 0.067
to 0.150 J/crn (a) Blue channel measurements; (b) Red channel nezasnts.
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Figure 128: Laser-Induced incandescence temperature as a functiomeoturves
obtained from the exploitation of the results presemmtéidure 127.

Figure 129: Instantaneous (a) and time-averaged (b) soot volunmtioinaas a
function of time and fluence.

Figure 130: absorption modelling and LII temperature rise time —nfeasured E(m)
values (See table 7).

Figure 131: Comparison between the measured temporal soot peak &toper
locations and the modelled ones .

Figure 132: comparison between modelled and measured sublimative rizomge
decays, present during the first us0of LIl temperature decay for all the laser
irradiation fluences measurements were taken at. Clearblimation rates are
overestimated by the model for all fluences: (a) Flesmanging from 0.064 J/érto
0.081 J/crfy (b) Fluences > 0.094 J/ém

Figure 133: comparison 10 us and after — radiative temperature dechyor(a
fluences from 0.081 J/cm2 to 0.094 Jcm2; (b) for fluences of A/thi2 and above

Figure 134: Absolute light intensity measurements performed at 0.084J/¢a) blue
channel; (b) red channel

Figure 135: Temperatures and soot volume fractions for a fluendeag4J/crf (a)
Temperature; (b) Soot volume fraction

Figure 136: Emissivity as a function of wavelength for a 20 nm prepar acetylene
soot particle.

Figure 137: Emissivity as a function of wavelength for a 20 nmboaaceous
particle.

Figure 138 Emissivity as function of wavelength for other typésoot.

Figure 139: Schematic of the compact LIl system included in theuAr instrument
(left) and picture of the instrument (rigliArtium instrument, 2004)

Figure 140: Using the intensity ratio of light at two wavelengttige particulate
temperature can be computed.

Figure 141: The amount of light collected can be directly relatedatsoot volume
fraction assuming the computed patrticle size.

Figure 142: The Millborook proving ground emission test area configuicadthe
Vauxhall Fronter&.
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Figure 143: Euro 4 cycle for the Vauxhall Frontera™. The speed efvhicle is
marked in purple and the soot volume fraction measuredeyAttium™ instrument
is shown in blue.

Figure 144: MLBT cycle for the Vauxhall Frontera™. The speed & trehicle is
marked in purple and the soot volume fraction measuredeyAttium™ instrument
is shown in blue.

Figure 145: Sampling procedure for the Artium instrument.

Figure 146: LIl corrected response (instantaneous measurement 20 see) and
TEOM (Tapered Element Oscillating microbalance) respoiidominal integration
time: 1 s) for the Urban part of the euro 4 cycle.

Figure 147: Corrected TOEM and LIl signals during part of the Euro 4nrtycle.
Figure 148: Extra urban part of the Euro 4 — cycle.

Figure 149: Test Road Area during the London bus tests.

Figure 150: Test configuration for the London bus.

Figure 151: comparison between the ELPI readings and LIl measutsmen

Figure 152: Results obtained using LIl before the particulate trir fior 2 EGR
maps.

Figure 153 Low pressure LIl sensing using an orifice backed bygh-bapacity
vacuum pump. Incandescence signals were measured using a citigion lens
and an unspecified side-on photomultiplier tube module irthieat of the gaseous
expansion after obtention using a raw laser beam at 16Alhmeasurements were
stored on computer after being measured using the osajtlesc

Figure 154: Details of the transient 2-color pyrometer once nactufed and
assembled: (a) back view (b) top view. See text ommthages for details.

Figure 155: Alignment schematic (not to scale) of the opticah@nts (top view): (a)
alignment based on the detection axis and PT(H) alignment of PMT.

Figure 156: Electrical circuit used for the SRS 445 preamplifier gsracterization.

Figure 157: Gain versus input current imeasurement taken on channel 1 of the SRS
445 A preamplifier:

Figure 158: gain control voltage ¥ calibration

Figure 159: Absolute light intensity signal analysis comparisomween Cranfield
and NRC: (a) for a fluence of 0.078 Jfcitb) for a fluence of 0.093 J/ém
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Figure 160: Temperature (a) and soot volume fraction (b) signdiysisacomparison
between Cranfield and NRC.

Figure 161: Cold carbon aerosol generator working schematic — ingie

Figure 162 : Cabot Carbon Cab-O-Jet 200 ® ionic configuration scherrathe
pigment represented here is indeed a carbon aggregate.@abon, 2006)

Figure 163: lllustration of soot generator aerosol particle (aggi@ate) formation
from heated ink droplet. Each dot represents a carbongaigré/Vainner, 1999).

Figure 164: Virtual impactor stage evacuation testing. The blue ina moving

average and the green circles are measurements. Thiserelwvas actuated by an
inlet pressure of 69 KPa. After 55s the vacuum pump valve clesed and the
impactor compressed air inlets blocked.

Figure 165: Artium LII200® Soot Volume Fraction (SVF) measurement &ap
primary particle determination (b) for a blocked virtiapactor and atomiser inlet
pressure at 69 KPa. The blue line is a moving averagecad@reen circles represent
pointwise measurements. SVF and primary particle measutenare performed on
the same dataset (i.e. are simultaneous).

Figure 166 Top view of the virtual impactor in the radial blowimgnfiguration.
Since all the flows inside the apparatus are monitareerms of upstream pressure
for each pressure inlet, applying the same positive peessuboth pressure inlets of
the virtual impactor has an immediate effect of crgati zone of counterflow at the
nozzle location, thus increasing the air flow outhe drier . Since the pressure on the
atomiser side has always been maintained above 68 tk@air flow direction was
maintained from the bottom — atomizer - to the topier arutput.

Figure 166: Soot volume fraction (a) and primary particle sizer@morded by the LII
200® instrument during test 21. The blue line is a moving geerghereas green
circles represent pointwise measurements. SVF and pripaticle measurements
are performed on the same dataset (i.e. are simultgneous

Figure 167 : Typical cold carbon generator agglomerate imaging usingStagl
method. The white surfaces are carbon nanoparticlesraggites produced by the
device. Clearly SEM micrographs are suited uniquely to uneasgglomerate overall
parameters, but do not provide any form of insight on abgglomerate primary
particle composition.

Figure 168: example of high resolution TEM imaging results obtameNRC. (a) &
(b) are 6300:1 magnified images, while (c) has a magndicdéictor of 24 000:1 and
(d) is 33 000:1 magnified. Note that the carbon fim sulestmatthe background
presents a smooth uniform negligibly absorbing surfadasahardly discernable.
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Figure 169: Particle optical size measurement results obtained:A¢gglomerate
diameter measurements performed on TEM imaging (blue dsisy the Wadell
diameter approximation (the actual diameter measureck igiéimeter of a disk with
the same area than the agglomerate) and Cab-O-Jetaciamaf data (red line);
(b)Primary soot particulate diameter histogram measugedhe machine vision
software operator using a calliper routine.

Figure 170: Measurement layout: (a) Optical stand schematic, seton 1V.4. for
labels significations; (b) Image of the carbon gemerat place for testing, with the
carbon evaporator outlet placed 35mm below the measurewiente M and centred
on the measurement volume vertical axis.

Figure 171 : LIl signals repeatability. Measurements were carriecadyuiring 100
single-pulse LIl signals and measuring the average and siamigwiation as a
measure of signal repeatability: (a) for a fluence @88.J/crf; (b) for a fluence of
0.167 J/crh

Figure 172: LIl signal absolute light intensity signals recordedfrB5mm above the
cold carbon generator drier outlet for five differergelafluences, ranging from 0.067
to 0.150 J/crh (a) Blue channel measurements; (b) Red channel nezasnts.

Figure 173: Laser-Induced incandescence temperature as a functiomeoturves
obtained from the exploitation of the results presemmtéidure 145.

Figure 174: Instantaneous (a) and time-averaged (b) soot volunmicinaas a
function of time (a) and fluence.
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Anp
Astrip

Ba(T)
Cabs
CEm
Co1
Co2

Nomenclature

aperture area

Area of the strip filament lamp used for calibration
primary soot particle radius

intensity radiated by a blackbody as a function a¥elength and temperature
primary soot particle cross-sectio

constant used for radiative transfer modelling (eq. 66&and
calibration factor 1

calibration factor 2

molar heat capacity of the surrounding gas
primary soot particle heat capacity

first radiation constant

second radiation constant

velocity of light

soot specific heat capacity

primary soot particle diameter

mass fractal dimension

primary particle diameter

geometric mean particle diameter

refractive index function

laser fluence

Eucken correction factor

soot volume fraction

geometry-dependent heat transfer factor

Gain 1

Gain 2

Planck’s constant

calibration lamp current

I(A1,T) light intensity measured on channel 1 of the pyremet
I(A2,T) light intensity measured on channel 2 of the pyremet

Im

Ka

measured photocurrent

thermal conductivity of the surrounding gas
Knudsen number

imaginary part of the soot refractive index
Boltzmann’s constant

fractal prefactor
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Peal
PV

Ri
Rz
R(L)
Rz
Ts
TS
Qint
Qabs
Qrad
Qcond

qub

Qexp

Qmax

Sagg
Sgate

To
To

Veal

mass of the primary soot particle

molecular vapour mass of carbon

complex soot refractive index

number of soot primary particles per aggregate / with&n measurement
volume

Avogadro’s number

molecular flux of sublimated carbon clusters

molecular flux of evaporated carbon clusters in theicoaom regime
molecular flux of evaporated carbon clusters in the Knudsgime
real part of the soot refractive index

molecule number density of soot vapour

surrounding gas pressure

filament radiant power

vaporization pressure of carbon/ soot vapour pressure

Resistor 1

Resistor 2

spectral radiance of the calibration lamp

photodetector internal impedance

calibration lamp filament brightness temperature

true calibration lamp filament temperature

rate of change of internal energy of the primary gaoticle

rate of laser energy absorption by the primary soxicta

rate of energy losses through radiation by the primaoy particle
rate of energy losses through heat conduction to tihewding gas by the
primary soot particle

rate of energy losses through sublimation by the pyirsaot particle
experimentally measured laser temporal profile

peak laser intensity

molar gas constant

radius of gyration of an aggregate

light intensity emitted per aggregate

light intensity measured during an intensifier gating

primary soot particle temperature

calibration lamp brightness temperature

surrounding gas temperature

time

measurement volume

photodetector output signal during calibration
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Vpao
Ve
Vi
Wa
Wiemp
Lsurt

T

p
AH,

¢
2

9%

voltage supplied by the data acquisition system

gain control voltage

measured voltage

molecular weight of the surrounding gas

half width at half maximum of the laser temporal peofil

collision rate of ambient air molecules with the @mnsoot particle surface

Greek letters

thermal accommodation of the surrounding gas
fractal scaling factor

carbon heat of vaporization

fractal dispersion exponent

detector spectral response

wavelength dependent emissivity of soot

e(A, Ts) emissivity of tungsten as a function of wavelengith @&amperature

7(4)

heat capacity ratio of the surrounding gas
wavelength of light

laser excitation wavelength

mean free path

uncertainty

calibration factor

geometric standard deviation

density of soot

total energy flux radiated by a blackbody
mean molecular cross section of air
intermolecular diffusion coefficient ofsC
conduction temperature decay time constant
filter spectral transmittance

solid angle of detection
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Chapter | - Soot

Chapter |: Soot

Although Laser-Induced Incandescence (LIlI) can potentib#y applied to any
nanoparticles capable of sustaining temperatures above 10@&sically soot has
been the main target particle for LIl. As well theds was set on soot nanoparticles
as their large presence in the atmosphere, originatthgrefrom natural fires or
human activities, is one of the major causes of gletmiming beside the rising
carbon dioxide concentration. Also, the regulative rege for soot nanoparticles
naturally lead to the focus remaining on soot, with rageneasurement techniques
becoming obsolete and LIl instruments having the patefdr becoming the next
generation of standard measurement technique for soot.

Therefore, as Laser-Induced Incandescence of soot néntgsahas been extensively
studied and thorough models (Michelsen, 2003; Snelling et al 200@312004;
Smallwood et al.; Smalwood et al. 2001-1) are availabigether with
thermophysical properties of graphitic carbon up to highperatures (Leider et al,
1973), soot will remain the nanoparticle of interestthis study.

This chapter presents soot in its different aspect®let’ance to the present thesis,
which is laser-induced incandescence of soot under highuwa conditions. The
general conditions of LIl are first set, and then plodlution, health and regulation
issues associated with soot are explained. The remagfddre chapter will then
depict the chemical reactions leading soot formationngucombustion, its typical
composition and its physical properties involved duringii.details.

|.1. Laser-Induced Incandescence (L 11) of soot.

Laser-Induced Incandescence (LII) of soot occurs whémglaenergy pulsed laser
beam encounters graphitic particulate matter particles doot or carbon black
(AIAA,2003). The particle absorbs energy from the lagamib and sees an increase in
its internal energy, resulting in an increase of teafpee. In parallel, the particulate
looses energy through heat transfer mechanisms. Ifetleegy absorption rate is
sufficiently high, the temperature will rise to levelhere significant incandescence
(blackbody emission) can be measured as illustrated doyefil (AIAA, 2003).
Typically, Laser-Induced Incandescence produces 50nsugolohg light pulses at
atmospheric pressure. The phenomenon has been finsiedutly Eckbreth (1977) as
a source of interference during Raman Scattering expasméater on, Melton
(1984) proposed a first model and measurements of Laser-Indincacdescence,
which have then been developed by other researchers

The Laser-Induced Incandescence has then been developesbas volume fraction
measurement technique by Vander Wal et al. (1995, 1996-1&2, 1998, 129@ 1)
Snelling et al. (1997,2000), yielding good correlation with skendard technique
used in this domain, the gravimetric procedure. The gramertechnique consists of
collecting particulate matter on a filter kept at 52°C dmah determining the change
of weight for the sample as a relation to the fluxgag crossing the filter (Vander
Wal, 1996-2).
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Pulsed laser beam

Figure 1: description of LII- an aerosol containing particulaiatter is
irradiated with a high power pulsed laser beam, resulting in
measurable soot incandescence light signal( Partiddiatter
Collaboratory , 2006-1).

A later improvement proposed in the determination ofpduiculate matter size as an
analysis for conduction of heat from the heated paatieulo its surrounding gas was
proposed by McCoy and Cha (1974) and implemented successfulilbet al
(1998), Schraml et al (2000), Snelling et al. (1997) and Mew$sit&mann (1997).

A further step would the determination of the primary iples size distribution,

proposed by Roth & Filippov et al. (1996, 1999) but is stilltéahiby the difficulty of

dealing with soot primary particle aggregation and comptexdaction heat transfer
modelling (Liu et al, 2006).

The dynamic range of measurement (from a few ppt toyhightled aerosol) and the
fact that measurement are quasi instantaneoyss)<take of LIl an ideal technique

for particulate matter measurements in most practaabastion systems, engine and
gas turbine exhausts. The typical concentration measuteranges are illustrated in
figure 2. Even theossibility of inferring the soot volume fraction inban areas has

been outlined by Vander Wal & Ticich (1999-2).
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Figure 2: Representation of the soot volume fractions rangeantical systems
(Particulate Matter Collaboratory, 2003).

The application of laser-induced incandescence to measwateparticles in most of
the conditions that can be found, other than solelystentific interest, is mainly
driven by a need arising from the health concernsddiy soot pollution that tighter
and tighter regulations are progressively addressing.

|.2. Pollution, Health, and regulation concerns

Soot can be the result of natural fires. Howeversdbenatural causes are far beyond
human production. As a result, urban areas are more amdamocerned by pollution
from vehicles and health concerns, such as prematurn @éaindividuals and
increase in occurrences of lung cancers due in partdbmoduction. On a larger
scale, the increased soot presence in the atmospduerbecconsidered as the main
source of climatic change after carbon dioxide and $oe$¢he ozone layer (Seinfeld
and Pandis, 1998). Quantities of airborne particles in indliwed regions of the
Northern Hemisphere have increased markedly sincenthestrial Revolution. The
classical figure is the realization in the 1950’s thataneehicle emissions could lead
to urban smog.

The main effect of soot is not due to its graphiticboar portion, which has been
shown to cause no biological effect, as demonstratedurphy et al.(1998), but its

loading in hydrocarbons and sulphur, and eventually metdic act as vector of
carcinogenic substances into human lungs and causestfonagsand respiratory

track irritations. The principle feature of this effeist that the smaller the soot
particulates , the deeper they penetrate into the lunigegpin and can have adverse
consequences upon human health.

The first on-highway diesel emissions legislation iordpe in the early 1970’s
addressed visible exhaust in an arbitrary manner, threogtke opacity monitoring.
The test was clearly lacking accuracy. It was not whél 1990’s that legislators in
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Europe and North America added a quantitative limit foripsate matter to those
established a few years earlier for pollutant gaseoussiems and related them to the
power of the engine for vehicular emissions. Permifiatticulate levels have since
been progressively reduced on both sides of the Atlamtit further tightening of
emission laws in this decade will impose yet lower ipaldte emissions limits
(Riccardo Quaterly review, 2002).

0.6
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Figure 3: Evolution of US heavy-duty engine emission regulation
(Witze, 2001).

However, this improvement in regulation is limited bg tmeasurement standard used
so far to comply with regulations, which is the staddgravimetric procedure and
does not fill the ability of measuring the particulatatter size and cannot deal with
the future low concentrations and transient measuramente limits of the
gravimetric method are mainly due to the very naturthefmeasurement method as
measurement are taken over a long sampling time (betmewries and hours). As
well, size measurements cannot be performed on thecteml samples as particles
agglomerate on the sampling filter therefore rendering sining and structural
determination impossible. It can be believed thatebeitstrumentation and the
possibility of inferring the carcerinogenic capab#tief soot’s (with the carcerinogic
potential of soot nanoparticles being a function oivacsurface area and size) will
lead to more precise regulations, resulting in health aegments in urban areas.
Clearly, LII, in particular when combined with elaslight scattering to correct for
soot structural effects arising with aggregation and agghtioe, has the potential to
fulfil future regulative requirements for soot active scefaarea as well as real-time
concentration measurements. Whereas the issuesgandtin the presence of soot
particles in the atmosphere and the need for regulatingmuwmissions have been
described above, the origins of soot have yet to plierd.
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|.3. Soot formation

A significant portion of atmospheric particulate matégises from combustion of
fuels in various engines and fires (Snelling et al., 1999)urban areas, mobile
sources are major contributors to ambient particulatiéem(PM) concentrations. The
main constituent of the particulates generated by coiobuss carbon. These
carbonaceous patrticles are called soot. Soot pardcgestructural entities of small
roughly spherical elementary carbonaceous particleslete size and morphology
of the aggregates vary widely, the small spherical eleang particles are remarkably
consistent from one another. These elementary [@srti@ry in size and cluster with
each other, forming straight or branched aggregates.eTdtiemns agglomerate and
form visible soot particles that have sizes up tonarfecrometers (Seinfeld & Pandis,
1998).

The following analysis has been proposed by SeinfelgdiR:

The formation of soot depends critically on the cafbrygen ratio in the
hydrocarbon - air mixture. Assuming that the mixture ihasfficient oxygen to form
CO, and that CO is the combustion product of the fugH{ Then the combustion
stoichiometry is:

C,H, +alD, -~ 2alCO+05nH,+(m-2a)c, (1)

Where G is the soot formed and the ratio of carbon to oxy@#@ isalso equal to
m/'2a:
if C/O = 1, there is sufficient oxygen to tie up all taeailable
carbon as CO and no soot is formed.
if there is even more oxygen, i.e. C/O < 1, theaegrttygen will be
used to produce CO and €0
if there is less oxygen, i.e. C/O > 1, soot will starming

As a summary, a fuel-gas mixture being too rich (C/O dudrjng combustion will
produce extra available carbon atoms and thereforeingiltase the possibility of
amorphous graphite (i.e. a form of bulk solid carbon)deimduced as the end result
of a combustion process.

In more details, soot forms in a flame as the redutthain reactions, starting with the
oxidation and pyrolysis of the fuel into small moleculésetylene, GH,, and
Polycyclic Aromatic Hydrocarbons (PAH’s) are consetkrthe main molecular
intermediates for soot formation and growth. The growftlsoot particles involves
first the formation of soot nuclei and then their dagrowth through surface
reactions. The soot nuclei themselves represent ardgnall fraction of the overall
soot mass produced. However, the final soot mass depeticidlg on the number of
nuclei formed and does not show strong dependency upon theofaoposition. The
formation of the nuclei involves a series of gas-phpséymerization reactions
producing large polycyclic aromatic hydrocarbons and eviéynts@ot particles (see
figure 4).

Since acetylene is the most abundant hydrocarborcinflames, especially in the
soot nucleation zone, it is believed that this specithe one responsible for mass
addition to the soot particle and models are proposingtheatcetylene molecules
fuse to form an aromatic ring and then continue totredb the aromatic compound
leading to PAH formation. Reactive collisions betweabe large PAH molecules
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accelerate their growth. The soot nuclei grow througtseéhchemical reactions,
reaching diameters larger than 10 nm, at which point llegyn coagulating to form
chain aggregates (see figure 5) by picking up molecules frergab phase. The final
size of the soot particles results from coagulatiorprrhary particles into larger
aggregates. As a summary, soot particles are mixturmafjamated and coagulated
particles. As well, their turbostratic structure (amawmsly superposed graphitic
layers) and their relatively large surface area sugdestthese particles are inherently
capable of adsorbing and condensing unburnt hydrocarbonsudptilirs from the
combustion process as well as incorporating solid resifhoes the combustion

environment.
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Figure 4: Schematic representation of soot nucleation in crstitn
(Seinfeld & Pandis, 1998).
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Figure 5: Evolution of soot in an acetylene flame (Xu, 2003)
(&) Soot nucleation
(b) Soot maximum concentration condition
(End of coagulation phase)
(c) End of soot surface oxidation

|.4. Soot composition

Soot formed in combustion processes is not a unique sgbstl consists mainly of
carbon atoms in the form of amorphous graphitic layeus,also contains hydrogen
and other elements. Furthermore, soot particles absgyanic vapours when the
combustion products cool down, frequently accumulating signifi quantities of

organic compounds (Seinfelf & Pandis, 1998).

For example in figure 6 the particle emissions from dliesgines are in the form of
complex aerosols consisting primarily of soot and welatrganics:

Carbon 88.3%

2>\
25
2)

N

Figure 6: Typical elemental composition of the typical diesetipalate mater
by mass (Snelling et al., 1999).

Metals 1.2%

Hydrogen 2.6%
Nitrogen 0.5%

Oxygen 4.9%

Sulfur 2.5%

Even though soot particles are know to act as adsorlmmscondensers for
combustion residual products, laser-induced incandescenceuneeents are not
affected by the post-combustion composition changegctisfély no other material
than Carbon remains in a solid state when reachihgpéak temperatures far
superior to 2000K and therefore no measurable effect icEg&om materials other
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than carbon during LII except for minor structural voidd anodified particle surface
due to the evaporation of secondary constituents. Qvefaser-induced

incandescence of soot presents a far greater sapsitivsoot structural properties
than composition. Therefore an insight into the stmadt properties and physical
characteristics of soot is presented in the follovgagtion.

|.5. Soot physical and optical propertiesinvolved during LI1I.

In order to provide an overview of the main propertiésaot that will be later
involved in modelling and performing LII, the following cd®ns will focus on
structural properties of soot, with their resultant adtiproperties and additional
physical properties involved. Particulate matter presémtse structural levels: (i)
agglomerates, which are clusters of loosely bound sgpgregates bound together by
weak Van der Waals forces( i)aggregates, which arendikai structures containing
a number of primary particles fused together; (iii) prynaarticulates, which are the
basic structural unit. As agglomeration effects havéasdeen neglected during LIl
theoretical investigations, the following sectioncentred on soot primary particle
size distributions and aggregation.

1.5.1. Primary particle sizedistribution

Soot primary particles are the primary structural estitof soot. Although they
aggregate after inception, soot primary particles podegs®rmal primary particle

size distributions as demonstrated by Koylu and Faetlsuneaents (see figure 7) in
pool fires (Koylu, 1992). The probability density functiar fa primary soot particle
of diameter g, PDF (@), is given by the relationship:

In(i} 2
dmp

In( O'p) o
|/2mdyin( o) |

PDF(dp) = exp

Where ¢, is the geometric mean particulate diameter:

Nt

2. (i)

i=1

(3)
In(dmp) = nt

And n is the number of particles having a value gfwhile n is the total number of
samplesop is the geometric standard deviation, as defined by equéti
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d
In(ap) = Z nt—r—nli @

Given the statistical distribution of the primary paetisize, one can now consider the
aggregate structures which are obtained during coagulatemsembles of primary

particles.
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Figure 7: probability density functions of primary particle deters for
acetylene and ethylene soot (Koylu, 1992).



Chapter | - Soot

1.5.2. Aggregation

Soot consist of primary spherical particles, with argiter comprised between 5 and
100 nm. For a population of soot nanoparticles, the dwvéieaheter distribution is
considered as log-normal. As described in section |.3 fggodes 4 and 5, soot
particles coagulate into aggregate during combustion, reguitinfused open
structured aggregates with broad distributions in termsuafber of particles per
aggregate (Koylu et al, 1995). Typically, large chained aggregatiginate from
cluster — cluster coagulation of single particles and p@irsng a common
aggregate. Hence the aggregates obtained after the oxidétige can therefore be
considered as formed of just-touching primary soot partesilaand this is illustrated
in figure 8. Complex aggregates structures with various shapeéssizes can be
conveniently characterized using the mass fractal egincwhich implies the
following statistical relationship for N, the numbef primary particles in an
aggregate:

)
2
P

WhereDs [ ] is the mass fractal dimension, [K] the fractal prefactorRy [cm] the
radius of gyration of an aggregati,[cm|, the primary particle diameter. This fractal
approach was successfully validated by Koylu et al.(1992, 1995,1996,18297n
their studies on soot aggregation in flames.

Figure 8: Schematic views of a modelled
soot aggregate containing 100
monodisperse particles of 50 nm
diameter eacfKoylu et al, 1995). Three
views of each Cartesian plan (from top to

['__ bottom :yz,zy and yx) are shown here to

3 obtain an overall view of the complex

aggregation geometry.

10
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At the beginning of this chapter, soot is described esgnmting three structural levels:
spherical primary particles (the basic structural urfitse themselves into larger
chains of aggregates which in turn agglomerate loosélyelem each others (Van der
Waals forces) . However, providing a general descrigboragglomerates would be
difficult (if not impossible) as the size, shape andidtire of agglomerates changes
with time, particle concentration and eventually measient conditions. Therefore
the reader has to be reminded that agglomeration ocatsgl® of the combustion
process and is a function of time residence, envirotah@onditions and aerosol
electrostatic state.

Once the initial structural entity of soot is definedthb in terms of the primary
particle size distribution and structural arrangement, l@seto consider the physical
changes occurring during laser irradiation. Indeed laser-@tbuccandescence is
considered as a non-intrusive measurement method asutiéer of particles
irradiated by the laser beam is negligible when comp#oethe total number of
particles within an exhaust flow or a flame, for epten As well, the particle number
is not affected when LII measurements. However, denotll induces carbon
sublimation and removal of volatile organic matter amdntually metallic ashes due
to the very high peak temperature achieved (above 2500K)¢l@asize and inner
primary particle structural changes are to be expectedgdiager irradiation.

11
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1.5.3. Primary particle structural changesduring laser irradiation

Soot primary particles are approximated as sphericatiesntiThey present a
turbostratic structure: parallel layers of graphite aesgmt inside the sphere formed
by the particle on the orders of a few nanometreshmge crystallites show disorder
over larger scales (Palotas et al,1996), see figure 9 belhw interspaces between
graphite crystallites are filled with amorphous carbard asolatie components
(Polycyclic Aromatic Hydrocarbons, metal from themal wear of an engine, oil...).
And the degree of order of such structures is strongly depemae the thermal
treatment the material is been subjected to.

-‘-"‘""?-—-‘h‘

2 Aﬁ—. H%\'.‘:.
e \;ﬁ;‘.\k
"‘é-:l:'ﬁ %\a B,

o e
' zﬂlﬁffé:%r‘;%} ﬁs‘}\
g | GEIZA S 2N Yag 3\“{1

Figure 9: Primary Soot Particle Overall Structure (Palotaal,et996)
() High Resolution Transmission Electron Microscope |maige
primary soot particle including both amorphous and graptatibon
(b) Extracted structure through Inverse Fourier Transfdterifig
(Extraction of crystallites -picture excluding amorphoasbon).

The graphitic crystallites inside the soot primary p&thave been shown to typically
present three layers of carbon planes (figure 10), whiclensions have been
measured by Vander Wal and Choi (1999), through measuremetite oBragg
diffraction pattern of soot produced by an ethylene flaine:

I
oo gy - - Figure 10: Graphitic crystallite
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cross correspond to an atom of
carbon (Vander Wal and Choi
,1999).
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A graphitization process of soot has been reporteddoragon laser irradiation, and
this for temperatures ranging between 1000 to 3000K: the Mitgstaf graphite
inside the soot primary particle increase in size ameir tordering dimension
increases. As figure 11 illustrates it, for temperatubes/@ 2500 K hollow graphitic
shells are created (Vander Wal and Choi ,1999; Vander Wall 4998). The soot
primary particles structural had been observed to chargm & near- spherical
agglomerate of small graphite crystallites and amorphatsono to a hollow graphitic
shell formed by curved layers of graphite above 2500 K.

This can be explained by the fact that during lasediat®mn, energetic barriers can
be overcome. The elevated temperature allows crystiier planes growth through
reorientation, realignment and through addition of amauphtearbon, consuming the
initial amorphous carbon present before irradiationfdan spherical layers of
graphite. Also, carbon vaporization from the intenéthe soot particle is assumed to
take place (Vander Wal et al., 1999). Then, because dedeetliminated, an
energetically more stable configuration is achieved lept during cooling of the
soot particle (Vander Wal and Choi, 1999). Therefore theicfgg after cooling,
presents a fullerenic structure: carbon curved layemirigran onion shaped closed
structure (Van der Wal and Choi., 1999).
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Figure 11: Structural changes of the soot primary particle during LIl
(a) High Resolution Transmission Electron Microscope pe&tfra
non laser - heated soot primary particle showing a stratc
structure comprising small graphite crystallites surrounged b
amorphous carbon(Van der Wal and Choi., 1999)
(b) High Resolution Transmission Electron Microscope pictira
laser - heated soot primary particle showing a fullerstiuicture:
hollow particle formed of curved graphitic structure andaumnded
by amorphous carbon, probably carbon vapour depositida whi
cooling (Van der Wal and Choi., 1999).

The density of primary particles has been predicted toedse with annealing: the
thermal annealing mechanism aligns the atoms of oamoo form an annealed
structure of a smaller diameter and comprising a voideamtiddle(Michelsen, 2003).
The aggregated structure of soot has been shown not taodified by the laser -
heating process invoked in Laser - Induced Incandescented¥a Wal, 1995),
eventhough disaggregation was predicted by Filippov. Et ch(Rnd Filippov,

13
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1995; Filippov et al. , 1999). Annealing is predicted to influddteemporal profiles
significantly at all fluences: as the primary partialeneals, its emissivity decreases
and is predicted to be 2 - 9 times smaller than thatof, sas reviewed by Hope
Michelsen (2003) and Vander Wal et al. (1995). As a resulasdr irradiation,
annealing can be predicted to be most significant efthating laser-induced
incandescence: because LII measurement are a direcumaeaf the blackbody
radiation and light intensities are proportional to Woé&ume of the emitting particle
(provided the Rayleigh approximation holds for emissiowveleangths much larger
than the emitting primary particle itself), any changeprimary particle emissivity
will affect the soot volume fraction measured during liideed Planck’s law states
that for a blackbody the amount of light emitted is diyeproportional to the
emissivity of the entity itself.

A qualitative study of the structure of carbonaceous asdeftects on optical
properties has been proposed by Michel et al.(1999). Thdy sivas made for
astronomical purposes, but shows the optical variationaltlee variation of structure
for a carbonaceous particle, reflecting qualitatively thange of structure for soot
enduring laser irradiation. The following figures 12 to 16 fmomen Michel et al.
(1999) and depict structural carbon nanopatrticles structursibitibess:

Figure 12: Graphitic onion (annealed
particle without central void).

Figure 13: graphitic onion with a
central void (annealed particle
with central void).

Figure 14: randomly aligned BSUs
(Basic Standard Units, graphite
crystallites).

Figure 15: Monocrytalline
graphite.

14
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Figure 16: Variation of the extinction cross - section pelunoe, ne for

graphite particle with various internal structures inWh&Visible
wavelengths.

Figure 16 shows the variation for the extinction cresstions for the different types
of carbon we are expected to face while using theddhnique. According to the Mie
scattering theory (Hottel and Sarofim, 1967), the absdapt&nd emissivity of soot

can be expected to vary the same way during laser gemtith cooling afterwards.
The randomly oriented BSUs (Basic Standard Units) @ntssurve plotted against
wavelength in figure 16 reflects the turbostratic structopgical variations with

wavelengths, whereas the hollow onion and onion strectappear to show
discrepancies when compared to the turbostratic soetefdre these variations for
the optical properties of soot need to be accounted fone wants to produce an
accurate model for LIl. This section highlighted the pmn particle structural

properties and their modifications as well as consegsersenow more detailed

description of the main physical property of soot primpayticles involved during

LIl - the soot particles capacity to absorb and egtit | - follows.

|.54. Optical absorption, emissivity and absorptivity of soot nanoparticles
during LII.

The physical property of soot that attracted so farntlst interest is its emissivity
and therefore its absorptivity, as stated by Kirchibdéw. This interest relies on the
fact that soot is the dominant medium of heat trartbieugh radiation between the
flame and the surrounding medium in most practical combustystems (boilers,

turbines,etc..). As a summary, the radiative heatstearwithin a combustion system
is a function of both soot concentration and emissiviHowever, soot emissivity
measurements have proved so far unaccurate (typically »t@¥rtainty) and fuel-

dependent. As well, for LIl, soot absorptivity definélse achievable peak
temperature for the laser-irradiated nanoparticles. Harotconsequence is that,
because LIl in itself is a measure of the blackbodyatexi emitted by the said
particles, both particle concentration and temperatusasaorement are directly

15
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dependent on the emissivity of the particles. Partiefaperature measurement is
made using multiple wavelengths pyrometry: by measuringbldekbody radiation
emitted by the particles and computing the ratio of ligiitted between multiple
wavelengths, time-dependent temperature measurements btamed. Therefore
multiple wavelengths optical pyrometry and temperature ohation has a strong
dependency on soot emissivity variations with wavelehgiConcerning particles
concentration measurements, the amount of light mehstiide photodetector site is
directly proportional to the emissivity value of soot the wavelength at which the
measurement is taken. Soot optical absorption varigsthe source and fuel of the
soot (flame, exhaust...), soot temperature (in the chs®phological changes) and
the wavelength considered. The source of the soot des=rnits structure: the
aggregate properties of soot vary only with the fuel agdremation of soot is
responsible for the discrepancies concerning the measateof the soot complex
refractive index m, defined below in equation 6:

m=n-ilk (6)

Where n represents the real part of m , k the imagioaeyand’-1. For example,
the absorption cross - section of light from a non-eggted soot particle can be 2
times lower than the one for an aggregated particle(Kaeyld Faetig) 1992).In
general, the emissivity of soot calculated using a ctd@ index measured not
accounting for aggregation is 20 % lower than those cadzllaonsidering
aggregation. In the case of LI, the laser-heating m®@nneals and changes the
optical properties of the primary soot particle over 2500aKg some structural
changes of the graphitic planes are expected for thelpaitiander Wal, 1999) with
oxidation (reduction of the interlayer spacing of graphitédtering the soot emissivity
during signal collection. Wu, Krishnan and Faeth (1979) wexik and measured
different refractive indexes corresponding to the differeoot which have been
measured so far at different wavelengths, as illustiayedyure 17. The uncertainties
on these values and the calculated emissivities igmwith to 20% and accounts for
most of the uncertainty in LIl. A review of refragti indexes for soot found in the
literature and evaluation of particles emissivities @reposed in Appendix A.
Kirchoff's law states the equality of the absorptiviigd emissivity of soog)(Wu,
Krishnan and Faeth, 1979):

emissivity of soot=absorptivty of soot=ex @)

In a practical situation, the relevant dimension &bsorption is the soot primary
particle radiusa. As typically soot primary nanoparticles are sncalimpared to the
excitation laser wavelength as well as the emisgiarvelength, the optical behaviour
of soot obeys the Rayleigh scattering theoryp{ 1 << 1, D being the particle
diameter and\ the light wavelength). This allows us to expressl a@erive the

absorption cross section of soBkys [cn?], in equations 8 and 9:

C, =nm@d’F, (8)
c, = 8972? [E(m) ©
laser

16
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Figure 17: The imaginary and real part of the complex refradtidex of soot,
as found in the literature (Wu, Krishnan and Faeth, 1979).

The wavelength of the laser irradiation is typically 1064(first harmonic of a
Nd:YAG laser), whereas emission wavelengths are cssgbibetween 400 and 800
nm , whereas [cm] is the particle radius and(m) [ ] the dimensionless complex
refractive index function. In turn , the complex refnae index function is defined in
equation 10 and developed into equation 11:

2-1
E(m) =—|m[nn:2+2j (10)

6lnlk

=(m = (n2 ~ K2 +2)2 +4[h? [K?

(11)
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Although the emissivity of soot and the emission adl a® absorption by soot
nanoparticles during LIl is typically derived using equati@ns 11, the Rayleigh -
Debye - Gans scattering theory is more appropriateaé@mounting soot particles
aggregation Therefore emissivity expressing the entigsiof soot €, can be

expressed as in equation 12 (Hope Michelsen, 2003):

:4[,8[a (12)
A3

Whereg [ ] is the fractal scaling factor anfl[ ] the fractal dispersion exponent.
Value for these two factors were determined for realslgraggregated soot particles,
heavily aggregated soot particles, annealed soot pardicttéiquid graphite by Hope
Michelsen (2003), through fits to the data provided by Koylulg1995, 1997).
Koylu and Faeth (1992,1996) and Koylu (1997):

Soot physical state B 3
Aggregated soot particles 28.72 0.83
Heavily aggregated soot particles 0.101 1.839
Annealed soot particlesl 1.364 0.626
Liquid graphite 1.115. % 0

Table 1: Emissity fractal scaling factors and fractal disperggponents
values derived by Hope Michelsen (2003).

Equation 12 allows for a better accounting for aggregaiticneasing the absorptivity
of soot by 15 %, which is coherent with experimentaeyvations. The link between
Rayleigh scattering theory and the more complex Raylelgbbye - Gans theory can
be done by expressing the refractive index functién(m), as derived from the
absorption cross-sectionCaps and therefore going through equations
9, 8 and 12 leads to equation 13:

3
It C,. = 807 [&° [E(m) )
A
_ _ 4[[Bla

And Cabs —IT@.Z Q‘/‘ —IT@.ZGW (8&12)
1-¢

ThenE(m) = A8 (13)
6T

Hope Michelsen (2003) proposed values that arentbst accurate found in the
literature up to now. However, their uncertaintyeg mentioned and can be expected
to keep the 10 to 20% uncertainty values since #neybased on results obtained by
extinction measurements in flames and do not reptes precise account of
atmospheric soot produced by complex systems sachliesel engines, gasoline
engines and gas turbines, all with various atmagpheesidence time and
agglomeration states. Now that the main physibehpmenon occurring during LI
can be described with accuracy using actual valfoes both emissivity and
absorptivity of soot, one can set about drawingoatext for the second most
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important phenomena occurring after absorbing of lasergy and blackbody
emission: conduction heat transfer through gas molecdlesoot nanoparticles
collisions and sublimation. Therefore both thermopdatsproperties of soot and the
target gas (air) have to be described.

1.5.5. Thermo-physical properties of soot and air

For LII, because soot is laser-heated to temperatubes/ea 2000 K, soot
thermophysical properties are approximated as the omegaidon. Effectively,
conduction becomes the dominant cooling mechanismlfaafler absorption of laser
energy and reaching of the peak LIl temperature. Theréher@roperties of graphite
are believed to drive the thermo-physical processes glukiaser - Induced
Incandescence. Leider et al. propose refined thermodyr@atd on carbon (Leider,
Krikorian and Young, 1973) from room temperature to the heghperature domain,
from which fits to data permitted Smallwood et al.(2001)cémnpute the following
expressions for the vaporization pressure of carbpgeRuation 14), the molecular
vapour mass of carbon ,Mequation 15), carbon heat of vaporizatitid, (equation
16) and carbon specific heat capacityetjuation 17):

P, = exp(-12296+ 0.090558T — 2.76370107° [T 2

+4.1754010° [T* - 2.4875110 [T *) (14)
M, =17.179+ 6.865410™* [T + 2.996210°° [T *
-10 3 -13 4 (15)
- 85954107 [T? +1.0486107 [T
AH , = 205398+ 73660LT - 0.40713T*
+1.992M10* [T*-1.79460107° [T* (16)

+1.0717002[T®
2 -2
1.115[€gj @x;{ﬁj ex;{gj—l
T T T
2 -2
S [ij[ +1.789[€@j @x;{@j ex 17291 (17)
1201 T T T

+11600*T

(@)
I

The intermolecular diffusion of £ 1" [cn?.s'], the main carbon cluster evaporated
during pulsed laser evaporation of carbon(accounting for S9%eanass loss during
vaporization of carbon using a high power laser beanboeuglas J. Krajnovich,
1995), has been communicated by Smallwood (2003):

108 T )"
760 11000

(18)

WhereT, [K] represents the surrounding gas temperature. Soot denrgityem™],
has been reviewed by Hope Michelsen (2003) and expressddpasdant of the

19



Chapter | - Soot

temperature of soot, accounting for evaporation fromrtide of the particle, during
laser heating:

o, = 2.3031-7.3106[107° [T (19)

The thermo-physical properties of air are approximateth@®nes of nitrogen as its
dominant constituent. Nitrogen properties are describedquations 20 to 24:

3.498E€1j2 @xp{ij EEexp[ij —1]

T T T

p .\ 0_98378%3353.5j oy ;{33535j EEGX ;{3353'5j _ 1}' 20
T T T

+2.57660107° [T

O
Il

Y
1

K, =1.081110"+5.15190107" [T, (21)
y=C,IC, (22)
a; =08 (23)
W, =28.74 (24)

Wherey [ ], Cp [J.mol ™K™Y, Ka [W.em™.K™], ar [ ],andW, [g.mol™] are respectively
the heat capacity ratio for the gas surrounding the femtithe molar heat capacity of
N>, the thermal conductivity of Nthe thermal accommodation coefficient of air at
300K, and the average molecular weight ofais. said to vary from 1.4 for air at 300
K to 1.3 for air at 1500 K (Hope Michelsen, 2003). The modat ltapacity is quoted
from the study of Fried and Howard (2000), whereais I§uoted from Hope
Michelsen (2003).

|.6. Chapter | conclusion

Throughout this chapter, Laser-Induced Incandescence aof gm0 been given a
general presentation and outlined resulting from the lagadiation of soot

nanoparticles contained within an aerosol. Various somegnent conditions are
addressed by LI, such as: vehicular exhaust, flamedfowcablack, atmospheric
pollution, etc... Although soot was initially consideredsasirce of interference and
then a soot volume fraction measurement method, ats® being developed into a
particulate sizing technique, even though aggregation anduedlgragglomeration of

nanoparticles are the actual concerns for the techm@igdduture refinements of the
LIl technique can be believed to include both primaryigarand aggregate sizing.
Even though particle sizing remains an issue, LIl haksénct advantage over the
other particle measurement methods as the techniqussafieeasurements to be
performed for a large range of soot concentrationsn fumdiluted heavily loaded

exhaust streams and carbon black production measureroeatsidspheric and sub-
ppb pollutant monitoring. Furthermore, because the actealgrhenon lasts less than
one microsecond, instantaneous volume fractions armined and the time
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resolutions obtained with LIl are source of concearscbncurrent particulate matter
monitoring techniques.

Soot is a by-product of human activity and raises headthcerns. Indeed, even
though the graphitic and amorphous carbonaceous contembbis proved to be non-

toxic by itself, soot is known for condensing and adsgrioxic compounds such as
carcerinogenic polyaromatic hydrocarbons, metalliegsshbtc... Overall, soot acts as
a carrier substrates that, because of it submicren daivers harmful substances into
the lung epithelium and as such represents a health condegrefore increasingly

stricter emission regulations are being implemented.

In more details, soot itself is primarily a by-produétcombustion. Soot formation
results from excess carbon (rich) combustion conditi®oot nucleation is associated
with acetylene molecules and polyaromatic hydrocarb@aagulation. This
eventually leads to the coagulation of gas-phase aroroatigpounds into nearly
spherical particles which in turn agglomerate betweesh edhers and result into
fused aggregates after a later oxidation stage. Thersfateis mainly composed of
amorphous and graphitic carbon, but also polyaromatic bsdoons and adsorbed
combustion byproducts. This explains that soot presettieiratmosphere or within
vehicle exhaust gases contain a vast majority oforarfollowed by portions of
metallic ashes, Sulfur, oxygen, hydrogen and nitrogen.

When related to laser-induced incandescence, the mdioutsities of soot that are
of interest are: the soot primary particle size distion, aggregation characteristics
and primary particle structural properties changes during LHser-Induced
Incandescence yields a measurement of the soot vohaeteoh but also an estimate
of the primary particle size. The primary particle nueasent reveals complex
because influenced by primary particle size distribute@gregation, primary particle
structural changes and eventually agglomeration of aggred&ieasary particles are
known to follow the lognormal size distribution whereagyregate size distributions
are better described by a fractal expression. Primparticle structural changes are
highlighted after findings that annealing and consequeualigréne formation occur.
These have direct implications on the optical emissiad absorption from soot,
which are also described. Even though agglomeration wouwlde pdifficult to
characterize in general terms, the phenomenon is kriowre time-dependent but
also dependent on local gas and particulate matter prapertie

Optical properties of soot are then discussed in termas@sivity and absorptivity. A
substantial research effort has been made in the fpagt years to measure the
complex refractive index (m) of soot. However, eveouigh values for the refractive
index for common fuel types have been measured moreesw rieliably using

extinction method measurements, the refractive indéxsaot can hardly be
considered as accurate to less than 10%, with reportedtainte values ranging
from 10 to 20%. On hand, the direct consequence of theuit§fiassociated with
measuring soot refractive index is that because ragliatat transfer from soot is the
major contributor to heat transfer within many contlus systems, the said
combustion systems become difficult to model and predit. the other hand,
because the soot volume fraction measurement obtaindd Ml is directly

proportional to emissivity, any uncertainty on emisgiis directly reported into soot
volume fraction uncertainty. Section 1.5.5 then illussatthe thermo-physical
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properties of soot and air, given the fact that LIl soeements are typically
performed on airborne particulate matter.

Overall, chapter | is dedicated to providing a descriptiosoot both in general terms
and in more physical terms relevant to laser-inducedniiescence. Following the
description of soot, chapter Il present Laser-inducedaescence, both in terms of a
validated general model and the measurement method usadhbra this thesis.
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Chapter I1: L1l model and measurement method

An obvious need when dealing with laser-induced incandesadsrto understand and
predict the underlying physics. This second chapter firstilse¢he general model for

LIl that has been adopted throughout the course of tbisisthThe said model is

validated against currently available data in the lites and limits itself to the

characterized phenomena that occur during LII rather higpathetical considerations
of annealing rates, melting and oxidation (Hope Micmel2©03).The self-calibrated

time —resolved LIl method is an extension of the Lddal itself. Indeed, the method
consists of measuring directly soot temperatures, ntaghemperature decays and
light intensities with the modelled temperature decaysb iatensity to produce both

an estimate of the soot primary particle diameter ahane fraction.

The LIl model has been assembled using the basis ibdiVework(1984) and other
researchers findings, such as Weeks and Duley (1974), Bt986), Tait (1994),
Santoro and Shaddix (2000), Michelsen (2003),Snelling et al. {1&9272000), Von
Allmen (1987), Grigorian (2001), Will et al. (1998), Schrambkt(2000), Vander
Wal et al. (1995, 1996, 1999), Mewes and Seitzman (1997). The raeafets
occurring during LIl are best illustrated in figure 18:

anr = = = Qcond = de

Racﬁaﬁpn
de’": DJ-_'_-.ﬁe /

Conduction
qmnﬂ = DE[ l'EP{T'Ta}

Figure 18: Microphysical description of LII (2006).

Laser-induced incandescence occurs when a laser beanmnésrs particulate matter
like soot. The internal rate of energy change of théigla is represented by;Qon
figure 18, followed by energy absorption rate from theerlabeam @ the
sublimation heat loss ratesfQ the radiation heat loss ratg.,gand the conduction
heat loss @ns Since the wavelength of the laser obeys the Rpwleondition (i.e.
n.D/ 2 < 1/3, D being the particle diameter a@ndhe laser wavelength), laser energy
absorption is volumic and therefore the laser energsorpbion rate Qs is
proportional to B . Sublimation is surfacic (and therefore scales vid) and
depends on the pressure difference between gas saturatissuner B: and the
pressure at the surface of the particlg;Poverall weighted by each gas release rate
o;. Radiation energy loss ratg.gQobeys Planck’s law applied to a sphere and as such
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is proportional to BT°. As well, conduction results from the particle — gasetuales
collisions on the surface of a spherical particlerdfeee the conduction cooling rate
Qcond is proportional to Bur (T-T,), with (T-Ty) the temperature difference between
the particle and air ang- accommodation coefficient of air.

The model applies to a single primary particle and asstimeprimary particle does
not interact with any other surrounding soot primaryiplad. Therefore the general
rate equation that describes the energy rates balgonegian for LIl can be expressed
using equation :

Qint :Qabs—Qrad—Qcond—qub (25)

WhereQi,; [J.s] represents the rate of change of internal energyhéoparticle Qaps
[J.s'] accounts for the rate of energy change incurred durimy lesdiation, Qraq
[J.s'] describes the rate of radiative energy transfer thrcalgtkbody radiation,
Qcona [J.57] represents the rate of energy dissipation by conduatidiQs, [J.S'] is
the rate of energy loss by evaporation of carbon elgstmainly G). The rate of
internal energy change is the energy lost or gained rasut of respectively either

temperature increase of lo L. ThereforeQin: can be expressed as:
t

el = T _ 4] T
th —Cs%—msms %—BM @ss% (26)
Where Cs [J.K] is the particle heat capacitys is the soot specific heat capacity
approximated as the specific heat capacity of graphitengritie particle mass. The
first factor to take into account into LIl is thetiation of the phenomenon, that is the
absorption of laser light energy by the particle, winitiates a temperature increase.

I1.1. Absorption of laser light energy

The amount of heat gained by a particle can be exprassed

Fl exp(t
Qab§Cabe@0nSq4 (27)
JQeXp(t)t

Where F [J.cnf] is the laser fluence (also called irradiance) aad (t) [ ] is the
temporal laser beam profile normalized to its area twe heating pulse length (60 ns
is just an indication).The temporal profile of the fabeam can be expressed as a
Gaussian function as most of the pulsed Q-switched las@ms temporal profiles
obey a Gaussian energy deposition over time (see figure 19
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Modelled laser temporal profile

Measured laser temporal profile
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Figure 19: (a)Laser temporal profile, g (t), as used in the model,
corresponding to a 7 ns full width at half maximum gaussian
(b)Laser temporal profile as measured by Smallwood (200%). T
additional tailing observed is indeed typical of Si refexa
following intense photon bombardments and thereforanis
artefact of the laser pulse measurement mean.

The mathematical expression for a Gaussian temporepso

Ohmex t*
e (1) = @?XF{‘ —2} (28)
\/2 DTENtemporalz 2 Ewtemporal

Wheregmax [W.cm?] is the peak fluence encountered by the soot paniglgsoral [S]

is the half width at half maximum whereaqs] stands for the time. As well as
absorbing light, soot particles incandesce and radigké &nd the radiative heat
transfer is best explained in the following section.

1.2 Radiative heat losses

The radiative energy transfer is the source of the dighal itself: soot become
incandescent upon laser heating, emitting a measuraldenanof light. Eckbreth
discovered the phenomenon (1977). The Planck law exprégs@gdnsityB, [W.m
3stef'] (or brightness) radiated by a blackbody as a functionvafelength and
temperature of the blackbody (Eric Wienstein, 2003 — 1&2):

2[¢? [h

(29)
A EEe“M —1J

B,(T) =
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The Planck law is integrated to obtain Stefan-Boltzmiw, which expresses the
total energy flux® [w.m?], emitted from a blackbody as:

® = 71 B,d} =277(¢* (h (] dA (30)
0 0 /]5 I:Ee/mg[[r _]J

Note that the extra factot converts from brightness per solid angle to total
brightness. Then the total energy flax emitted from a blackbody and defined by
Stefan — Boltzmann law can be converted to an emitbecer through multiplying by
the surface area of the particle. Moreover, the @missakes in account that the
particle does not emit quite like a perfect blackbody radidthen the rate of cooling
for a spherical soot particle can be expressed as:

Qrad:4mn32A@ (31)

The radiative cooling rate has been neglected by matkioes since heat loss is
insignificant compared to the other mechanism of lesst It has been considered as
negligible unless under very high temperatures for soavéaii0 000 K) and very
high temperature wall inside a combustion system (Saddhaddix, 2000).

In this case the radiative heat loss is not neglemteldthe integration of Planck’s law
performed by Hope Michelsen (2003), in the case of tlyeRA scattering theory:

_19%[3[@8@3j[0<cr)5[5(m) 32
Qrad — h [Ch )3

The following section addresses the gas molecule-particlisions that are the
vector for heat conduction to the surrounding gas.

I1.3 Heat conduction to the surrounding gas

The soot particles, once heated above the surroundingmasrature, exchange heat
through conduction (collision of gas particles againsir tharface). The expression
used for conduction is the one used by Michelsen (2003)lirgnet al. (1997, 1999,
2000-1,2&3), Smallwood et al.(2001-1,2,3,4), and McManus (1997,1998). Thé mode
presented here for conduction is quoted from the detaileelageaent provided by
Hope Michelsen (2003) and has been first introduced by Nigél (1994).The
conduction of heat from the particle to hits surrounding igadependent upon the
mean free path of the gas molecules surrounding the paatidl the particle diameter.
Two cases can be distinguished: if the particle sirauish larger than the mean free
path of the surrounding gas molecules (continuum regime, fig0ra), the gas
behaves as a continuous fluid. At the other extremiheifparticle is much smaller
than the mean free path of the surrounding fluid (freeccudd or kinetic regime,
figure 20-b), an outsider of the system sees a smaltigaaind gas molecule moving
discretely around it. The particle is small enough thabaoks like another gas
molecule. Also, a transition regime (figure 10-c) existgen the particle diameter
equates the gas mean free path.
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(b) (c)

Figure 20: Schematic of the three regimes of suspending fluid-fertic
interactions (Seinfeld & Pandis, 1998):
(a) Continuum regime (K— 0)
(b) Free molecule (kinetic) regime (K> )
(c) Transition regime (K~ 1).

Since the conduction phenomena are due to the choc ofpgdgles (N
approximated as air in our case), it is convenientxfress first the gas molecules
mean free pathmgp [cm] in air as a function of its temperatufg[K] and pressur
[atm]: K, T,

33
Amfp \/_DT |:P ( )

Wheres, [cm?] is the mean molecular cross section of air.

To be able to define our conduction regime, it is aleavenient to express the
Knudsen numbei,[] as:

)\mfp 34
Kn="0 (34)

When the mean free path greatly exceeds the garadius, i.eK, >51/%7 , heat

and mass transfer are in the Knudsen (moleculgmnesthat can be described in the
context of the kinetic theory of gases (Michels2903):

Qcond—4mlja . [Zsurf R):(]T TO

Zsurt [s1.cm?] is the collision rate of ambient air moleculeshvilte particle surface:

P R, T,
Z — 0 0
N 2D7wv (30)
WhereW, [g.mol’] is the average molecular weight of air. If thegstee is greater

(35)
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and/or we face a larger particle size, Kg<5 VT , we face a transition between

the Knudsen (molecular) and the continuum condadtiw of heat:
_ 8KaM@E> fr_
Qo= GG oy (r-o) (37)

The geometry-dependent heat transfer faG@fl can be expressed as:
_ 8[f
oy [y +1)

Wheref [ ] is the Eucken correction factor to the thermaldtanivity of a polyatomic

gas (f =5/2for a monoatomic gas):

_9y-5
F==7 (39)

(38)

As a summary for this heat conduction section, cnald adopt the following

expression:
A8 ¢ (., R £ K 55 [V
Ny "_2)(]_'0)'”9 5

I SR 1 “
(CE+el,, )Y o7 N2

Other authors such as Weeks and Duley (1974),(T9@@4), Grigorian (2001), Will et
al. (1998), Schraml et al. (2000, 2002), take mbgount that the heat loss through
conduction is controlled by the heat transfer exitbe Langmuir layer, which is not
studied in this case and make the statement tleapakticles are small compared to
the mean free path, which is equivalent to the ksepad(molecular) flow model. The
last term of the “classical” LIl model is the suiwition, as melting of carbon
nanoparticles has not been given any evidencersalfaough melting was confused
for LIl with the presence of a so-called “plateagion circa 3800-4000K peak
temperature was believed to be achieved. This fat@ved erratic when pyrometric
techniques were employed to measure the real-timetemperature and proved that
the so-called “plateau” region was an artefact afi§sian laser energy distribution.

I1.4. Rate of heat losses through sublimation of carbon clusters

During soot sublimation by the laser beam, differgpecies of carbon coexist in the
produced vapour with £as the dominant specie (Smallwood et al., 200D¢&yfus

et al, 1987), correlating to 59% of the mass lagsng laser heating. The behaviour
of soot can be approximated as the one of pyrofytaphite enduring laser heating
(Krajnovich, 1995). The sublimation of pyrolyticagphite can actually be assimilated
with a serie of releases of carbon clusters dunéocbreak-up of single and double
bonds within the graphitic structure, and thisllissirated in figure 21. The breaking
of bonds within the structure originates from thghhlevel of molecular agitation

associated with high temperatures: sublimation rajphjite is typically initiated as

from 1800 K and upwards, but is considered as amaajntributor for laser-induced

incandescent soot as from 2500-2600K.
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Figure 21:Schematic of the graphite sublimation process. Stpetirthe carbon
atom circled vaporization proceeds around the edges @fréphitic
plane by alternating sequence of single-bond and doublend bo
rupture (Krajnovich, 1995).

The rate of energy loss through sublimation is the cafsenany errors in the
literature. These errors have been outlined by Smativet al.(2001-1), who clarified
the situation. The expression for heat loss througiparation of the soot particle
which was chosen and checked for errors is the onelogext by Snelling et
al.(2001-1):

__AH, @M
Quuv=—LH: @dT (41)

Where M is the mass of the particle. The mass ceasen equation is developed as:

dd—I\:I:ZEbSDTEZBC;—?:—4DT@2 D\IVE—m—" (42)

a

WhereD [cm] is the diameter of the particle aNgd[molecules.cii.s?] the molecular
flux of sublimated carbon clusters (Hofeld, 1993):

1_-1_.1
Nv_ Nc Nk (43)

N. [molecules.cii.s'] is the molecular flux of evaporated carbon in the inoom
regime and\, [molecules.cii.s] is the molecular flux of dissociated carbon clusters
in the Knudsen (molecular) regime:

RT
N, = B0, O/———
A e, (44)

Where R is the molecule number density of soot vapour, calailateng the ideal
as equation:
J a _RIN, (45)

Y RIOT
In the continuum regime, the soot vapour molecular fluxclin be calculated
as(McCoy and Cha, 1974):

N.=n, d: (46)
a
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The global sublimation heat loss rate is therefopressed as:
|:>

BQ/zmﬂvlua

Now that Sublimation, conduction, radiation and absonpai® well as internal energy
have been detailed, the energy balance equatioQ25QarsQrac—Qcona—Qsub) Needs
solving, which is the subject of the following sent

qub—‘4ﬁMH

(47)

[1.5. Integration and solving of the mathematical system for Laser-Induced
I ncandescence.

The aim of this section is to highlight the solvimgthod for the LII energy balance
equation. Out of the set of equations availabley wariables are of interest: the
variation of the particle temperature with timewad| as the particle size. Substituting

equation 26 Qint :Cs%) into equation 25(Qint:Qabs—Qrad—Qcond—qub) yieldS:

dT 1 [[:Qabs —Qrad— Qcond—qub] (48)
And the mass conservation equation yields:
|:>
(49)
E{/ 2 DTEIM E
B

These two differential equations are coupled ardingpthis system of differential
equations by using an adaptive step-size RungeaKntégration routine yields the
particle radius as a function of time and the temaipee of the particle, from which
we can predict the LIl signab, [ ] as measured by a photomultiplier (Hope
Michelsen, 2003):

B _ 2nlhie®
Sy =Q7D ['[ [tbxp(hm/ [k[r) 1] (50)

Where Q [ ] is the calculated signal normalization factor aedounts for the gain
and field of view of the detector, and [ ] its spectral sensitivity response. Initially,
the LIl model was implemented with National ReskaCouncil, Canada, providing a
“standard” LIl model in form of MathCAD calculation spreadsheets . This model
was first adapted to include the chosen parameteds approaches described in
sections II-1 to 1I-5. However, a more sophistidasgpproach was developed in the
form of a finite difference solver with variablecegssive integration time steps using
LabView®.

Overall, the laser-induced incandescence modetsinimplementation allows for:
determination of the particle temperature and $istory during and after laser
irradiation; a determination of the energy heas lasd gain rates; and also the direct
convolution of the expected laser-induced incarefese signal in terms of absolute
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light intensity per primary soot nanoparticles. Themefadequate light signals and
corresponding temperature profile and physical contributiamsbe obtained for any
measurement condition.

I1.6. Comparison of the model with literature values and use for particle size and
soot volume fraction measurements.

Once the model and its implementation was completeewachecks were necessary
to confirm the physical reality of the results ob&gin The most thorough and
developed model published to date was by Hope Michelsen (286BYesults stand
therefore as a reference to check the validity of aeyly-written piece of
calculation. Also, the “classical” myth of the Liplateau” region can be investigated.
The “plateau” region is a feature of tradition obtaineldew measured LIl signals:
circa 0.3 J/c LIl signals appear constant even if the laser fladadncreased. At
this stage, the onset of vaporization (3800-4000 peak soot riaone) is supposed
to be reached and therefore explains the measured fedtumddition, Wil et
al.(1998) published measured particle signal decays as a funofioparticle
temperature that can be compared with the present model.

[1.6.1. Energy lossrates comparison

The Knudsen theory has been proved to follow accuratedy heat conduction
phenomena involved during LII (Schraml et al., 2002).The nagtion point of
carbon is evaluated to stand between 3800 and 4000 K (Fried amdrd{ 2000;
Leider et al., 1973), corresponding to a calculated vapamzatireshold of LIl at a
fluence of 0.3 J/ch above which heat and mass transfer largely domimsuat heat
loss during LII. A comparison with Hope Michelsen’s mo®£03) for the energetic
rate losses, which is the thorough available to d=te,be performed, as illustrated in
figure 22. The figure shows a good agreement for conductidnraaiation, but
clearly under predicts the sublimation rate by a larggofawhen compared to
Michelsen’s results, which is mainly due to Michelsenonsidering not only
sublimation from @3 but rather @10 (Wu et al., 1998; Gingerich et al., 1974;
Krajnovich, 1994). And the present model incorporates unigbesublimation at the
major contributor, with a predominance estimated to 59% .
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Figure 22: Energy losses rates calculated by Hope Michelsem ftwence of
0.436 J/crh acting upon a 20 nm diameter particle for a
surrounding gas temperature of 1900 K
(a) Hope Michelsen (2003)

(b) Cranfield.
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However, successive efforts were performed in conjonatiith NRC (Liu, 2005) to
implement Michelsen model in terms of sublimation @r;o but success was not
met. It is not know at the present date if this is dueldta misinterpretation or an
erroneous calculation of the sublimation terms, entleyugh a finite difference
approach was privileged by Michelsen (Michelsen, 2003; K)Z1€93) over a more
classical Runge-Kutta integration method. In her worlGhdisen (2003) provides a
model for surface melting, thermal annealing, photodesor@nd oxidation. Even
though these prove tedious to implement and some of theenlbeen reported to be
non measurable (in particular photodesorption and surfagéing), future LII
modelling and studies could be aimed at specific isolatedestudithese phenomena
provided they can be physically quantified and measured. Asnalusion to this
subsection, energy loss rates obtained with the cumedel seem reliable and
comparable with published scientific data. A second pointcomparison is the
conduction decay of LIl signals.

[1.6.2. Conduction decay of LII signals.

The conduction model has been reported to provide good agmeemith
experimental data (Will et al., 1998).The Laser-Inducednaescence can be shown
to be composed of two exponential decay curves: theoiirs, when vaporization is
the dominant heat loss mechanism, occurs during thebfinss, whereas the second
one lasts typically from 50 ns to the end of the lighted@gon and is dominated by
conduction heat losses to the surrounding gas. These comdieat losses are
strongly dependent on the particle temperature and theredbow a strong
dependency with the particle size and its heat capatigy larger the particle, the
larger its heat capacity and the slower the cooling, tae smaller the particle, the
faster the cooling through conduction). A comparison lbatlveen the results
obtained by Wil et al. (1998) and the Cranfield model swwa consistent
agreement, as illustrated in figure 23. Therefore, assiiyeal shapes and typical
measured signal infers, the current model is successfepabducing realistic laser-
induced incandescence light pulses. As the LIl model hasha®n checked against
Hope Michelsen’s reference work and typical measurenfentsd in the literature,
and insight into the specifity of LIl signals will bket later subject. In particular, the
following subsection addresses the plateau region anch#racteristic fluence curve
(or excitation curve) of LII.
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Figure 23: LIl conduction decay rate dependence with particle size
(a) Data from Will et al.(1998) for an ethene flamd2d0 K
(b) Modelled results for and ethene flame at 1900 K.

[1.6.3. Fluence variation of L1 - excitation curve.

The variation of the Laser-Induced Incandescence sigtaisity with laser fluence
is referred to as the excitation curve or fluence cufio radically different
excitation curves are available in the literatureeséhare best described in figure 23
(a) and (b). Although the two excitation curves are mletely different in terms of
shape, they are the results of measurements effectsihitar soot nanoparticles. On
one hand, figure 24 (a) is nearly an expression of theté@li” region, but actually
translates into a relatively low rate of increas&.lb signal with laser fluence. On the
other hand, figure 24 (b) shows a net increase in Ighadi untii a maximum is
reached near 0.25 J/erfollowed by an abrupt diminution in LIl signal with flues
thereafter. The explanation for this difference betwthe two figures lies on the laser
spatial beam profile. The results obtained by Witzalein 2001 (figure 24-b) are
obtained with a uniform laser energy profile: higher &iinal are obtained as higher
peak temperatures are reached with increasing fluenceeWowhigher temperatures
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also imply larger sublimation rates and therefore valulmsses, resulting in a net
diminution of the effective emissive cross-section thé incandescent particles.
Therefore a peak in LIl signal is quickly reached circa®25 J/crf with increasing
peak temperature, but volumic losses counterbalance elpealatemperature gains
beyond these fluences and lead to a net reduction insighals. The same
interpretation applies to the results displayed in figure &4 (Because the results
obtained by Shaddix et al. in 1996 where obtained with assi@n laser spatial
energy distribution, the centre of the said Gaussianlg@represents a small fraction
of the overall laser beam surface. As a consequeadbgeaverall fluence level of the
Gaussian beam is increased, a sharp increase ingbhlss first obtained and this is
dictated by the sharp increase of the peak temperattine aentre of the laser beam.
However, further increase in fluence will actually é&se the portion of LII signal
emitted by the centre of the Gaussian profile as rmémgon benefits from higher
fluence levels and therefore consequent volumic lossesarallel, the wings of the
laser beam gradually increase in fluence, until theyt &amyer amounts of signals
than the centre of the laser, which in turns expléwesoverall increase of LIl signal
with laser fluence. As for many “classical’” figureanitar results to figure 24 (a)
were obtained, with typically either a “plateau” featorea slow rate of increase of
signal with fluence . A few other publications attelsé tobservation of the said
“plateau” region (Bryce, 1996;Grigorian, 2001; Snelling et ¥97). These lead to
the misinterpretation that reaching the 3800-4000K region wimigiger melting of
the nanoparticles and therefore limit the peak LIl temaipee to the actual effective
fusion temperature of graphite. This interpretation aé&r Iproved wrong as on one
hand melting has never been practically proven for sanbparticles and on the other
hand introduction of multiple wavelength pyrometry allowedthe measurement of
carbon nanoparticles temperatures above 4300K.
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Figure 24: Excitation curves of LIl for a gaussian and a topldser fluence profile
(a)Lll signal variation with Fluence (integration ov@r-19 ns) for a
Gaussian laser beam profile and normalized to 1 for @®&fJ/
(Shaddix et al., 1996)
(b)Time averaged LIl signals for a top - hat spatiafiler¢Witze et
al., 2001-2).

The spatial distribution of the laser light intensity fluence) has a significant effect
upon the quality of the Laser-Induced Incandescence sigradured, causing either
non - uniform temperatures within the test volume @otwo dimensional fluence

profile, which is the classical feature of an Nd: YAGIsed laser beam) and spatial
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discrepancies in LIl signal within the test volume, ar near-perfect uniform
temperature distribution in the case of the top-hat apattofile. Conventional LII is
typically operated in this “plateau region”, where thel Isignal is somewhat
independent of the laser fluence. The behaviour at #uéeyond the plateau region
is dramatically different from the “top-hat” profile ioomparison to the Gaussian
profile. This is due to the sublimation of the carbansing a mass (and volume) loss
at the centre of the laser light beam where the dsere the LIl signal due to mass
loss at the centre of the laser beam where the peakce is located is offset by the
increasing contribution from the “wing” of the spapabfile.

In terms of applicability of the LIl technique, thedskical” LIl technique has proven
inapt to any kind of independent calibration. As a conssmgjenon-uniform laser
beam profiles are associated with -calibration by Izt particulate matter
measurement technique. Therefore the uniform laserggnspatial profile is
preferred, as LIl signals present a direct dependence taleéemperature (actually
T°) as near- uniform temperature distributions are ohiadtethe site of the laser-
irradiation. This clearly has an advantage as tempesatare nearly uniform, and
therefore become measurable. As well, if one carsumeathe particles temperature
and the light intensity emitted by these during LIl, mdeticoncentrations become
measurable by applying an absolute light intensity edlion to the measuring
photodetector. A more detailed insight into such a pdissiis given in the next
subsection.

11.6.4. Laser-Induced | ncandescence measurements using dual wavelength
time-resolved optical pyrometry.

A practical way to measure incandescence temperaturg aébatime is the multiple
wavelength pyrometry technique. Even though spectral neasuts can be used to
measure point-wise blackbody spectra and therefore tetupesausing either an
Intensified CCD (ICCD) or a back-thinned CCD cametaraépectral separation by
an optical grating, multiple wavelength pyrometry hasatheantage of using multiple
high speed photodectectors (such as photomultiplier tubes avadanche
photodiodes) each set at a fixed wavelength using indivishradpass filters. Overall,
the pyrometric technique is a simplification of spectnglasurements using typically
two set wavelengths. The use of the technique therpfemaits the measurement of
time-resolved temperature decays and light intensitiesntidally the principle of this
technique relies on the particle temperature dependenayi@ensity ratio of light
emitted at two different wavelengths, as illustratefijimre 25.
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Figure 25:Modelled ratios of emitted light at 400nm and 600nm,
LI 400nndLI 600nm fOr @ 20 nm soot primary particle in the temperature
range 0 to 4000 K, assuming equal emissivity at both wavékengt

Therefore, by simultaneously measuring the LIl signalsva different wavelengths
using two calibrated photodetectors, one can obtain ectdmeasure of the soot
instantaneous incandescent temperature during LIl. A deion of primary
particle size relying upon the Knudsen modelling of heabdaotion to the
surrounding gas can be proposed. Assuming monodisperse primacie mze, the
temperature difference between the particle at a temyperd and the surrounding
gas at a temperature; Tan be expressed using an exponential temperature decay
expression:

T-T,= AR’ (51)

This equation can therefore be fit to the temperatucaydef the soot temperature
during the conduction-dominated phase of Laser -Induced Inezenize and the
primary particle diameter retrieved (Schraml et al., 2000; et al., 1998, Snelling,

2000-2)using the equation:

_ 121K, Loy (52)
P G D‘1mfp |]"'s ws B-

The main source of uncertainties are: the thermabranwdation of airar, the
morphological changes of soot, its changes of emigsiith wavelength and the
surrounding gas temperature. Overall, all these parambtars potential to be
measured directly. Another source of error in this oetis the assumption that the
soot primary particle size is monodisperse, which isagproximation. Indeed,
primary particle are essentially aggregated, and thistsesub thermal shielding
between primary soot particles. An attempt to retriéne lognormal size distribution
has been made by Filippov and Roth (1996, 1999), assuming a doofl the
experimental data to the model and therefore retriethegparticle size distribution
using the iterative algorithm proposed by Twomey (1975) anckdweski (1987) .
Application of soot primary particle size distributiondacorrection for aggregation
are still the subject of intense research (Liu et28l06), and a combination of elastic
light scattering with LII has potential to yield cortiens for aggregation.
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The two-colour Pyrometry method also infers the pd#gibo calculate directly the

soot volume fractiori,: having measured the primary particle diameter, the tradia
rate for one particle can be calculated, and there¢f@reletected light signal intensity,
can be divided by the modelled signal for one primary gestio yield the number of
detected particles, N inside the measurement volume V:

brqo
f, = 5 : E’\; (53)

However, this requires an absolute light intensitybcafion for the light detectors,
which can be operated with a calibrated tungsten filar@enp of known radiance,
which is described in the next section.

11.6.5. Absolute light intensity calibration of LII

Many ways of calibrating Laser-Induced incandescence h&en proposed so far.
On one hand, for flame measurements, LIl can be rasdid using tomographic
inversion routine from extinction measurements ore-linof sight extinction
measurements (Choi and Jensen, 1998;Shaddix and Smith, 199GnkkMt al.,
1997). On the other hand, soot emitted from current emgire currently measured
using the gravimetric sampling methods, during which socbliected onto a filter
held at 52°C (for condensation purposes) and the amoupnibbtsllected therefore
weighted. Others techniques such as SMPS (Scanning tMdbdrticle Sizer), the
Tapered Element Oscillating Microbalance (TEOM), opaameter and ELPI
(electrical low pressure impactor) have the abilityrteasure volume fraction of soot
and eventually the size of the particulates (Witze, 2004pwever, an independent
calibration procedure is preferable and has been propgs&nhdiling et al.(2001),
relying upon the two colour Pyrometry technique explaimedhie section. This
measurement technique is called Time- Resolved LIl (TLRE Current
comparisons and experiments are led by the NRC (N&tiBeaearch Councll,
Canada) and their Particulate Matter Collaboratorynter Time-Resolved LIl and
Elastic Scattering of Light so as to validate TIRE-BE a measurement technique
capable of determining the primary particle size and goltme fraction whereas the
elastic scattering measurement would yield the aggregafmmation and the active
surface area of the soot aggregate, which is the raatorf affecting human health
(Snelling et al., 1997;Smallwood et al, 2001-1-2-3; Witze, 2001|séga & Witze,
2001; Dalzell and Sarofim, 1969, Green & Witze, 2000). The &libation against
the gravimetric sampling technique has proven successud@f Wal, 1996, Choi et
al., 1995). However, the self-calibrated TIRE - LIl teiciue has been proven to be
more sensitive than the calibration procedures studiethrsas it was proven by
Snelling et al (2001) against the standard gravimetric proegdardepicted by figure
26. Another feature outlined is the specificity of LIIt@asure exclusively the carbon
content of soot (since any other present organic cangas volatilized during the
high energy laser heat up), provoking discrepancies withstiledard gravimetric
procedure (Snelling et al, 2000) and proving that TIRE - &laitechnique better
suited for carbonaceous particulate matter measureméais the gravimetric
procedure. More insight into the details of the technique presented in the
following section.
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Figure 26:Comparison of LIl and gravimetric measurements perfdrome the
exhaust of a diesel engi(teéandia, 2006).

[1.6.6. The Sdlf - calibrated L11 method

The self-calibrated LIl technique relies on the lighttensity calibration of the light
detectors imaging the TIRE-LIl sighals and has been pemp@d patented by
Snelling et al.(2001, 2001-2, 2000-5). A calibrated strip filanemaced so that its
flament is coincident with the LIl signal generatipasition, which is also called the
measurement volume. The lamp has a known brightness raton@e(at 654 nm) as a
function of lamp current. The filament is imaged witleas onto an aperture in front
of the light detector, as described by figure 27. Typicattape dimensions are 1.0
mm diameter, and a typical lens would be 190 mm focal leangi64 mm diameter.

Lens Aperture
I\
b
[ dAP
—4:5' | | I
dS¢ - = PM
II lI|
\
\ /
. u gt v =l
- - 'Filter

M=v/u dS = M dAP
Figure 27: Optical setup for absolute intensity calibration(#mglet al., 2001).

The spectral radiance of the lanif, (the power emitted per unit area, per unit solid
angle, and per unit wavelength), is given by Planck’s law:

R(A) =278 o £4T) (54)

hig
f{ym_g
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Wheree (4,T) [ ] is the emissivity of the filament as function &f ifemperature T and
the wavelengthh. The calibrated lamp has a known brightness temperdigire
(temperature at which a perfect black body would emistimee amount of radiation)
at 654 nm from which the true filament temperaturg ¢&n be obtained from:

1
T, =| =+—=—1n(e(A,T,)) (55)
T, h%

With the known emissivity of tungsten as a functionterfiperature and wavelength
the filament radiance can be obtained at any desireclevagth the filament from
Planck’s equation. Therefore the filament radiant pan@dent Pca)on the detector
is given by:

P =M I, B JROAZNM  (56)

The distance ratid and the distance are specified on figure 2Aapis the area of
the aperture, and?) is the filter transmission as function of wavelengthe signal

obtained at the output of the light detectogaV from the calibration lamp then
provides a detection system calibration factor,

PCAL (57)

/7 =
VCAL

Using this calibration and the two colours Pyromet&ghhique, one can relate the
photomultiplier voltage signal to the particle size anerdfore infer the number of

soot primary particles detected in the measurement voltioeiever, correction is

needed for the filter and light detector spectral seitgjtisince one cannot effectively
measure the emission of soot through a “perfect topr®itral density filter centred

on one wavelength. Typical filters shapes are givdigume 28.
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Figure 28:Example of fiter and photomultiplier spectral transmiss
combination effect onto the overall spectral sensitiof the
measuring syste(®nelling et al., 2001).
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[1.7. Conclusionsto chapter 11.

A general model for LIl has been provided. The focusheffresent thesis is a study
of LIl under vacuum rather than a reinterpretation oft pdrthe Laser-Induced
Incandescence theoretical grounds. Therefore all physteapretations that remain
in a hypothetical state or unknown were excluded. Tlukides: oxidation energy
rates, annealing rates, multiple cluster sublimationltimgeof carbon, etc... The
consequence is a “classical” LIl model based on thaggnbalance equation,
expressed in equation 25. The model itself includes: lasengye absorption (£,
radiative heat transfer (£, conduction heat transfer between the particle and ai
(Qeong and G sublimation (Qu). Physical descriptions and corresponding
mathematical embodiments of each of the cited abowem@vided in section 11.1 to
[1.4. Overall, modelling LIl resumes as solving the daling system constituted by
the two differential equations 48 (energy balance equaaod) 49 (mass balance
equation):

dT 1 [[I?abs Qrad Qcond—qub] (48)
R
da__M, B RIT
d o 1 [2rIM,  a (49)
B ROT T

Solving of the system described above yields both eartgize history and
temperature history. Using the solutions obtained, theignal S can be predicted
as a function of particle size and temperature using Ptaftewv as adapted to the
practical ,measurement system by Hope Michelsen (20@8juation 50:

] ZITEHﬂ: .
s, _QnDEj Etbxp(hm/[kg) ] X, (1)@ (50)

The equation system is solved using either using a stamlarge-Kutta % order
solving method or a finite difference approach. Wheangared to Hope Michelsen’s
(2003) published results, the model produced similar energyrddes (@4 Qcond
and Q.p levels, except for a comparatively different subliowatlevels, with the
present model possibly underestimating carbon sublimatimmg LII. However,
sublimation rates during LIl have not been directly mesd to date and
discriminating between Hope Michelsen results and tlodsained during this study
is not possible. Temperature conduction decay rates dlswebeen compared with
measurements taken by Will et al. (1998) for an ethemeefland showed agreement.
The excitation curve of LI, defined as the signal misity versus laser energy
function, is also discussed. Until recently, Laser-Indudecandescence was
performed using a Gaussian or non-uniform laser spagaggmrofile. This resulted
into an excitation curve showing either a “plateau” sagpast circa 0.3 J/¢mor a
reduced rate of change of signal with fluence. Comméef beas that the “plateau”
region resulted from the fact that soot particles eyt reached the graphite
melting point (between 3800 and 4000K) and therefore meltingednsoot particle
temperatures from reaching any higher temperatures, tlea@bsence of increase of
LIl signal with fluence observed. However later studiesfirmed that the “plateau”
region was actually an artefact of the laser spati@rgy profile. Measurements
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performed with uniform laser energy profiles showed #raincrease in fluence past
the melting point of graphite would not result in a highemperature limit being
reached but high sublimation rates being achieved. Suldimaherefore would
reduce greatly the emitting volume of particles to actuatiuce signal levels past
approximately 0.3 J/chm Hence measuring LIl using a non-uniform laser profile
would result in large “wing” contributions for Gaussian tgdaenergy distributions
past the threshold of 3800K, whereas the centre of gex lbbeam would simply
diminish its overall signal contribution with increagifluence levels past the melting
point of graphite.

More interestingly, a direct consequence of the LIl rhad#hat if soot instantaneous
temperature can be measured during LIl simultaneously wihstgnal absolute
intensity, it becomes possible to: measure the com@utémperature decays and
therefore deduct the soot primary particle size; caleulbé soot volume fraction.
Snelling et al. (2000-2) introduced successfully, after Meaves Seitzmann’s (1997)
suggestion, the use of two-colour pyrometry to measuré ganicle temperature
during LII. Dual wavelength pyrometry is a simplificatioaf the spectral
measurement technique and relies on the principle ofuriegghe ratio of emission
from soot at two different wavelengths using two photectetrs. Eventually this ratio
follows Planck’s Law for a blackbody and is therefoemperature dependent. Using
the two-colour LII, the self-calibrated technique wagraduced by Snelling et
al.(2000-2). The technique, called Time Resolved LIl (TIRB-&imply relies on the
absolute light intensity calibration of two high-speedotpletectors set behind
optical bandpass filters. Therefore intensity ratia® ©®e measured, instantaneous
particle temperature measured, soot primary particle carsulated and the soot
volume fraction deducted from the measurement. As wgrleeanent between TIRE-
LIl and the gravimetric sampling technique has been fowrdying that the
technique and calibration method is giving reliable result

Overall, a general realistic and verified model has lestablished throughout chapter
Il. Secondary physical phenomena such as carbon meétmggaling or oxidation
were not taken into account have they have not béeer eerified or quantified. The
time-resolved laser-induced incandescence technique permitect measurement of
the instantaneous soot temperature by dual wavelengtimeymo This allows for
direct comparisons with the physical model: primary plrtsizing can be performed
by comparing the measured temperature decay with the caducbdel and soot
volume fraction measurements are based on the assodmtween the measured
temperatures and absolute light intensities.

The model behind laser-induced incandescence under vacw@utraissposition of the
classical model and measurement method presented throughapter Il into
vacuum conditions. The consequences of this transposit®rpredicted, modelled
and described in chapter IlI.
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Chapter lll — Laser-Induced Incandescence Under Vagum:
Principles

The laser induced incandescence (LII) method has evolvedthree decades from
being initially a limitation in laser spectroscopy ft&fmes (Eckbreth, 1977) to being
recognised as a useful phenomena by Melton (1984) and subs$eduentgh some
fifteen years of development it has today become resegras an important tool in
the study of nanoparticles, especially soot and bladbocaMany studies of LIl have
been performed so far: for the study of sooting flanagshigh pressure, vehicle
exhausts, urban pollution monitoring, etc... However, so [&aser-induced
incandescence had not yet been defined for vacuum caditieventually laser-
sputtered graphite incandescence signals were accidentafigured by Rolhfing
(1988) within the throat of a molecular beam expansidre dbserved signals were
reported to last longer than 40 and a attempt to apply Melton’'s model was
performed to conclude that the incandescent nanoscopihitigadebris sputtered
from the graphitic target were cooling from approximagf0 to 2700 K over circa
42 microseconds. However, Rolhfing’s principal interesiswnot LII but laser-
sputtering of graphite and the laser-induced incandescedceigee was still in its
infancy following the then recent publication of Meit® model (1984). The
consequence of this experiment lead Rohlfing’s work tiagomited to a spectral
measurement and incandescent temperature determinatymtheéo with a Mie
scattering approach aimed at resolving the graphiticeegne.

In all the conditions studied so far, laser-induced incsoelee has been involving
conductive heat transfer as the dominant heat transkechanism during the

temperature decay. And because conductive heat translergcoccurs on the region

of less than a microsecond, this particle- medium actern actually represents an
actual limitation to incandescence signals. Pracfictie energy balance equation 25
( Qint=Qabs—Qra-—Qcona—Qsub) takes into account the changes in internal enefgysoot

nanoparticle caused by the absorption of laserggrigy the particle and followed by:

radiation of heat through incandescence, conduatibrneat to the surrounding
medium and carbon sublimation. In terms of timescabsorption is dictated by the
laser beam temporal profile and leads to a peakelnhperature within less than 50 ns.
Sublimation is temperature dependent. For peaktdrtiperatures above 2800 K at
atmospheric pressure, sublimation becomes the roamtributor before being

overruled by the conductive heat transfer below0280 This situation is clearly

illustrated in figure 22 (chapter II). In standacdnditions, both conduction and
sublimation render the radiative heat transfer fittwn particle completely negligible
simply because radiative heat transfer represemtenargy loss rate generally 100
times lower than conduction and sublimation. Howetecause blackbody radiation
is what is actually measured during LIl and is dejemt on the refractive index of
soot, it is desirable to measure solely the radiatheat transfer. If radiative
temperature decays are to be measured, the sofetmeaduce to negligible the other
contributors, which are conduction and sublimatia,to perform laser-induced
incandescence under vacuum conditions. Becauggathiele conductive heat transfer
toward its surrounding would become negligible duehe lowered gas density and
large mean free path associated with vacuum condijtisublimation would limit

itself to temperatures above 2800 K and therefeawd the radiative term as the
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dominant heat transfer from 2800K to the lower measurefmait, typically 1800-
2000K for soot.

The focus of this chapter is to define laser-inducednhescence under vacuum
conditions as an extension of LIl itself. LIl undercuam relies on the same energy
balance equation as LIl itself. However, the physie@tionships are not the same.
On one hand, Laser-Induced Incandescence under standartiocsndeduces the
actual energy balance equation 48 into the following dicgtion during the
temperature decay of LII:

d—T—i[[H'Qcond—qub] (58)

Where Cs is the heat capacity of a particle of temipexd at the time t. On the other
hand, Laser-Incandescence under vacuum simplifies intqriggonderance of the
radiative heat transfer over conduction during the temperaecay of LII:

d—T—i[[H‘Qrad qub] (59)

Because the rate of energy loss through conductieag@ typically hundreds of
time greater than the rate of energy loss due to thatrge heat transfer (Q), the
first noticeable difference between standard LIl andurder vacuum will be their
respective time scale. Standard LIl lasts approximdésly than one microsecond.
Estimates of LIl under vacuum are signals lasting betvé®eand 100 microseconds.
The direct consequence of lengthened signals arising Heoroparticles is a dramatic
increase in time-integrated signal levels and potentmafl increase in sensitivity
provided the LIl measurement is performed with a photdegnating system (for
example a Charge Coupled Device). Therefore the detectiorsolated small
aggregates comprising only a few nanoparticles would uktigng@ecome foreseeable.
Also, lengthening the LIl signals from less than onerasecond to eventually 100
microseconds changes completely the nature of the nemasor when applying the
time resolved LIl (TIRE-LII) method: LIl under vacuum adls for the use of
photodetectors presenting slower time response and mgis® rejection. The same
applies to eventual preamplifiers and signal acquisitiotesys Overall, LIl under
vacuum brings LIl from the status of a high speed and loggerevel pulse requiring
nanosecond resolution instrumentation to a more rearsignal that can be
accessible to standard 2-20 MHz instrumentation.

Another ambition would also arise from the principleLifunder vacuum: because a
radiative-only temperature decay can be measured using-teselved LII, the shape
of the cooling curve measured for soot nanoparticles dvbel dominated by the
optical properties of the said nanoparticles. Thus emetigespossibility to re-
evaluate the emissivity or complex refractive indexcfiom E(m) defined in
equations 10 and 11. Provided the measured nanoparticlesheb@gyleigh criterion
for blackbody radiation (that is, the wavelength of ligbt emitted is inferior to 1.5
times the circumference of each primary particlekgriasduced incandescence would
become a novel method for measuring nanoparticlesieiyiss

In addition, since conduction is not the dominant meishgrthis is an opportunity to
investigate soot nanoparticles sublimation and other sggbphenomena (such as
annealing, photodesorption, melting, etc) currently undeutigy in the domain as
suggested by Michelsen (2003).
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Therefore LII under vacuum has potential to:
be acquired with less sophisticated equipment than thentlyr@Hz rated signal
acquisition systems, conditioning and processing elecsaeiquired for standard
LII.
provide much larger signals than “standard” LIl in ternfstime-integrated
photons emission. Therefore LIl under vacuum should piyriaei interesting on
a detection point of view and extend the lowest detigctimit for the
measurements of nanoparticles through LII.
become a method for determining the refractive indextion E(m) defined in
equation 10 and 11 and from E(m) the actual emissivity atf so
offer the appeal to study laser energy absorption, sulmimaadiation and other
eventual phenomena usually quenched by conduction.
unveil phenomena that have been undetectable untill now pharticle
incandescence times longer than one microsecond.

Overall, this chapter is aimed at defining the basidasér-induced incandescence
under vacuum. The first step is therefore to define texj@ate conditions for LIl
under vacuum to occur, that is the surrounding gas pressureeckttiuioperate in a
regime where the conduction becomes negligible when a@chpa radiation.

lll.1. Laser-Induced Incandescence and pressure: what ardhe conditions
required for LIl under vacuum?

In the following pages, Laser-Induced Incandescence tetnperand energy loss
rates contributions have been modelled as a functiopredgsure. Laser- induced
incandescence under vacuum can be defined as a formwhete heat conduction is
reduced to negligible by reducing the soot particles surrogng@as pressure and
lengthening the associated gas molecules mean free Paghefore modelling is
required to identify the pressure at which “standard” liéfined in equation 58

dT 1 [[H—Qcond—qub] ), is best described by equation 5%1( C]'[[]‘Qrad ~Qau). A

phyS|caI translation is a reduction of contributionthe total energy loss rate by
conduction. Conduction would eventually become negligiblenmtompared to the

contribution of radiation and sublimation when the sumding gas pressure is
lowered. Also, because both sublimation and radiatiemat dependent on pressure,
the soot temporal temperature profile would remain unclthegen if pressure were

lowered further below the maximal acceptable pressuedeteto achieve LIl under

vacuum. In order to represent a wide range of soot |gadizes, three primary

particles diameters were modelled: 5, 20 and 100nm. Five rdresms considered in

the LIl domain as most certainly the smallest primpayticle size than can be
defined. Twenty nanometres is a more common primanycleasize whereas 100 nm
is considered as exceptionally large.

On more technical grounds, the pulsed laser temporal epeofjie was modelled as
a Gaussian with a full-width at half maximum of 7.5 nd an excitation wavelength
of 532 nm. The expected range of temperature that is coedigefrom 2000 up to
4000 Kelvin, corresponding to a calculated peak emission ®aysl between
respectively 1200 and 600 nm. The refractive index fundfigm) is approximated as
constant (0.4) over this wavelength range and particl® wessumed spherical in
shape and obeying the Rayleigh criteridine value 0.4 for E(m) is adopted here
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since recent findings by Snelling et al. (2004) measuragesabf 0.395 and 0.42 in
flames during laser absorption at 1064nm. Also, measurermperftemed on carbon
black agglomerates at 532nm concluded to E(m) = 0.415. The sdimgugas
temperature was set at 300 K and the surrounding gas presssirsuggessively
lowered, from 18 mbar to 1d mbar. The energy loss rates contributions are
illustrated in figure 29 for the more common 20 nm diamptenary soot particle.
The laser excitation fluence used to trigger LIl was Uchd The choice of a
medium fluence here is made in order to raise the soait pEmperature toward
4000K and initiate significant sublimation at the beginniig_1l. Figure 29 shows
clearly two regimes separated by a transition zone:

- from 10 to 10 mbar, sublimation is the initial dominant heat tfans
followed by conduction

- from 10 to 10" mbar, sublimation remains the initial dominant heansfer;
however the dominance of the conductive heat trangfat follows the
sublimation cooling is taken over by the radiative hiestsfer contribution.

- from 10" mbar and below, conduction is negligible and a one s#mond
sublimation phase is followed by a radiative-only pHaséng more than 100
microseconds.

One could also note that for a 20 nm particle belowWnifar, the surrounding gas
pressure does not influence the heat loss rate equilibfilnarefore lowering the
surrounding gas pressure below’tfbar would not affect the LIl physics at these
pressures. Figure 30 details the temperature histories yanesssure associated with
the heat loss rate relationships depicted in figure 2%€T primary particle diameters
are modelled: 5, 20 and 100 nm. Overall, a similar situateom be observed: LlII
temperature decays gradually lengthen with decreasing pressone 16 mbar to
between 1b and 10" mbar. A transition zone is also remarkable forpaitticles.
However, LIl temperature decays become independent ofstleounding gas
pressures and remain unchanged below the following presdifesnbar for the 5
nm diameter particle, 0mbar for the 20 nm particle and 3Mbar for the 100 nm
diameter. Because 5 nm diameter soot primary partiocketharsmallest particles that
can be encountered for LIl and presents the lowestypeefs the onset of LIl under
vacuum, LIl under vacuum can be estimated to occur atlowki&? mbar.
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Figure 29: heat loss rates contributions in % for a 20nm diametienary soot
particle during laser-induced incandescence for an excitatser
fluence of 0.1 J/cfraccording to time and surrounding gas pressure:

(a) Sublimation heat loss rate contribution
(b) Conduction heat loss rate contribution
(c) Radiation heat loss rate contribution

The corresponding LIl temperature profiles can be foundigure
30(b). One could note that irregularities are generated glurin
computations when particles reach gas temperature (300Kjrambt
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As a summary, the conductive heat transfer becomeigibegbetween 0.3 and 0
mbar, and this limit depends only on the soot primaryigkar the smaller the primary
particle, the lower the pressure at which conductiomines. Overall, a pressure of
10°mbar can be used to define the onset of laser-inducaddescence. The classical
model for LIl includes a temperature decay analysis basezbnduction, from which
the primary particle size can be estimated. Alsowadebtleties occur for LIl under
vacuum and these are developed in the following subsection.

lll. 2. Modelling Laser-Induced Incandescence Under Vacum.

The model for LIl under vacuum presented in this sectidmased on the general LII
model described in chapter Il, with some interestingpfications applied to it. In
addition, assumptions are made. On one hand, the priassymption in the
following section is that soot particles are consideérebe spherical in shape, whether
they are primary soot particles, aggregates (hard fusedarprirparticles) or
agglomerates (loosely bound aggregates) (Seinfeld and P&488B). Even though
the assumption of spherical particles is crude and foy mggregates a fractal model
(Filippov et al., 2000; Balthasar and Frenklach, 2005) wouldeiebbut is beyond
the scope of this thesis. On the other hand, heatuobion losses are considered in
the Knudsen (or continuum) regime, where the gas meanphéh is of equivalent
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dimension or greater than the diameter of a sphericdiclpa This is a logical
consequence of extended mean free paths associatesbwiprdssures and vacuum
conditions. Now that the main two assumptions on whioh model relies are
precised, a more detailed insight into radiative tempegatecays follows.

[11.2.1.Radiative temperature decay and determination of E(m).

During heat-up by the laser beam, carbon nanopartieleshrtemperatures above
2500K, which is the onset for sublimation. Therefore fite# temperature decay is
expected to be dominated by sublimative heat lossdewtx by a radiative-only
temperature cooling decay. From section 11.2, the radidteat loss rate & can be
expressed as:

_ 199 3k T) E(m)
rad h[chc)s
for a particle satisfying the Rayleigh criterion. Thagpression results from the

integration of the Planck function for a particle eimgt with a constant E(m)
(Michelsen, 2003).

(60)

In the eventuality of a radiative-only temperature detlag energy balance equation
becomes:

Qinternalz Qradiation (61)

this develops into, using equation 60:

19%3@&3)(]@)5[5(@

AepadT =

Sma p ms@d—t e (62)
JEECE @Sa j[CkEII) [EE(m)D ) -
dt hithio) 4 pc.

dT_ 11948 R T gy (64)

dt h'Blpso

Hence we now have a situation were the soot prirparticle temperature gradient is
independent of particle size. Temperature lossesroon a much longer time scale
than is normal for an atmospheric bath gas (tylgi@iOns to 1 psec) and will likely
lie in the range of 50 pusec or longer. Indeed ex@ing equation 64 suggests that it
should be possible to estimate E(m) directly:

4t p(Mic(T)
E(m)=—"NC ﬁs =l (65)
1194A® T

Thus by measuring the particles temperature T degthytime t we can determine
dT/dt while approximating the density and spediat capacity of sogis and g to

the graphite ones. This is expected to yield aredamty lying within the 5-10%
range (Fried & Howard, 2000). Hence a direct detstion of E(m) becomes
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foreseeable. Also, the density and specific heat dgpafcgraphite in the temperature
range of interest — that is, 2000 to circa 2600-2800K - areysieawying functions of
the particle temperature T. However equations 64 and 65sudadg for a further
analysis. The constant part can be simplified usingjaivaent constant &

4 3
CEm: (66)
11941 K

For simplification, both density and specific heat cé@paare assumed constant over
the temperature range 2000-2800 K. Equation 65 then develops into:

c
E(m):cEmé)S—;@lzcEmm e (67)
T dt s sT dt

We are now simply left with a first order ordinary equat The separation of
variables results into:

Cemlp [c
—_— S S T
dt=—g s @T—S (68)

Integration of each side of the equality leads to:

t CEm[p
.[ ~ E(m) E(m) [ﬁdT (69)
which solves as:
CEm[p -4
S 2Em) o~ ) (70)

with t = 0 the time at the start of the radiativecaly, that is the chosen time were a
radiative-only temperature decay starts at a cpomding temperature oI The
expression can be rearranged to express the tetgetastory as a function of the
starting temperaturepland time t:

-1/4
AE(m) M

T= T+
CEmLﬁ )

(71)

and the actual E(m) value can be obtained duringsorements from a fit to the
equation:

E(m)=— P @T T ) (72)

Therefore we have an expression where E(m) dependshe density and specific
heat capacity of graphite, and the initial and alctemperature measured. One would
note that equations 71 and 72 do not include amnytiore of particle size (diameter).
This is because the particle radius a cancels ouedquation 63. The direct
consequence of this is that the radiative temperadecay of particles suspended in
vacuum is not size dependent and depends only @emméasurement of the soot
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temperatures T andy,Tthe density and specific heat capacity of soot andethactive
index function of soot, E(m). The uncertaintym on an E(m) determination can be
expressed as (NIST, 2004) :

2 2
e = dE(m) Mp 2, dE(m) an dE(m) m dE(m) mT dE(m) mT
dps s dCS s
(73)
The time resolution and subpicosecond jitter of tiseilloscope used to take the
temperature measurements are usually of the ordégnths of nanoseconds for a

measurement taken over longer than 50 microsecdingsefore the error on the time
measurement will be neglected here. The uncertakpyession then develops into:

uE(m)z\/{ Cenld DéT -T )} mp {—Czﬂ DéT -T )TmC {CEm@S.SEITo
(74)

Taking into account that the relative uncertairajue of 5% (Fried & Howard, 2000)
is accepted for the expression of density and bapacity of soot and assuming a
constant temperature uncertainty over the temperature measurement range. The
two limits generally accepted in the domain for [ (mhich are 0.4 and 0.2 are being
studied and the corresponding uncertainty for Efetermination calculated. Results
are displayed on figure 31. A first observatiorthat the uncertainty on density and
heat capacity sum up to less than 4 to 5% of thal tancertainty on E(m) when
dealing with high temperature measurements, whehase are resolved at 50 K or an
ideal 10 K. Overall, a difference of a factor 2 fine value of E(m) represents a
difference of 208 K over 6Qus for a start temperature of 2800K, with final
temperatures of 2231 and 2439 K for E(m) = 0.4@R&despectively.
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Figure 31: Radiative temperature decays (a) for an initialgerature of 2800K and
corresponding uncertainties when attempting to oreasE(m) with
temperature uncertainties of 50K and 10K (b).

As figure 31 b illustrates, the estimated lowesber on the E(m) measurement scale
between 7 and 10% for a temperature measuremerdrtaimty of 10K. E(m)
uncertainties are much larger for a temperaturesureanent uncertainty of 50K and
can reach up to 17% for E(m) = 0.4 and a temperaturve measured over 60
microseconds.
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As a summary, the requested conditions for performing (am Eneasurement when
using Laser-Induced Incandescence under vacuum are:

- performing the measurement with the lowest temperaineertainty possible

- using the longest recording possible of LIl signals urdetuum.
Typically, 10 Kelvin is probably the lowest resolutioch&evable for the dual
wavelength pyrometry. Effectively, for a range of tenapares varying from 2000 to
4000 Kelvin, 10K represents a resolution of 1/208nd this is technically extremely
difficult to achieve for the typical dual wavelength pyeint system used for LII. A
more realistic estimate of temperature accuracy wopiddly be between 10 and 50
Kelvin. The other consequence of being in the situatidereQintermar Qradiation
(equation 61) is that the soot radiative temperature dexasize independent.
However, another implementation of laser-induced incsocetee does provide with
temperature depending provisionally only on the emissiitysoot. Indeed, if the
sublimation temperature is not reached during laser alisorphe first nanoseconds
of laser absorption and the peak temperature of the-ifmiered incandescence
achieved will depend uniquely on the soot complex refraatidex function E(m).
This principle is used in low fluence laser-induced incarelese, where negligible
sublimation (associated with mass loss) is achieved.

[11.2.2. Low fluence LIl under vacuum

Snelling et al.(20043uggest that for low laser fluence at atmospheric pregsere<
0.09 J/crh for 300K surrounding gas temperature) the peak soot tempefauttirk
should be nearly independent of the soot primary partesiae ¢ it is argued that
the peak soot temperature occurs at a tipgnear the end of the of the laser pulse
since only then can the heat loss rate (primariywdoation but also in part
sublimation) start to dominate over the laser enelppiption rate. For ttax the
rate of temperature change for a primary soot partialelme written as:

4T 6ME(M)F [ot)
dt APs[Gs

(75)

and integration over time of equation 75 above detadthe following expression for
the peak soot temperaturga.k

e e
Thna=Tg+ 6T;Epsr28 '[q (t)dt

0

(76)

For vacuum conditions, since excitation requirepraxmately 30 % less laser
power, the upper fluence limit would be circa 0.06nf for an initial 300K soot
temperature and a peak temperature close to 2800tKe peak soot temperature
exceeds these limits, significant sublimation Heases would start occurring during
and shortly after the laser pulse, leading to plarsize dependence. Another aspect to
consider is the capability to use the peak tempezalata as a measure of E(m) at the
excitation laser wavelength using the interpretatid Snelling et al. (2004). Low
fluence laser-induced incandescence under vacuwid d® defined as a uniquely
absorptive and radiative system, with a laser glteor phase followed strictly by a
radiative phase. Therefore both laser heat-up amd semperature decay would
provide a measure of E(m) and temperatures woutdbrosize dependent. Even
though temperature measurements obtained usingfllenee LIl under vacuum
cannot be used to infer primary soot particle diae,technique itself does not suffer
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from temperature non-uniformities due to particle sizéridigions and aggregation
effects (Liu et al., 2006). Furthermore, the presenceond Isignals that can be
integrated over dozens of microseconds make the LIl umdeuum technique
attractive for measuring soot volume fractions.

The low fluence LIl under vacuum model has been applied fiweananometres
primary soot particle in the same conditions as de=ttribr figures 29 and 30, with a
laser fluence limited to 0.06 J/émiThe results are illustrated in figure 32. A peak
temperature of circa 2700 Kelvin is achieved and therefufgimation is not
triggered, as suggested by Snelling et al. (2004). This ismMed by a solely radiative
temperature decay below 40mbar. Therefore size-independent laser-induced
incandescence is possible and low fluence LII would provide following
characteristics: temperature uniformity, even whemdp@ distribution in size of
primary particles and aggregation (Snelling et al., 2004; B&y&reenhalgh, 2006);
absorptive and radiative measurements for E(m); angratied high signal levels.
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10°  Figure 32: modelling results for a 5
nm diameter primary particle enduring
a laser excitation fluence of 0.06 Jfcm
at a surrounding gas temperature of
300K plotted against time and pressure
(a) Laser Induced Incandescence
temperature map.
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loss contribution, in %
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Note that sublimative heat losses are
10+ ot represented as they are negligibly
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generated during computations when
the particle cools down to 300K are not
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Even though the conduction is treated as the principald@pendent heat transfer,
sublimation introduces a size dependency for LIl under vacauadhthis is will be the
focus of the following section.
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[11.2.3. Sublimation Under Vacuum

For laser fluences exceeding 0.06 Jcm corresponding to peak particulate
temperatures above 2800 K - sublimation should become ddndoging the first
microseconds for laser — induced incandescence under vaéuuna sublimative
temperature decay, the energy balance equation cantbenvers:

Qnt:Qevap (77)
Developing each term of equation 77 details the mathemhat&ationship into

equation 78:

3
Tid [Bs(0s R
i@lz—rmng& (78)
6 dt P 121V v
BY RO
And this simplifies as:
R,
dT._ 6[AHv RO
dt  dolPsiGs 7 2mM (79)
BY RO

Where R represents the vapour pressure of carbonfande sublimation rate of
carbon clusters (Cand G) from the particle itself (Melton,1984). Therefore
sublimation, when dominant, introduces a size dégece during the temperature
decay of LII, and this will affect primarily therét microseconds of incandescence.
Since the estimated high fluence limit for low fiee LIl has been defined in the
previous section as 0.06 Jfnihe effects of increasing the laser fluence om th
energy balance equation is described in figureo8&fprimary particle diameter of 15
nm at a pressure of T0mbar. Increasing the laser fluence from 0.06 @y Ql/cri
results into a non negligible sublimation energssloate (2 to3 times lower than the
energy loss rate of the particle due to radiati@amich then becomes predominant for
medium (0.1J/cA) and high laser fluences (0.3 JRnduring the first 5 to 6
microseconds of LIl under vacuum.

]

10°

Time (ps)
Figure 33 Plots of the energy loss rates during partideling, conduction -
continuous line, radiation — dashed line, sublioratdotted line.
Conditions are 16 mbar and laser fluences of (a) 0.07 J/cth)

0.1 J/cm, (c) 0.3 J/crh The particle diameter was 15 nm and the

surrounding pressure tonbar.

The effects on sublimation on the particle tempegaturve during LII are described
on figure 34: expectedly the peak particle tenmjpeeaincreases with laser fluence.
Surprisingly, temperature curves versus time becdamheatical for both medium

(0.085 J/crh and 0.1 J/icA and high fluences (0.3 J/@mafter one microsecond.
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Therefore a fluence threshold exists above which tdmperature at circa one
microsecond remains unchanged whether the laser flugnoereased or not. Then
follows a radiative temperature decay for a remaining apmately 100
microseconds. One can note that for a fluence (0.07Jtoser to the low fluence
limit of 0.06 J/crf, the peak LIl temperature remains below 2800 K and subtimati
does not dominate the cooling phase of the soot pattloever it is interesting that
all temperature curves tend asymptotically to the samgpérature curve after circa
30 microseconds.

o 1 T E— F=007 Jcm2 -
c ||\ - F = 0.085 J/icm?2
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Figure 34 Variation of the temperature with laser fluence farticles of
diameter 15 nm for a pressure of*lfibar.

Whereas increasing fluence above the 0.06 3/msults into the same particle
temperature history between 2 and 30 microseconds fosioge primary particle

diameter, increasing the laser fluence does introducensitisity to particle size

distribution. Even though the typical lognormal distribntiof primary particle size

would permit an approximation, the effective temperatweves obtained under
vacuum vary accordingly to primary particle diameter. Thitustrated in figure 35:
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Figure 35: Variation of temperature for a selection of partialees for two
fluences a) 0.08 J/cnb) 0.2 J/crh

Clearly temperature differences between primary pastidé different size are
expected. These compromise: the accuracy of the g#etgmperature measurement
and, as a consequence, the eventual E(m) estimatiortaintge Now that LIl under
vacuum has been reviewed under all its essential aspeatemparison between
“standard” LIl and LIl under vacuum can be undertaken imthé section.
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l11.3. Comparison between “standard” LIl signals and LIl under vacuum.

On one hand, the “standard” LIl technique is based omgsurement of LIl signals
over less than one microsecond. Traditionally, lasgueed incandescence signal
intensities are used to provide both the primary parteteperature and the soot
volume fraction measurement. A measurement of thaatdfe index function E(m)
is also possible at low fluence using the peak soot teyper.On the other hand, LIl
under vacuum provides signals that could potentially lastemtran 100
microseconds, provide a predictable and size-independepttatare profile at low
fluences that can be associated with soot volumeidracheasurements. A direct
measurement of E(m) is possible both during laser abgorpind radiative
temperature decay and the associated uncertainty ofdasunement ranges between
7 and 10%. Because the theory behind LIl under standard iomsdénd LII under
vacuum has in common mainly the laser absorption antimstion, a theoretical
comparison is not necessary. Figure 46 illustrates tferafice between atmospheric
LIl signals and the ones expected under vacuum. Overediube temperature decays
are lengthened under vacuum, incandescence signals walinbelengthened toward
the 100 microseconds durations instead of less than ocesetond. Another
interesting point in that atmospheric LIl is particlesize dependent. This size
dependency translates into short-lived signals for spaficles and longer signals
for large particles. This size dependency is counteragfexh during LII under
vacuum as both small and large particles are expectedwm@rlong-lived signals.
The direct consequence of this is that, when LIl sgyaat integrated in time, as they
would when measured by a CCD for example, a practicalggimoton emitted per
nanoparticles becomes apparent. This is illustratedyimef 46 c. Therefore smaller
particles that would not be detected or hardly measurabtder atmospheric
conditions become measurable. Overall, this featutdlainder vacuum represents a
non negligible gain in detectivity ranging between 30 and 80@&ftime-integrating
system. Also, a large increase in signal contributisasn smaller particles when
compared to LII performed at atmospheric pressure.
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Figure 46: Comparison of laser-induced incandescence at atmospheric
pressure and vacuum (Lénbar) for three particulate diameters
(5, 20 and 100 nm) for a laser fluence of 0.1 3/and a
surrounding gas temperature of 300K:

(a) Temperature curves

(b) Absolute light intensity
(c) Ratio of integrated light intensity vacuum/atmospheri
conditions for a few particulate diameters
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[1l.4.Conclusions to Chapter IlI.

Laser Induced Incandescence under vacuum in itself is al hdv measurement
method. The radiative heat transfer under “standard” tiondi was considered
mainly as the source of LIl signals but a rather ndiégphysical term compared to
sublimation and conduction. Under vacuum the radiative traasfer becomes the
main contributor. Indeed, following laser absorptiorthe physical relationship

inherent to “standard” LIl is changed from d—T-i[[}Qcond—qub] (58) into

%-{ 1 [[H—Qrad Qsu] (59) under vacuum. The consequences are:

(1) Iong lived incandescence signals of up to 100 microsiscander vacuum
instead of the traditional microsecond.

(2) because the temperature decays will have a direafiorelto the radiative
properties of the incandescent soot, a measuremerfimfiE€possible

(3) an overall gain in signal detectivity for time-igtating photodetectors greater
than 100 when compared to atmospheric LII.

Laser-induced incandescence under vacuum is defined as thihed at a pressure
low enough for the incandescence signals to be presmigpendent. A pressure of
102 mbar was found an acceptable approximation for the coindulseat transfer to
become negligible.

On one hand, LIl under vacuum can be used to determinmeftaetive index of soot
function, E(m). For a measured radiative temperature de&g¢ay expresses as:

E(my=— P @T T ) (72)

The densityps and speC|f|c heat capacity of soQtate assumed to within 5% as the
ones of graphite, and therefore the temperaturesuneent accuracy at the starg)(T
and end (T) of the radiative decay is primordial. tdmperature measurement
uncertainty of 10 Kelvins would result into 7% eri@ainty on E(m) while 50 Kelvins
would represent 10%.
On the other hand , sublimation can be avoidedlawdfluence LIl under vacuum
can be performed. This would mean that the solsigélyphenomena involved would
consist in laser absorption followed by radiatibtfence LIl would become entirely
independent of soot primary particle size. This lddacilitate soot volume fraction
measurements and temperature uniformities durihg LI
In parallel, sublimation is triggered for peak LUkmperature above 2800K. The
consequences of sublimation are:

(1) an initial sublimative temperature decay lastess than 10 microseconds

(2) size-dependent temperature decays
Overall, LIl under vacuum has great potential mt® of detectivity when compared
to “standard” LIl. Because the primary particle esidependence is reduced to
negligible when compared to “standard” LII, highinga in terms of time-integrated
numbers of photons emitted are expected, in péatidar primary particle diameters
below 100nm, with LIl under vacuum resulting in temission of in the order range
100 to 300 times more photons per primary partgler 100 microseconds.
Overall, the conditions required to obtain LIl unde@cuum have been set and the
overall fluence behaviour as well as the expe@edormances are explained, the
experimental systems that were used to investipatetically the technique are
described in details through chapter IV.
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Chapter IV- Experimental details and methods

This chapter is focused on illustrating and providing detaidormation about the
measurement systems and techniques used to demonstrastu@yd.aser-Induced
Incandescence under vacuum. The results obtained usingpiengental layouts are
actually described and discussed throughout chapter V. Therenmguis for
performing LIl under vacuum were the following:

(1) Provide a sample of carbon black or soot formingspension under vacuum
below 10° mbar. Also, repeatability in terms of sample therrpalsical and
morphological properties was of primordial importance mdeo to permit
cross-comparisons between measurements systems anhi@ssresults.

(2) Once signals associated with laser-induced incandsscgare obtained, a
spectral investigation would be performed in order toioonthe obtention of
blackbody radiation (incandescence), signal lifetimed t@mperature decays
corresponding to the model.

(3) Perform simultaneous two dimensional and time-resbldl under vacuum
measurements at medium and high laser fluences. Implememiel absolute
light intensity calibrated 2D LIl technique in order tonfirm the sensitivity
limits of LIl under vacuum for time-integrated measurement

(4) Perform high accuracy time-resolved LII measuremettdoth low and
medium fluences using NRC instrumentation.

IV.1. Sampling carbon nanoparticles into vacuum

One of the outcomes of chapter Il was that hibar is a prerequisite for measuring
LIl under vacuum signals and obtain radiative temperatur@aydeclhe simplest
solution for drawing a soot-loaded sample aerosol intea@um is to create a
continuous sampling system made of an orifice and backed krge capacity
vacuum pump. This was initially envisaged, and details aengn appendix C. This
attempt lead to the conclusion that a simple orific#tesy could not provide lower
than 10 mbar of gas pressure and therefore two optiorsemgisaged:

- amolecular beam sampling system

- a sealed system with a sample held under vacuum
Molecular beam sampling systems present an advantagheaaspirated sample
aerosol remains airborne and particles remain phlysieahote from each other. The
molecular beam technique is therefore the subjecteofoflowing section.

IV.1.1. Molecular beams

The molecular beam is based on the sampling, eithémoons or intermittent, of a
gas-loaded aerosol into vacuum, as illustrated by figure #dacti€ally, particles

nearly reach the speed of sound provided the orifice &l g few hundreds of
microns) and the pressure difference is large (1 to 2.6suineres). This results into
rectilinear particle trajectories similar to a beahparticulates:
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pressure high vacuum
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Detection region

Figure 47: Sampling configuration for a molecular beam. An aerosol
containing suspended soot particles is aspirated through a
sampling orifice from atmospheric pressure into vacuume. Th
consequent gas expansion results into a molecular beam
inside which measurements will be taken.

On theoretical grounds, a molecular beam is based upomriheple of a free
expansion. Kennard (1938) describes the following for tle@menon: during a free
jet expansion, the gas is neither allowed to exchantfeits surroundings nor to do
any external work; The ideal way to perform such an @sipa would be to put the
gas into one compartment A of a vessel with a vacuuamiadjoining compartment
B, and then suddenly to open in the partition holesrgothat the molecules of gas
could go through only one by one, as depicted in figure 48:

Y
l

A l B
|
i

Figure 48 Principle of a free expansion (Kennard, 1938)

This results into the occurrence of a “freezing” of tinanslational, rotational and
vibrational degrees of freedom of the gas molecules (Wagd974). A system free
of collisions between the gas molecules in a freen@arly free) molecular flow is
therefore obtained. Hence the system is called a cumlale beam. For a flow
containing both molecules and particles, the particées lie considered as yielding
the same collisionless behaviour as gas moleculesdebthe surrounding gas has a
mean free path much greater than the particle diametea Spherical particle (i.e.
obeys the Knudsen conduction heat transfer regime). iShiractically always
verified for a nanoparticles laden gas. In more detailsnolecular beam presents
three zones, by decreasing gas molecule- particleiaollistes: the hydrodynamic
zone, the transition zone and the free jet zon#luasated in figure 49:
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Static Hydrodynamie Transition Free jet
Zone ZoNe Zone

Figure 49 Flow regions in a free jet expansion. D refersinozzle diameter,
whereas §, Py, ny and u refer to the static (gas at rest) characteristi
of the expanded gas (Doherty, 2003).

Now that the principle of the molecular beam has bdmd out, a few
implementations of the principle are to be considerdeydiffer between each other
on the grounds of the pumping capacity required and the tissismiefficiency (the
ratio of particles passing through the inlet nozzle ahgasticles present within the
measurement volume) desired. The description given hdlrdewlimited to only
three references that depict best the problem studieddpdoby Johnston (2000) and
Xuefeng Zhang et al. (2002-1 and. A)he determinant design component that is
required to produce a focused aerosol molecular beam isl¢henozzle(see figure
50). Three families of inlet nozzles are availablelate:

- A sharp orifice or capillary left continuously open, lwibn one side the gas at
atmospheric pressure and vacuum on the other side. Howeseaequires high
pumping speed (up to 600 litres per second), increasing highlgasteof the
pumping system. Such sampling systems have been develop@cedgy et al.
(1997-1&2) to avoid quenching due to local gas for laser-inducexefcence
studies of OH and HOZ2 in the troposphere. One would alse that a sharp
orifice focuses only a single particle diameter for gegiset of conditions
whereas a capillary transmits a broader range of [gadi@meters.

A pulsed nozzle can also be used: using a high-speed solexteag the nozzle
orifice is left open for a few milliseconds, with anspressed mix of the sampled
gas and Helium (having a low heat capacity) held at ardubdrs and a high
vacuum (16 mbar) on the other side. Therefore, the increasesspre drop
between the two sides of the system and the qualitth@fvacuum leads to
collisionless times of up to 100 ns (Rohlfing, 1988). Thernnenience here is a
very unpractical system that can hardly operate synolusly to a laser (due to
high repetition rates) and detection system and evenjpahe to clogging when
facing high particulate matter concentrations. The amis/iadvantage is that the
pumping capacity is matched with the system’s capabifity therefore permits
the use of lower capacity vacuum pumps.

An aerodynamic lens system (see figure 50-C) below) éscaswide range of
particles diameters with near unit transmission efficy while being
continuously pumped. Clearly the aerodynamic lens systaigrdes from far the
most attractive as it provides additional transmis®&fficiency and continuity.
Therefore the focus will be brought onto this methodhes selected sampling
technique.
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C)
Figure 50 (Johnston, 2000)The three basic types of inlet designs available for
molecular beam. (A) is a sharp orifice inlet, (Baisapillary and (C)
is an aerodynamic lens system terminated with a agpéind
orifice.

Overall, an aerodynamic lens is made of a series hafps orifices, placed in
decreasing order of diameter. The decrease in diameéebaiween orifices is aimed
at readily “ focussing” the gas flow into the final diapy. Each orifice represents
effectively a flat plane, as shown on figure 51 below te particle trajectory change
when flowing toward an orifice is proportional to thatmde aerodynamic diameter,
with a general tendency to reduce the particulate flometiar.
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Figure 51 (Xuefeng Zhang et al., 2002-1)particle behaviour in front of one of the
lenses inside the aerodynamic lens system. The oot&jm on the left
hand side of the graphs is a relative distance fromctwre of the
cylindrical lens and X,m defines the distance from steat of the lens.
Three cases are highlighted:

(A) The first one (5nm particle diameter) shows a plertiaving a highly
divergent behaviour since its inertia is too low fog particle to
remain focused by the gas stream.

(B) The second case is an averaged sized particle (50Batmemains
focused.

(C) The third one depicts the situation for a large glar{ilQum): the
particle inertia is too high to allow it following tlgas streamlines and
results into impaction of the particle onto the wélihee aerodynamic
lens.

When assembled into a series of sharp orifice plaesirnated by a capillary and a
final orifice, the system behaves similarly to aptical lens, focussing a beam of
particles of various diameters into a set measurenwuaine located usually between
10 and 40 cm further downstream as illustrated in figure 52.e@lilyraerodynamic

lenses designs are available through the literature wihsmission efficiencies
approaching one for the particle size range 60nnuio. 6
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Figure 52 (Xuefeng Zhang et al., 2002-1jull aerodynamic lens apparatus modelled
under working conditions for different particle sizes:
(A) 25 nm diameter particles
(B) 500 nm diameter particles
(C) 10 pum diameter particles
The notation R,m on the left hand side of the graphgdative distance
from the centre of the cylindrical lens and X,m deditiee distance from
the start of the lens.

Overall, the aerodynamic lens system is a recenéniion by Jimenez et al
(University of Boulder, Colorado). It is a means terhklly focus a flow of particles

from a sampling line into a measurement volume held uhigr vacuum with the

highest efficiency and particle diameter acceptancelabai The technology has
proven its sturdiness in conditions such as measureinealtéude and urban vehicle
particulate emissions characterization, and as ieisgbwidely adopted throughout
the particle analysis domain an increasing number ofpoatations and adaptations
can be found in the literature. However the enginearargplexity and time required
to design and assemble such a system was far beyorsubfert, objectives and
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budget of the present thesis. Therefore a simpler optidrto be chosen. The second
option that can be envisaged to obtain LIl signals urdeuum is to actually seal a

sample of soot inside a vessel held under vacuum. Thisnopgs ultimately chosen

for its relative engineering simplicity and cost effemness.

IV.1.2. A sealed sample of soot under vacuum

The principle of a sealed vessel containing a samplergt carbon black powder
was adopted. Carbon black is obtained from the comioustiaich flames inside
industrial boilers. Despite the use of carbon black masink for printers and a
compounds, the material itself is a settled form ot.s@bviously, because an aerosol
beam is not involved and LIl has to be performed on suiggkparticles, agitation of
the carbon black powder was necessary in order tonobtaasurable quantities of
“free falling” carbon black particles. The principle afoller bottle on a roller system
was adopted: using a 120 mm diameter cylindrical flask filled approximately 2 g
of carbon black powder disposed horizontally on a relfet rotating at a minimum of
30 turns per minute, the wall friction and rotationabeély combine to lift the carbon
towards the top part of the cylindrical radius beforecadmg under gravity to the
bottom. Therefore a controlled flow of descending carblack particles in free space
could be maintained, while side optical access througleyimrical bottle walls can
be used for detection. Both the front and bottom otiditle were fitted with optical
windows to permit laser excitation. Both elementslgrdottle and roller apparatus)
are depicted in figure 53 below:

- Front
(b) T

\\ ~
LS
\ inlet tube

Clased Flat
optical windows

Figure 53: Evacuated roller bottle system
(@) Wheaton bench top roller bottle apparatus (Fisher,2004)
(b) Roller bottle schematic. The roller bottlgprmarily a 120 mm
diameter glass bottle adapted for side optical accessasapoinc
black powder sample insertion inlet tube.

The roller bottle is a 240 mm long cylinder with a cahf’20mm diameter designed
to accept a small sample of carbon black powder (typi2atirams) through its inlet
tube. The inlet tube comprises a reduction in its midaéeaaQuickfit™ 10/19 conical

female joint on its extremity for attachment to th@cuum pumping system. The
middle reduction is designed to be melted using either aracedylene or a forced
air-propane torch when the vessel reaches adequate pretmiefore flame-sealing
the sample to be tested. Two 50 mm diameter BK7 windows fiteed on the side to

accept a laser beam passing through. The roller battiefitst been modelled using
IDEAS™ to make sure the inlet tube fits on the roller bo#fgaratus without

touching the side and then hand drawn (an electronic @bihye drawings is available
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in appendix D). Five sample bottles were manufactured ate MCaplin's
Southampton University Scientific Glassblowing fagilit

The principle of the vacuum system is laid on the schiensa figure 54. The
pumping group is a Varian T-series turbo pumping cart, featari8gi100 dry scroll
pump backing a navigator V301 turbo pump. Its nominal pumping spegs va
according to the system pressure, between 40 and 550 Ifseocvatuum pumping
system was designed to be plugged into the roller bottl&fquadaptor and therefore
the insertion of a bottle would close the systenprirctice, all tubings and the roller
bottle were baked circa 380K using heating tapes, and thleqgfinckfit glass joint
between the roller bottle and the quickfit glass adaptas wacuum-greased and
cooled to a constant 300K using a wet cloth system,ighapiece of cloth covering
the joint with its two end dipped in a glass containercofd water. Also, while
evacuating the roller bottle, the system would berlgfhing for approximately 12 to
15 hours to achieve a satisfactory pressure between21xtd0* mbar. The pumping
time is justified by the amount of moisture present withe black carbon powder.
Once a satisfactory pressure was achieved, flamengeahks performed and three
satisfactory roller bottles samples were selectednfeasurements. Pictures of the
pumping system and of one of the sealed roller bottleaeadable in figure 55. The
described operations lead to obtaining sample rollgtebceach containing circa 2g
of carbon black powder, which once dried and vacuum seafgumbared to contain
soot agglomerates, most of which were of a sizeleisid the naked eye but much
less than a milimetre. Obviously a great number o&llem particles were also
present. Therefore the practical experimental conditachieved are similar to the
irradiation of carbon black (which is a form of soot)diesel soot from heavy duty
engines under vacuum at circa“lfhbar. Both of these are composed of largely
agglomerated soot particles. However, this does notgehdne nature of the substrate
itself, as the thermophysical behaviour of ensembfeagglomerated nanoparticles
can be approximated as the thermophysical behavioteafdnstituent nanoparticles.
As a summary, the roller bottle method provides agglomeéraoot particles that
satisfy the prerequisites for LIl under vacuum: a suspergdfi@oot particles held at
pressure below ITHmbar. The following step is to obtain laser-inducedridescence
under vacuum signals and prove that the signals obtainedrgXpectra continuums
characteristics of blackbody radiation (2) consisteith &t least a 50 microsecond
long temperature decay that can be associated withngnvalue comprised between
0.2 and 0.4. The following section is therefore centredaospectrograph system
designed and calibrated to measure LIl under vacuum spectra.
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Figure 54: Initial vacuum system schematic. A large intake vales later
added between the insulation gate valve and the turbccutexie
pump to avoid damaging the pump by forming a restriction when
starting to evacuate the roller bottle.

Figure 55: Vacuum umping system picture (left) and flame-sealed roller
bottle containing a sample under vacuum (above).
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IV.2. Details of the spectrographic system used to validate élpresence of LI
under vacuum

In order to validate the feasibility of laser-inducedaindescence under vacuum, the
very nature of the signal had to be investigated. Testithe presence of LIl under
vacuum, two criteria are to be complied with : (1) blaxkb spectra typical of
incandescence have to be present; (2) the corresporabgesnperature recorded
have to match the long-lived (50 microseconds and markative temperature decay
described in chapter Il and yield a measurement of Efm)prised between 0.2 and
0.4. In order to assert these two criteria, a spectpbgrd.ll measurement system
was assembled. The experimental layout is illustratefdjbse 56:

Nd-Yag laser mirror

(1064 nm)
evacuated bottle containing = 1/2 wave plate
carbon black tumbled prism [ beam dump
on the roller bottle apparatus polarizer
(]— mirror

x 3 cylindrical

Nikon gaussian telescope
[CCD moung&d EI achromatic
on /3.8 spectrometer /1.8 lens

adjustable
holographic
grating

Figure 56: Spectrographic LIl measurement system (excluding Helyeraént
lasers)

The laser beam is provided by a pulsed Nd-YAG Quanta RaR C& S laser
emitting at 1064 nm. The laser is operated at its fundameatelength both in order
to guarantee that the Rayleigh criterion applies herk l@tause the frequency
doubling option was not available on this particular rla3éne overall laser output
power was 910 mJ / pulse at 90 % of the maximal flash lamapge setting at an
optimal Q-switch delay measured of 139u8. The laser fluence delivered to the
measurement volume within the roller bottle is collgdoby the association of a %
wave plate and a prism polarizer: the laser beam paf@nizis controlled by the %2
wave plate; when the laser enters the prism polariber,vertical polarization is
transmitted and the horizontal polarization is refidcat 45 degrees into the beam
dump. This way the % wave plate controls the amountedically polarized laser
light entering the prism and therefore the amount of pavensmitted through the
prism. This method is typically used so that the flashp power of the laser does
not need to be varied. Eventually a greater reprodugibifitthe laser beam spatial
profile is guaranteed this way. The cylindrical Gauss&éescope expands the laser
beam by a factor 3 in the vertical direction and perpefatly to the measurement
axis of the spectrographic detector. The beam shapingsogte inserted to greatly
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increase the uniformity of the laser spatial fluencefiler over the measurement
volume and therefore increase temperature uniformitwdest irradiated particles.
Even though using a cylindrical Gaussian telescope doegmovide as uniform
spatial fluence as the relay imaging of a slit, accéptemperature uniformities can
be expected to be obtained.

The spectrographic system is made of an American Hqlogrd3/8 spectrometer
assembled on the front of a Roper Scientific IntetsiCCD (ICCD) camera. An
achromatic Nikon /1.8 camera lens is used to image a Byni@5 microns laser-
irradiated region within the rolling bottle. The signalstained are imaged with a
magnification factor of 1:1 onto the spectrometer 25 onisrentrance slit. Therefore
the effective measurement section projected onto ntengifier and through the
spectrometer onto the intensifier is a rectangulaa af@mm by 25um. The depth of
field of this system is not know as it would have beldficult to measure ,but
spectrometric systems do behave as very sharply focwstdd depths of field
generally comprised around and below 1mm. The spectralutiesm of the
spectrographic system is roughly estimated at first aging between 0.3 to 0.6 nm
per CCD pixel. The gating method of the Intensifier particular to the ultra low
signals levels (estimated below 3ppm, that is less 16&AW.ps.nm/nisr) associated
with a small measurement volume (< 0.075%nrvlore details of the ICCD gating is
given in figure 57:

'CD mounted

ectrometer
{
&l = .
E K adjustable
5 & holographic

: Multiple exposures
ratin:
Eraiing averaging technique

intensifier gatings

 ITAMegrabber

inhibit

CCD exposure

PG 200 gated

Kigh-soliage supgly (low : non-exposed: high: exposed)

Figure 57: Details of the ICCD measurement method. The intensif

photocathode is controlled by a PG 200 gated high voltage supply

while the CCD is readout through the ST138 framegrabbeth Bo

the framegrabber and the gated high voltage supply are PC

controlled and triggered synchronously with the laser psethe
right hand side of the figure is a schematic of the plaliéxposure
technique.

A multiple exposure technique was used as the CCD read-&ag was nearly the
same magnitude as the signal level for each intensifigrosure. Therefore the
intensifier was set to its maximum intensificatia@vel (that is, 900V) and gated a
large amount of times per CCD exposure in such a wayathaiverage 45 000 to 55
000 counts is collected on each pixel of the CCD (dependirigeolight intensity and
the gating time use, from 1 to 50 000 exposures per CCD readdst),. all
measurements, calibrations and any use of the ICCDereamvere systematically
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subject to a background substraction: the background image whesignal is
recorded is systematically substracted to the measuremage. Using a purpose-
made software written using Labview®, each CCD pixedoea value was then
divided by the number of times the intensifier had bgated and then divided again
by the gating time in microsecond. This explains the afs#/.us/nfsr as a general
measurement unit for measurements obtained with théregesphic system.

IV.2. 1. Laser spatial profile imaging.

An attempt to control the laser spatial profile hasrbenade in order to acquire a
diffractive optical beam shaper. Therefore the lassanb spatial profile has been
imaged using the attenuated reflection from an optical wadgkescribed in figure 58
below:

3°optical
wedge

laser beam

/ﬂf’rl';?
J /
netﬁf

filters%

CCD array %
X increasing
’ 4 attenuation

J
/

y 4
al density”

CCD camera

Figure 58: Laser spatial profile measurement principle. Becausdéatiae beam
itself would damage the CCD camera, the reflectiorcgcit-2% of
the overall laser intensity) from the facet of gtical wedge is used
and attenuated. The measurement is performed by direct
perpendicular illumination of the CCD array.

The wedge separates the two reflections from its ssfasing a shallow angle°(B
this case) between its front and end facet. Eachctafh represents approximately
1% of the laser beam energy which is then attenuated 3 milion times to
accommodate the camera dynamic range while illuminatirectly the CCD chip.
Carefull consideration was taken so as not to causeapenndamage to the pixels
array. The camera used in this configuration was an 1989 A@mera manufactured
by Wright® Instruments, This was the solely large-array (9mm7bynm) CCD
camera capable of measuring a laser profile sectiodOofnm diameter at the
wavelength of 1064 nm. Each pixel was & squarre. Despite many efforts and
maintenance performed on the CCD camera, only pipfdinthe original laser beam
before the horizontal cylindrical beam expander couldnffdemented. Beside, the
original laser profile was larger than the imaging aagailable on the CCD chip.
Therefore three different “shifted” profiles were imdgnd processed in a manner to
reconstruct the original plaser spatial energy distributionally, althought the CCD
was equipped with a Peltier-type cooler, the said codder aut of use and the images
obtained required additional spatial filtering in order tdract a realistic beam
profile. The laser beam profile is displayed in figure BBe filtering method obeys
the following: using a Labvietv programming platform, the laser image was passed
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through a high noise rejection custom-made Bessel &ilterthe filtered result passed
through a second smoothing filter, in order to elimindte low intensity residual
ripple noise. This resulted in a low distortion (lesantii/1000 of the CCD array) high
resolution laser image (right hand side of figure 59).

Figure 59: laser eam profiles obtained. On the left is thegimal
measurement and on the right the filtered result.

Unfortunately, the technical limitation associatedhwihis particular CCD camera
made profiing the expanded laser beam after the Gaussiescope (figure 56)

impossible. However the laser spatial uniformity canestimated within the range
20-50% at 100 microns resolution.

All LIl measurement systems require to essential partonditioned laser beam and
a detection system. Now that the laser beam profitet described in details, the
detection system is to be detailled

IV.2. 1. Spectrographic system calibrations

The spectrographic measurement system sits behind libetioo lens on figure 56.
It is composed of a spectrometer associated with abI€fnera. The spectrometer
grating separates the wavelengths of light and imagespdwtrum obtained from the
measurement volume onto the intensifier of the CCideta. In practice, the CCD is
illuminated along 526 pixels in the direction of the wangth separation and 110
pixels in the vertical direction. Therefore the effee CCD area used for the
spectrographic system is made of 526 wavelength bins of 1&& @&ch out of an
initial 576 by 386 pixels CCD array. The spectrometer wkestevely illuminating
near uniformly (in focus) a 110 pixels high region of ia&tr The measurement
system has been through multiple calibrations and ftstedine is a spectral calibration
to define the wavelengths bins themselves.
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IV.2.1.1. Spectrograph spectral calibration
For a calibration standard such as a calibration pstytd lamp was not available, a
commercial Neon diode was used to reliably provide thetsadines of Neon. The
electrical system used is described in figure 60.

shunt resistor

Neon
diode

230V
AC

AV

Figure 60 Electrical circuit of the Neon diode used for the s@dbrcation
calibration. A commercial power indicator Neon diodeshsinted at
230V AC. The resulting illumination contains the neon gaétnes.

The spectrograph spectral calibration is best describetyure 61.Two collinear
HeNe lasers (one emitting at 542 nm and the other at 633ismd for aligning the
optical system were directed onto a piece of white plpated at the measurement
point location. Using the HeNe traces on the recorgedtsum, a first rough estimate
was possible. Then the very distinct Neon lines enhitby the photoluminescent
diode were discerned and a third order polynomial relaggtablished between the
Intensified spectra column indices for 4 distinct gratingitmms used to cover the
whole visible spectrum. The grating being rotated arousd céntre using a
micrometric screw, the reading of the said micromet@s used to design the grating
position. The following equation was then fitted to thavelengths\'s assigned to
the column indices of the CCD (or wavelength bin numps:.

A=alp +bIp +clp+d (80)

The factors a,b,c, and d for the 4 different grating mostare included within table 2
and the final result is displayed in figure 61. As a genexitation, the spectral
resolution of the system ranges from 0.3 nm at 400 ningrimearly to 0.6 nm at
800nm. The spectral accuracy and separation is believasllietween 1 and 2nm .

Grating Spectral

position (mm) |range (hm) |a B C D

8.915 595.2 — 863.9 -6.7860° |2.79810° |-5.036:10" |8.890:10°
9.460 500.2 - 766.6| 4.2650° |-4.653:10° |-4.92710" |7.91310°
9.735 451.4 - 716.5| 9.8580° [-8.24310° |-4.88210" |7.41110°
10.010 409.8 - 668.2] 1.83D07 |[-1.06710" [-4.91010" |6.930x10°

Table 2: Spectral location calibration results. The grating tposiindicates the
micrometric adjustment screw reading.
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Figure 61: Calibration against a Neon diode result for a gratirigased.460
mm. The blue line represents the Neon spectrum, witlowye
triangles indicating the theoretical location of theoN lines. The
green dashed curve represents the spectrum obtained bstipgje
a 542nm HeNe laser beam on a piece of white paper d&dhe
point of the spectrograph, while the red dashed curve ejsethe
spectrum obtained by the colinear 633nm HeNe laser beam.

In order to measure spectral light intensity profileseaond calibration is required
for this spectrographic system. Indeed, the light intgnsieasured by the system
needs to be associated with a calibration standardrefbine an absolute light
intensity calibration was performed on the spectrograph.

IV.2.1.2. Spectrograph absolute light calibration.

To perform an absolute light intensity calibratiortuagsten strip filament lamp (see
figure 62) was borrowed from the Particulate matter lboflatory group, currently
lead by the Gregory John Smallwood, at the NationaeReh Center (NRC) Ottawa
(Canada). More specifically, this lamp is a Generakcttic Microscope llluminator
(model 18 A/T10/1-6V, Serial Number 9801), specified to produceadyngniform
2.2 mm diameter “hot spot” at its strip flament cenffbe lamp has been calibrated
against a pyrometer recording its brightness temperat@®0anm by the Institute for
National Measurement Standards which is part of the KB@ort number THY — 98
— 150, 15 July 1998).

Figure 62: The tungsten strip flament lamp used for the absolute
light intensity calibration. The filament itself & strip of tungsten
presenting a flat 4mm by 6 mm polished section on itsreeft is
held by 2 metallic pins within an evacuated glass cylinder
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The data for this lamp is presented in table 3 and figurevdth the brightness
temperature (which is the temperature at which a blabkleould emit the same
light intensity at 650 nm) against the current (d.c.) itgathrough the filament.

Brightness Current

Temperature [°C] [A] 2200 ' ' ' '
900 6.12 o
1000 645 | = *°r - 1
1100 6.84 S ap b & -
1200 7.30 ® :
1300 7.84 S eo0 k- o il
1400 8.47 £ &
1500 9.18 — : _
1600 9.97 0 o
1700 10.82 L 200 o -
1800 11.74 = g
1900 12.71 -2 1000 | o -
2000 13.73 @ s
2100 14.80 800 . 8 1'0 1'2

Current [A]

Table 3 : calibration data Figure 63 brightness temperature versus
current for the strip filament lamp

calibrator

For practical reasons, as it is extremely difficoltadjust large DC currents finely, a
sixth order polynomial has been fitted to the calibratdata, yielding the lamp
brightness temperature; &s a function of a coordinate substitute z

6 [
TB:ZO:aiElC (81)

with i the polynomial index and a the calibration d¢ic&nt given in table 4. And.z
obeying the relation:

IC—10.5
% 43 (82)
With I the current flowing trough the lamp (in amperes).
I 0 1 2 3 4 5 6

& 1663.8 | 499.38 | -94.96 37 -21.14] 51.53 -34.76

Table 4: Strip filament lamp calibration coefficients.

Using the method described above, a radiance calibrasioprovided with an
uncertainty specified at 5 K in terms of brightness teatpee provided a stable and
accurate current is supplied to the lamp within more s @1 mA, which is the
current lamp standard requirement. Since no such equipmentapable of fulfilling
these requirements, a multiple coils large capacitance Dapenese power supply
was refurbished. The advantage of such equipement is ility &b maintain an
extremely stable current, provided one can measuraligdjust the required supply.

74



Chapter IV — Experimental details and methods

For this purpose, a 15W 0Q2 (+0.005%) high precision resistor was used in serie
with the lamp to convert the current (6 to 15 A) to asoeable voltage (120 to 300
mV) that could be readout according to Ohm’s law usingyl-precision datalogger
(see figure 64). This high precision current controllingteyn used a high precision
NIST calibrated datalogger (Datascan 7220) running on a ispesifitware
architecture (through an OPC server) on a Labview® qiatf In terms of
performance, the data logger usually achieved a readinfutiesoand accuracy of
0.01 mA and the power supply showed instabilties much lothan 0.1mA.
Therefore one could estimate that the lamp strip fidnemperature was maintained
and measured to within than 8.8 during the spectrometric calibration.

Sixip filament lamp
on holder
+
Japanese unmarked }
power supply on 5
2kWvoltspe =
comverter |
RS 232
[ | Serial interface
| 0.0z 0 [ /
PC programmed under
T e e T30 Lahview™:
W Retrieve V, compute [ and

calculate instantaneous

: brighiness temperature
High accuracy - 16 hiis data
lozzer. 10 samplesisec
High level R5-232 Senal interface bmlt - architecture:
Data socket access RS -2312
S R Serial interface
t
Labview™ ept Scientific

DOFC™ zerver

Datalogger

Voltage value [V]

Figure 64: System used for controlling the lamp current: the tppegents the
hardware configuration and the bottom symbolises theifepe
RS 232 serial communication architecture.

Before any calibration could be applied, flat-fielding Hadbe performed. In this
configuration, flat-fielding compensates for both sengitvariations between pixels
of the ICCD camera and non-uniform transmissivityrfrthe grating itself. Knowing
that during calibration, the spectrometric system &gimg a 2mm by 2fm section
of a 2mm diameter uniformly emitting area of the stiigfent, a flat-fielding could
be performed for every wavelength bin, that is 526 bihsl10 pixel each. A
brightness temperature of 2205.8°C was chosen and thevitgnsitrrected was then
checked using a lower 1203.1°C brightness temperature (see @§ureBlemishes
were also listed and automatically replaced by their amediavelength bin value.
Flatfield coefficients were calculated using the mediatuer of each 110 pixels
wavelength bin divided by the pixel readout value. This wawatrix of 526 by 110
pixel coefficients was built and applied to any later gpesetric measurement and
calibration. Once the flatfielding performed, all 110 @x@&r each wavelength bin
are summed together and a 526 points spectral curve isaibtain
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Figure 65 : Flat-fielding check at 1203.1 °C lamp brightness temperatine. T
left and right images are the filament spectra bedockafter flat-
fielding and blemishes removal. The scale is a bl@atione with
black representing the minimum and white the maximahtou
value. The right hand side of the image corresponds to 500nm
while the left corresponds to 750 nm.

The calibration method is inspired from the absolgkt lintensity calibration for LII
described by Snelling et al (2001) and will be very simitathe following text. The
spectral radiance of the lamp(R (that is, the power emitted per unit area, per unit
solid angle and per unit wavelength interval) is expresseduation 83:
> he Y CEAT)( S -
R (1)=28 m(s,A’T)[@eM—lj . CIE( )[Ee”_ljl ©3)
® TIA

5

With C; = 3.74177%10% W.nf and G = 0.014388 m.K are respectively the first and
second radiation constants, a{d,T) is the emissivity of Tungsten as a function of
wavelength and temperature. The calibrated lam@mHhaswn brightness temperature
Tg which is the temperature at which a perfect bladgbwould emit the same
amount of radiation at 650 nm from which the tri@nfent temperature sTcan be
obtained considering the exponential term >>1 ina¢iqn 83 given the temperatures
and wavelengths used here:
1

TS:(TLB %[Im(s()\,Ts))) (84)
With the known emissivity of Tungsten (Larrabee57Pas a function of temperature
and wavelength, the filament radiance can be ddaat a different wavelength than
the calibration one and the calibration light irsign (radiance) can be calculated
using:

A2
I:)CAL :A EE_RS()\ )d)\ (85)

Where A is the emitting area cross-sectionu@x 2mm),A; andi, are the start and
end of the bandpass optical filter used for poirgewmeasurements. The system
assumes that the area is emitting uniformly owversteradians. In the case of the
spectrometric measurement system, these wherdateand end of each wavelength
bin. Therefore for each -calibration brightness terapure the true filament
temperature is deducted using equation 84; andraspmnding 526 points calibration
input spectrum computed. Multiple calibrations wenade at 4 different grating
positions, so as to cover the whole visible sp@atr8ensitivity results are presented
in figure 66. Note that depending on the focussamgle, some grating positions
transmit a higher amount of light than others asation of wavelength.
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Figure 66: Spectrometric system sensitivity over the wholebkasregion.
Results obtained with a lamp brightness temperature of 1€92.5
maintained while the grating was scanned over thele/istigion.

Absolute light calibration for a spectrographic systena icomplex operation, which
necessitate the use of controlled calibration langd;fiitlding the spectra obtained
and finally applying the calibration itself. Howeverftem the calibration source is
source of discrepancies and a check for the strip lanipatar has been performed
and is the subject of the following section.

IV.2.1.3.Validation of the use of the strip filament lamp as &alibrator .

The use of a strip flament lamp as a radiance calibtzad caused some concern and
showed punctual discrepancies in the order range 10-15% whgyad to a more
reliable irradiance calibrator. Therefore, it haserbedecided to investigate how
reliable and repeatable a given spectrometric calisratan be. Bearing in mind that
any discrepancy occurring such as shifts in sensit@ftya function of the lamp
radiance (brightness) temperature would highlight the 8laipent lamp calibrator as
guestionable. Hence the calibration method describdteipreceding sub chapter has
been applied to 9 different radiance temperatures rangimg 000 to 2000 °C at a
fixed grating position of 9.460mm. Thus the spectra obtairex@ wentred at the 650
nm lamp calibration wavelength. The calibration inquecdra are illustrated on figure
67.
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Figure 67 : Calibration input spectra centred at 650nm used during the
calibration method validation.

The obtained sensitivity curves are presented on figut @Bst, one could observe
two striking features: the first one is that for a elamgth < 550nm large
discrepancies are found ; the second feature is thaa fwavelength > 550nm, all
sensitivity curves are equal to each other within ks 2%. There can be two
explanations for the discrepancies below 550nm: eitleemtut calibration spectrum
iS too weak to provide measurable light intensities eld500 C radiance
temperature; or the strip filament is not uniformlyittng over the calibration
surface, leading to erroneous results when considerindaloy temperatures. It has
been proven in a later work that filament light emissiuniformity is highly
dependent on temperature and increases with higher filai@eyperatures. Finally,
the results obtained for the lamp radiance temperatues)e’C were discarded and
are presented on figure 68. An estimated 2% spectral sgysitipeatability margin
can be accepted over the whole 550 — 750 nm region.

B Lamp radiance temperatures: ] B : 5 Lamp radiance temperatures: -
= * 10984 °C * 15035 °C
Fa L 9
P - 12081 °C "y, el
L N, _ et M - S 1703.4 °C -
% 3 o %, 1802.4 °C
N 1401.2 “'C i . 2000.8 °C
§ = z 150235 °c B ey .
"2 16017 °C S

L e
Wig ! . -
= 1 = ¢°‘===,
1802.4 e,

2000.9 °C

1 1 L 1 1 Lo o e e e L L 1 1

450 500 550 600 650 700 750 800 450 500 550 800 B350 700 750 BOO

Wavelength [nm] Wavelength [nm]
Figure 68: Calibration checks using 9 different temperatures (figl after
discarding lamp radiance temperatures < 1500 °C (right).

Therefore the lamp calibration method can be recodrasereliable, provided that the

brightness temperature of the strip filament is maiethiabove 1500°C to maintain
both a consistent light intensity level and illumioat uniformity. Hence we now
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dispose of a spectrographic system that is fully cadédraboth spectrally and in terms
of absolute light intensity. However, because extrgnt@lv intensity signals are
faced, a last consideration has to be taken into atcsaoirthat measurements can be
taken in the best conditions possible. Indeed, the npmsdormance of the
spectrographic system is a primordial consideration.

IV.2.1.4. Signal to —Noise ratio of the spectrographic system.

When assembling a spectrographic system, the main galactincern is the signal
collection efficiency and signal levels. In this casee are collecting light with an
/1.8 lens, corresponding to an approximate collectioicieficy of 31% of the LIl
signal, which in turn is sent through an /3.8 spectrometeaning again a collection
efficiency around 7%. Both of them are placed in sehetefore yielding a maximal
combined signal collection efficiency of 2% which imrnt is separated into
approximately 800 wavelength bins (spread over 400nm for igitdevregion, with
an average wavelength bin of 0.5 nm/pixel). This is‘best case” estimate and does
not take into account the intensifier quantum efficiemgximum 20% for a second
generation intensifier as the one used here), gratingtuwuaefficiency (maximum
30% for a concave reflective holographic grating) and tgrtical losses. All these
signal losses mean that noises such as a Q-switclseg, lintensifier photocathode
shot noise, CCD readout noise and background can end wgprbajor contributors
to the measurement taken.

For all the measurements performed using the spectrogragsiem, the CCD
readout noise was reduced to negligible (<1/1000 of any CCDsempaeadout)
using the multiple exposure technique described precedensly, Al measurements
were taken in dark room conditions and background - substract reduce the
background noise level to less than 50 pixels / CCD reddouat usual CCD readout
of between 45 000 — 55 000 counts per pixel. Extensive checkdbameperformed
to check for any signal corruption from laser Q-swidld it has been found no signal
contribution for this source of noise.

However, when LII spectra were recorded, a large amofunbise was present and
corrupted the signals. This noise was not noticed duriliigraizon as the amount of
light during calibration was merely > 1000 times the Lgnsil levels encountered.
The strip flament lamp was used below 800 °Using the §lament to produce a
constant source of signal in the range of the LIl digself, it has been found a large
amount of variation (>30% for a single Intensifier expe$ in CCD readout,
depending on how many times the intensifier had beer defore a CCD readout.
This variation was recorded as a function of the nundfeintensifier gatings per
CCD exposure as a standard variation in terms of avesiggal level over the whole
spectral region of interest 500 — 750 nm (grating position 9.46Q Mine standard
variation curve obtained was then ratioed to an ided®5 counts per wavelength
band (bin) readout. The curve obtained resulted into amage of the Signal —to-
Noise Ratio (SNR) as a function of the number ofnisifeer exposures (gatings) per
CCD readout and two typical gating durations,100 ns grg] &s shown on figure 69.
The SNR is independent of the intensifier duration andddeto a value of
approximately 18 after 300 gatings per exposure. Thereforaedise present after
each intensifier gating has the same intensity regerdi€the length of the exposure.
This is typical of light intensification devices andigmrates from the intensifier
photocathode when it is gated and therefore can bdfieldss a shot noise.
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Figure 69 : Signal to Noise Ratio for a typical LIl signal, atuaction of signal
level (proportional to the number of gatings per CCD expgs
As an example, for 3 ppb of soot presenting a temperafure o
4000K, 200 intensifier gatings of 100 ns duration per CCD
exposure were necessary to collect ~ 50 000 counts perengtlel
band. Most of all measurements were performed with aggat
duration of 1pus duration repeated 150 to 300 times per CCD
exposure, yielding a standard 18 to 20 Signal to Noise ratio.

IV.2.1.5. Conclusions

Two conditions have to be fulfilled in order to validate presence of LIl under
vacuum signals: (1) blackbody spectra typical of sootnuhescence have to be
present; and (2) the corresponding soot temperature redeasiedo match the long-
lived (50 microseconds and more) radiative temperature diesgribed in chapter
1.

Therefore the spectrographic system described in figureaS6bbaen assembled to
confirm the presence of laser-induced incandescence uadeum inside the sample
roller bottle following laser excitation. Even thouglifficulties were encountered
when conditioning the laser beam, an appropriate ldsmt svas used to induce LII.
The spatial fluence distribution obtained was estimatede uniformly distributed
within 10 to 20%, with a median fluence of 0.3 JcmHence near-uniform
temperature distributions were expected within the meamuntevolume located at
the intersection of the laser beam and the spectrodmaphplane.

The spectrograph system is composed of: (1) and achroowdgction lens (2) an
adjustable diffraction spectrometer (3) an intensified@a@mera.

The spectrograph was accurately calibrated both spgcarad in terms of absolute
intensity spectral response. The effective spect@lracy was estimated to be 1 nm
for a spectral resolution of 0.5nm whereas the absaltgesity spectral calibration
yielded uncertainties in the region of or below 2% fee 500-700 nm range. Because
spectrographic system, when used to sense ultra-low liylels are subject to
intensifier photocathode shot noise, this noise viasacterized and the optimal SNR
region was measured to be between ten and 50 integsifiag per CCD exposure.
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Overall, the spectrographic system is not designed tocsureaime-resolved LII
signals but LIl spectra at set gating durations and delks the laser pulse. The
purpose of the system was uniquely to prove that obtaibihginder vacuum signals
was feasible and that the signals obtained could beifidénts incandescence
temperature decays. However, once the feasibility of under vacuum was
established a much more complex measurement system deagned and
implemented.
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IV.3. The LIl under vacuum investigation system: a dual wavelegth pyrometer
coupled to a calibrated Intensified CCD camera.

The laser-induced incandescence under vacuum investigastenmswas designed
and implemented with the following requirements (see figora):

(1) a dual wavelength transient pyrometer is provided deroto perform time
resolved LIl measurements. These measurements will idgrovthe
instantaneous signal level at two distinct wavelendties,soot instantaneous
temperature and the corresponding soot volume fraction.

(2) The transient pyrometer shares its measuremenimgowithin the roller
bottle with an absolute light intensity calibrated eimtified CCD camera
system of which the collection optics are spectrally.

(3) The measurement volume is formed by the intemsedi the image plane of
both pyrometer and ICCD with a spatially uniform laseam.

On one hand, the use of the ICCD camera and the pysomather than the
pyrometer on its own is justified by the fact that f@aCoupled Devices (CCD) are
time-integrating photodetectors and the increase in tiketg@ssociated with longer
LIl signals under vacuum should therefore become evided€CGD images. On the
other hand, 2D imaging is also used to check the phenooemaring during LI
under vacuum. One would also note that the ICCD systemlex to the transient
pyrometer is the first implementation of a two dimenal absolute light intensity
calibrated LIl method. This section will first stavith the laser profile measurements,
followed by the design of the dual wavelength pyrometerd ulee TIRE-LII
measurements under vacuum and finally the ICCD calibratmrocedure,
measurement method and image processing is detailed.

TE ‘-;._;b mirror

i) g

D | adjustable
> 8 —— rectangular
- | aperture

2-color transient ~ _1_ relay
pyrometer lens

, Tﬁ:ﬁlccm with macro lens
-ﬁ! B = %Ii“

Evacuated and sealedE; power meter

cylindrical bottle beam dump
containing carbon black
on a rotating roller bottle (a)

system
Figure 70: Schematic of the laser-induced incandescence systdngfo
vacuum measurements (a) and corresponding picture of tlealopti
table (b). The spectrographic system and its dedicagpurant
lasers are present on the bottom part of the left bate of the
picture. The spectrographic system was used to deternsin€@bD
macro lens spectral efficiency.

82



Chapter IV — Experimental details and methods

IV.3.1. Laser spatial profile

The frequency-doubled pulsed Nd-YAG laser (Spectra physicat@®ulay®) emits
at 532 nm for a measured pulse width at half maximum of &, repetition rate of
10 Hz and 50 to 100 mJ delivered per pulse. The laser beast iefiected by a 532
nm mirror onto an adjustable vertical rectangular aper{see figure 70-a). The
image of the laser passing through the aperture is tregesnonto the measurement
volume with a magnification factor of 1:1using a spheratm focal length lens.
Literally, the image of the rectangular aperture isysglaonto the measurement
volume. This technique was first introduced to the LII domby Snelling et
al.(2001). The relay imaging method effectively produced a 2.%mgm by 3.2mm
wide near-uniform laser profile as measured using the guoeadescribed in section
IV.2.1 and figure 58 using the CCD array of the Lavision® examused in this
experiment with a pixel size of 12 x 1&n. Diffraction patterns on the edge of the
measurement volume are limited and Nd-Yag laser haveedinspatial coherence.
Non-uniformities can be appreciated on figure 71;taking atoount sharp intensity
peaks, the centre of the laser beam presented nonruitigsrranging up to 30% on a
range of 20-5Qum; while using a 20@m resolution non-uniformities averaged to less
than 10% within the measurement volume.

Figure 71: Laser spatial fluence profile at the measurement pvohene (units are
in CCD counts)

The aperture width is adjusted to the 3.2 mm depth of fieldhef macro lens
equipping the Intensified Charged-Coupled Device (ICCD) canféra measurement
volume is located at mid-height inside the roller bo#iiethe measurement point of
both the 2-color transient pyrometer system and I@@D camera. The laser beam
then exits the roller bottle to end its trajectargide a beam dump. Back-reflections
from the beam dump are sensed using a Scientech® Silidwtediode acting as a
power meter. The photodiode is placed in series withuatstesistor, a precision
metal film 5@ resistor and a battery-operated18V DC power supply. Satwar
automated measurements were taken at the precisiotoresiremities and the
current crossing the photodiode therefore deducted using 4w’ he photodiode
itself has a 1ns time response and a quantum efficiezayng 20% at 532nm. The
photodiode was calibrated at 532 nm using a NIST traceabbeingeter with an
accuracy of 4%, corresponding to an uncertainty whenurmaegshe laser fluence of
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0.02 J/crh Overall, laser beam delivery at the measurementtgaivas both
conditioned and monitored to an acceptable standard fdorpamg LIl under
vacuum. The central part of the system is the tranggrometer itself as time-
resolved temperature measurements are essential foretliieation of LIl under
vacuum.

IV.3.2.The dual wavelength pyrometer

The two-color transient pyrometer had to be designedlyparild and implemented
specifically for this experiment. The pyrometer is aobur transient system,
meaning that it aims at measuring instantaneous abdglatantensity measurement
at two distinct central wavelengths. According to Pi&dlackbody radiation law
(Hotel and Sarofim, 1967), the peak of the blackbody spechifts toward the blue
when a blackbody is heated and toward the red when cobtedefore the ratio of
two wavelengths chosen accordingly is characteridtih® temperature of the body
measured. In this situation instantaneous soot patéodperatures during LIl are to
be measured. Temporal resolutions comprised between Ghys twvere aimed at to
accommodate both “standard” LIl signals (50ns {s ®ng) and the duration of
vacuum LII signals (>6@8). A calibration within the visible range was atéesired.
For this the strip filament lamp and corresponding moingosystem used for the
spectrograph absolute light calibration was used to atdibthe pyrometer. As the
strip filament lamp provided repeatable light intensiighin 2% in the range 500 to
700nm, 500 and 700 nm were chosen as the two central wawsleagtthe
pyrometer, which optical design follows.

IV.3.2.1. Optical design
Laser Induced Incandescence signals are probed withsealdaam, as illustrated in

figure 72. The incandescence light signal at the centtieeolser beam is probed and
sent along the detection axis into the optical detedystem:

I-)Ele )
'\Q.t'nn
" ‘J-\)ﬂs

Figure 72: probing a measurement volumeg.\A probe volume is analysed out of the
laser beam irradiated volume. the cylindrical shapbé@feasurement
volume is dictated by the use of spherical optics . (Sregliwood, 2004)

Eventually the light signal is collected, then a blug-separation is made using a
dichroic mirror of which reflections are subsequentlered into bandpass filters
before reaching the photodetectors. Such a systemdslsisin details in figure 73.
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Figure 73: Layout of the pyrometer optical

system (scale 1:2).

Symbol| Description

Vm Measurement (probe) volume

dx Distance betweenyand the collection
lens Ly, dy = f; =120 mm

f1,f2 Focal length of the lenses &nd L,

Ly Collection lens / front lens of gaussian
telescope; Melles Griot 01 LAO 138
Precision Optimized Achromat~ 120
mm, diameter 40 mm

& Circular aperture, diameter 38 mm

d. d> = 32mm

& Cicular aperture, diameter 1mm, limits
the effective size of the measurement
volume Vi,

d3 d3: fz = 31mm

Lo Back lens of gaussian telescope; Melles
Griot 01 LAO 028 Precision Optimized
Achromat, $=31 mm, diameter17.5 mm

=N Circular aperture, diameter 8 mm

ds d; = 100 mm

La Miniature 5mwW 650nm diode alignment
laser

My Dichroic mirror; Edmund optics NT47-
263 45reflective dichroic red mirror,
diameter12.5 mm

ds ds = 50 mm

If1 Interference filter 1; CVI Laser F25-
500.0 -4-0.50 Visible Interference filter
CWL: 500 nm, FWHM: 25 nm

If2 Interference filter 2CVI Laser F25-
700.0-4-0.50 Visible Interference filter
CWL: 700 nm, FWHM: 25 nm

3 Photomultiplier window limiting
aperture, diameter 6.5 mm

PMT; |Hamamatsu H6780-20 R 7400 PMT

& Photomultiplier Tube (PMT) Module

PMT,
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The system laid out in figure 73 had been advised by Snwdlvet al. as the simplest
and most efficient configuration available to perforts@ute-light calibrated LII.
This configuration is typical of the LIl detection ssts currently used at NRC and
enclosed in the LIl Artium200®. In the configuration depictedigure 73 and the
description below, all the lenses used are 3-wavelengbtheected achromats
apertured at 90% of their diameter (clear aperture surfacegning that all
wavelengths of the light signals produced within the measemt volume \ are
collected and focused at exactly the same locationh wégligible geometrical
distortions with wavelength (minimised longitudinal ab&ons). Achromats
insertion losses were negligible (spec <0.64%) and spgdiedlin the wavelength
region of interest and behaved as spherical convergimsgde In this configuration,
the measurement volume,\Ms placed at the focal point of the collection lens L
Therefore rays of light originating fromp,vand passing through the achromatdrm

a parallel beam of light before entering the secondoaadt, which is identical to L
The collection efficiency achieved corresponds to #&16 number, that is
approximately 10% of the light intensity radiated withie tmeasurement volume is
collected and analysed by the system, assuming the rag@sur volume is a
Lambertian source.

Parallel rays of light enter the secongddchromat, which forms with the achromat L
a Gaussian telescope that fulfils two purposes:

(1) The telescope features afi,f= 3.87 reduction factor, effectively reducing the
incoming parallel beam of light diameter from 38mm to 9.8&), nthen
apertured to 8mm bysaThis has primarily a function to adapt the high
efficiency front collection system to a detector mlwaithode of only 8mm
diameter.

(2) The focal point aperture af the telescope actually determines the acceptance
angle of the pyrometer itself without affecting its lection efficiency. A
cylindrical measurement volume of less than 2.5mm dianvess desired as
no calibration source presenting a greater near-uni@miting surface was
available. Therefore extensive ray tracing modelliag ho be performed to
determine a suitable diameter fos. &his will be the subject of a further
section.

Light exists L, as a parallel beam and is further apertured,lipetore being separated
by a dichroic mirror M with a separation wavelength of approximately 650nm,
meaning that wavelengths below 650 nm are not refleatedcantinue their path
toward the photomultiplier tube module PMWwhile wavelengths above 650 nm are
reflected into PMZ. Note that both detectors are equipped with identicaliatkati
high sensitivity red enhanced photocathode and are tbedatéhe same distance d
from the dichroic mirror. The first detector, PMTis filtered by a bandpass
interference filter Iif centred at 500 nm with a full width at half maximum of 26 n
and then apertured to 6.5mm hyta enhance photocathode spatial uniformity. The
second detector, PMTis also filtered by a bandpass interference filtgcéntred at
700 nm with a full width at half maximum of 25 nm and isoahpertured by an
aperture & A miniature battery-operated alignment diode lasey) @mitting at
650nm was also added for ease of alignment.

Overall, the optical system is comprised of two ngans: the first part is dedicated

to collect and condition the light in order to perforime tmeasurement itself with the
second part of the system, that are the photodetecdsrphotomultiplier tubes
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represent an obvious choice of detectors, their ctarstics of interest for this
design are discussed in the following pages.

IV.3.2.1.1. Photomultiplier tubes characteristics.

Photomultiplier tubes were chosen as they represemhais¢ affordable, sensitive and
stable photodetectors available. Metal package hightiségsphotomultiplier tube
modules were chosen as they presented a good thermdtystaln increased
immunity to RF interferences and include an internal imltage- fed high voltage
power supply wired to the electron multiplidrypically a photomultiplier tube (see
figure 74 below) is made of a photoemissive cathode (phtiode), followed by
focusing electrodes, an electron multiplier and an elactollector (anode).Light
enters the photocathode, provoking the emission of pleatoens into vacuum.
These photoelectrons are then focused toward the aelestultiplier, where electron
multiplication processes by secondary emissions. Atitedbns produced are collected
at the end of the device by the anode, which hence esdaaneasurable 0-1Q@&\
current when shunted to ground via a typicak3esistor.
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Figure 74: Cross-section of a head-on type & I
photomultiplier tube, lefand cathode radiant \ _
sensitivities plotted against wavelengths for the O T T R BT T Sk

different types of photomultiplier tube modules
available, right Courtesy of Hamamatsu. YRIELENG T )
The measurement of single-shot LIl signals was antethaAlso, because the
spectral range of this study was limited from 480 to 720npe-80 multialkali red
enhanced photomultiplier tubes were chosen as discldsnfighest sensitivity (and
eventually the lowest noise) within this wavelengthge.

The gain of a photomultiplier tube is defined as the abthianode output current
divided by the initial photocathode photoelectric curr&ihce the gain is achieved
through successive electron multiplication, with one ipiidation per dynode, the
gain of a photomultiplier tube having n dynode stages anecandary ratiod per
stage iSn. The secondary ratidis set by the high voltage fed to the dynodes, which
in the case of photomultiplier tube modules is programmedeeding a 0.25-1V DC
voltage to the module. An illustration of the gain vgéaprogramming method is
given in figure 75. Another detail to note is that, alitjo the focusing electrodes of a
photomultiplier tube are designed so that electrons eirfitten the photocathode or
dynodes are collected efficiently by the first or daling dynodes, some electrons
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may deviate from their desired trajectories and theeefower the collection

efficiency. The collection efficiency varies witthe position on the photocathode
from which the photoelectrons are emitted and influgribe spatial uniformity of a

photomultiplier tube (see figure 75). The spatial uniforngtylso determined by the
photocathode surface uniformity itself. Therefore o8®/ % of the photocathode
diameter of the head-on photomultiplier tubes are used toamfeg 95% spatial

sensitivity uniformity.
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Figure 75: Gain voltage programming method illustration (left) and
photomultiplier sensitivity spatial uniformity (rightlhe
photomultiplier tube gain is plotted against the contrdtbge fed to
the high voltage power supply. Courtesy of Hamamatsu.

IV.3.2.1.2. Collection efficiencies and choice of filters

Overall, maximum quantum efficiency was is a requirenvemén dealing with LIl
signals as the expected light intensities to be measarege around I8 W.sr.n?.
Even though photomultiplier tubes are considered as sonmtbeomost sensitive
detectors, they are not readily achieving quantum eftigs higher than 20%. Also,
interference filters transmissivities are close 50% while the dichroic mirror
achieves a reflectivity of circa 95 % above 650 nm amhstits 95 % of the
incoming light below 650 nm. The combined efficiencies pleannel have been
calculated and are presented in figure 76. The total effigidor each channel
approaches 10%.

Later to the application of the present design, twosyeadevelopment at NRC led to
a high collection volume high efficiency system beingplemented. Even though
such a system presents high sensitivities in terngaxiculate matter concentrations,
one must take into account two parameters:

(1) the size of the measurement volume is increaseihd®ase the signal
collection. The high sensitivity LIl unit comprisescglindrical measurement
volume of diameter larger than 20mm. This also meant dhealibration
source capable of filling such as surface is required, laadstnot available at
Cranfield;
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(2) a large uniform laser probe volume is necessary tve measurement
volume, and this represents substantial difficulties.

Filter with improved transmission efficiencies (>90% lpegnsmissivity) were also
made available in 2005 by the firm Semrock®. Later workh@npyrometric system
should include a change from the current visible interfee filters to Semrock®
filters as this represents an immediate improvemerd &ictor of two in terms of
overall quantum efficiencies.
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Figure 76: pyrometric system optical efficiencies for both atnels :
(@) PMT; channel, centred at 500 nm
(b) PMT, channel, centred at 700 mn.

The filter bandpasses were chosen to be set at 25 hwidth at half maximum. This
choice was made to keep a compromise between colleefimrency and thermal
resolution. Ideally narrow  bandwidths (<5nm FWHM) couplegl maximal
wavelengths spacing (400 and 800 nm centre wavelengths ammoc) would
provide high thermal resolution ( ~5 K). However limgtifactors such as calibration
uncertainties, oscilloscope resolution and uncertairdieghe optical properties of
soot allow us to use a wavelength spacing of 200 nm widvidths of 25 nm to
achieve theoretical temperature resolutions circa 15 K.

The overall optical principle of the transient dual wemngth pyrometer has been
explained. However, the size of the measurement volsirdefined by the choice of
the diameter of the aperturg ia figure 73. In order to match a desired 2.5mm
cylindrical volume, the pyrometer had to be modelled dmsl is the subject of the
following section.
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IV.3.2.1.3. Modelling the pyrometer

L+

L+
Vi D || | —— 3.3 _Lﬂz PMT
e — == !

Figure 77: Side view of the pyrometer optical collection systendeclared
under code V. The left focal point is located within theasurement
volume ;.. Note that the lens front and back apertusesnd a are
declared in the software as lens apertures and thewssitalg the
aperture ais represented here. The PMT receiver surface ofathe
right is declared as the surface aperturedstf¢.&mm diameter).

In order to define the required diameter for the apertgr€ade V® was used to
model the pyrometer. Since both photomultiplier tubes qaihodes have identical
illumination surfaces and are set at the same dis@neak from the back lens 4of
the Gaussian telescope, a simple flat apertured cottesticface of 6.5mm diameter
was used as a calculation simplification.
The apertureghas to fulfil two requirements:
(1) the aperture should limits the cylindrical measuremehtme diameter to less
than 2.2 mm;
(2) the detector area should to be filled with a 6.5mrallehbeam of light as the
aperture not only limits the measurement volume sizealsat the detector
illumination .

Ray tracing was performed using a large number of stantgpalong the imaginary
diameter of the measurement volume (measurement voltansvérse axis). Ray
tracing was also performed in the same manner orotiggtlidinal axis (the detection
axis in figure 72) along the length of the cylinder ta fes compatibility between

pyrometer transmissivity and a 3.2mm wide laser beaamshnissivity was deducted
using the RMS spot size calculation method. The diansteras then determined
using a “trial and error” approach, as illustrated in figd& below. Taking into

account the circular symmetry of the system , a latgeber of light rays were placed
along the transverse axis in place of the measurewadutne by steps of 0.05 mm
and the same was performed on the longitudinal axis.
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Figure 78 The three situations faced during ray-tracing calculatfonaperture
diameter of 3mm would overfill the detector surface (taghereas a
1mm diameter matches the detector surface (middle) and anf.
diameter underfills the detector surface. Note that ilfastration
purposes only the ray starting along the transverseasxidlustrated.

Taking into account the rotational symmetry of theteys results are presented in
figure 79. As illustrated, a diameter of 1 mm was found ittealhe aperturesaas it
presented maximal transmissivity across 1.1mm radius (202 dmmeter) on the
transverse axis of the measurement volume and makiar@missivity along more
than 3 mm on each side of the focal poipt #6mm maximal transmissivity) on the
longitudinal axis of the measurement volume.
In summary, the optical design of the pyrometer includesfal consideration of:

(1) an efficient 1/3.16 optical collection and light corahing system;

(2) high gain light detectors with adequate sensitivity; tan efficiencies,

which will determine the later pyrometer efficieneydgyrometric factors;
(3) the measurement volume transmissaitgl calibration requirements.

Next to be precised is the electronic system to bd userder to acquire, calibrate
and perform LIl measurements.

91



Chapter IV — Experimental details and methods

100

c\"o‘ 80
>
=
Z 60
((?) Lo |
5 £
» 40 7
% - 3.0 ‘_0 -
§ 2.5 X £
20 12? g g’
i 1]
1.0 ;g L
7 7 0o 4 >E
0.2 04060810 ©5
920608101214 16 43 59 22 24 S’
o
-~

Transverse axis [mm]
(Vi diameter)

Figure 79:Transmissivity of light from the measurement volumindyical
extremity to the detector surface . The longitudinad a&xthe
detection axis itself with the transverse axis perperali defining

the diameter of the cylindrical measurement volume V

IV.3.2.2. Electronic design of the pyrometer.

The requirements for the electronic system behinghynemeter were the following:
(1) the photomultiplier modules (PMT) gains had to be prograite
(2) signals out of the PMT modules had to be acquired byhsne& a digital

storage oscilloscope (Gould DSO 4074A, 400 MHz)
(3) the pyrometer calibration had to be traceablel®INstandards and eventually

the whole instrument could become deployable as a fistduiment.
The chosen electronic layout is best described is¢hematic below (figure 80).

luss S E dath
acquisition board
(DAQ) USB
/DAQ Link
IEEE 488

' Digital Storage

: Im
Vs L
PMT riodule

power supply

Figure 80: Pyrometer electronic system schematic used for glaatomultiplier
tube (PMT) module.

The photomultiplier tube being included in a module comprigngniniaturised
stabilised high voltage supply requiring simply a 15 V DC fagdioltage \ took
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off the burden of supplying a high voltage directly to thecteon multiplier tube
divider bridge. This miniaturised high voltage supply required &lectrical inputs: a
stabilised 15V DC power source ; and a control voltageanging between 0.25 to
1V DC to set the high voltage level. Whereas the 15V p@earce was a dedicated
off-the-shelf device available from Hamamatsu® (PMT powupply model C7169),
the control voltage required a precise computer-programmalitiege supply. The
requirements for the gain voltage; Vas the gain is very sensitive, is to be ripple-free,
stabilised and accurate, preferably set with a highugso system, so as to achieve
an accurate and stable gain. There was also a ne@fB®MT gains to be computer-
controlled in parallel with the digital storage oscitiope. An efficient solution was
found in the used of a portable low cost USB Data Acaquisi{DAQ) board
(Measurement Computing PMD 1208 FS USB personal measuremeiae)de
complete with two Digital to Analogue Converters (DAEYpable of delivering a
consistent 15 mA leakage current. However the DAC ‘svegrly 12 bits resolution
on a range for Wag of O to 4096 V, meaning the voltage resolution availatds w
limited to 1 mV where a resolution of 500 and less was required to achieve a
repeatable gain. It was therefore decided to use thegleakarent available from the
DAQ to drive a precision resistor voltage divider bridgastituted by Rand R to
match the DAQ voltage range to 0-1V. High precision (0.00%)W resistors were
used in order to get an accurate 1/3 dividing factor witk BOOQ and R = 1000Q.
Therefore the gain voltagegy with the internal impedance of the PMT tube module
neglected, expresses as:

_VbaolR2
Ve “Ri4R, (85)

corresponding to a dividing factor e%:ﬂs. More realistically, the PMT is

specified to possess and internal impedange=RLOQ2. Usually, R and R are
chosen such as;R> R; > R, so that R does not influence the system. However, R
and R had to be chosen in order to limit the amount afent each DAC from the
USB device has to provide to 3 mA. Therefore titernhal impedance of the PMT
module has to be taken into account agdog€comes:

Vbao 2[Rz R2[Rz
Ve=— Rz+R2 (86) and the dividing factor—Rz+R2 -0 332226(87)
R+ R2Rz R+ R2[Rz
Rz+R:2 Rz+R2

The main attraction for using high precision (0.Q18#sistors is not to guaranty a
dividing factor, but to ensure both thermal andeggpbility with time so as to
guarantee a fixed gain curve during the whole aoifsthe experimental work being
carried on. As the accuracy (<0.02%) of the voltdy&ler bridge is far better than
the DAC being used, the use of a divider bridgesdoet add any noticeable
uncertainty and will eventually divide by a 1/3 tlac any systematic error
characteristic of the DAC'’s.

The photomultiplier tube outputs a curregtgroportional to its internal gain and the
light intensity shun onto its photocathode. Thepautcurrent range is 0 to 108
which are shunt to ground through a G(resistor. Therefore, without amplification
10QA x 50 Q = 5 mV would be generated at the input of the digital ager
oscilloscope. Because the oscilloscope itself hassalution of 1 mV and a noise
level of 2mV, amplification was required. A StardoResearch 445A four channel
300 MHz current preamplifier was selected for ibsvInoise and high linearity
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characteristics. Four preamplification channels wéerefore available: all four of
them presented a voltage gain of five and three of theahan internal impedances R
of 500 while the fourth channel had an virtual internal impe@dbootstrap) of
50Q2. This system eventually results in a current amatifi;m factor of 5 for
ordinary channels and 50 for the bootstrapped channel.afipdifier channels can
also be cascaded, with a time resolution of 3 ns pemehameaning a total of 6ns
time resolution when considering a PMT output twice aregdlifPredictably PMT
would be receiving the weakest light pulses and eventueljired the most
amplification. Effectively each photomultiplier tube put current was amplified
twice (see figure 80 above) using two preamplifiers ahd A of current gain
respectively @ and G and internal impedance R@nd RG. A table of the gains
used is provide in table 5 below:

PMT, PMT,
RG; [Q] 500 50
RG; [Q] 50 50
Gi[] 50 5
Gao[] 5 5

Table 4: table of internal impedances RG and effective cugamt G per
current preamplifier

Finally, the amplified currentyl x G; X G, is measured on the digital storage
oscilloscope across a precision metal flm®@®.01%) resistor R by measuring the
voltage drop W, across it. Usually digital storage oscilloscopes posaasgiternal
programmable termination impedance but the oscilloscope tesacquire pyrometer
readouts (Gould 7074A) did not include this option. Readouts weae with an
automatic voltage inversion, turning negative current péatksa positive readout,
using a 10 bit equivalent resolution and sent to the compubere the PMT output
current |, was deducted as:
%

Im= GulG2 (88)
To summarise, two parameters are computer-controlleth pgrometer channels
(PMT1¢2) gains using two DAC’s from a portable USB data acqaisibboard; and
the PMT output measurement currentswhich are retrieved from the digital storage
oscilloscope using a purpose-made IEEE 488 parallel interfde digital storage
oscilloscope was typically triggered from the laser QewTTL output. All signals
were conducted via BNC $®Dcables to minimise noise picking.

The actual assembly and optical alignment of the pyremdbgether with the

calibration of the gain electronics and a check ofStenford Research preamplifier
gains are available in great details in appendix E.

Once the dual wavelength pyrometer was assembled, alignédchecked both

physically and electronically, the photomultiplier tubedules were calibrated, and
this is described in the following section.
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IV.3.2.3.Photomultiplier tubes calibration

The same strip filament used for calibrating the spgcaphic system was used and
placed of the focal plane (i.e. the measurement volah#&)e pyrometer collection
lens. This is best described in figure 81 below:

2-color pyrometer
collection lens Signals recorded
I
optical
chopper F

v

Strip filament lamp
(b) ©

Figure 81: Calibration procedure.

(a) image of the optical table with the calibratidnpsfilament
placed at the measurement volume, \bcation before
insertion of the optical chopper

(b) principle of the calibration: the light emittedthe centre of
the tungsten strip filament is chopped before reaching the
pyrometer collection lens, effectively creating arpun
square wave train of light pulses of known radiance

(c) corresponding current signals with photosensors output
current plotted as a function of time. The blue traces
correspond to PMT(500nm); red traces match PM{700
nm). I's are measured as pulsed currents, meaning as a
signal levell; discriminated against its base curréntly, =
l¢- Ip.

The centre of the strip filament lamp, marked by a detcentred on the detection
axis at the focal point of the pyrometer collectiend, corresponding to the front
circular surface of the collection volume,VThe system used to monitor the filament
temperature is the one described in section 1V.2.1.2therspectrograph absolute
light calibration. The light signal emitted by the rilant is modulated into a square
wave train using an optical chopper (chopping frequency 10 Kkloye reaching the
pyrometer collection lens. The pyrometer in turn coond the light signal into the
two distinct photosensors PMTand PME. Measurements of the resulting current
square wave trains were recorded using the digital storag#ioscope (Gould
4074A) triggered on the leading edge of PMTirrent output and repeatedly send to a
computer data acquisition software through an IEEE 488 sdatd link for
recording. Photomultipliers signal outputs were multiple ayed (typically 500
averaged waveforms) to achieve high resolution andriessese levels. From the
obtained waveforms (see figure 81-c) the signal leusdswere computed and a
current output matched with its corresponding light intgnsput. Such a pulse train
configuration is used for two reasons: firstly, toeedi the photosensors electronics;
secondly to provide calibration signals similar in shapeéhe measured signals, that
are light pulses. Calibrations were performed with astaom lamp temperature while
the photomultiplier gain was increased until the satumalewvel was reached (i.e.
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>100pA), and then a lower lamp temperature set in orderdiea@se the gain setting
until the maximum recordable gain could be calibrated.

The radiance calibration method used for the photomelti@i the same as the one
used for the spectrograph as the same calibration penisiphsed here. The main
difference here is that each pyrometer channel cadbinquantum efficiency
previously illustrated in figure 76 is taken into account mvhalculating the
calibration light intensity a.. The spectral radiance emitted by the tungsten strip
flament R(A) (that is, the power emitted per unit area, per unit swigle and per
unit wavelength interval) is given by:

28 HEAT) L e N CEAT( S
A)=—"""2>'1 7 KT — = T 9
R () 5 [@9 1) s Ppe -1 (89)

Where G = 3.74177%10*° W.nf and G = 0.014388 m.K are respectively the first and
second radiation constants, a{d,T) is the emissivity of Tungsten as a function of
wavelength and temperature. The calibrated lam@aHhaswn brightness temperature
Tg which is the temperature at which a perfect bladgbwould emit the same
amount of radiation at 650 nm from which the trienfent temperature sTcan be
obtained considering the exponential term >>1 ina¢iqn 89 given the temperatures
and wavelengths used here:

1, )1
T (T & A Th(g\,Ts)) (90)
With the known emissivity of Tungstaas a function of temperature and wavelength,
the filament light intensity (radiance) as a fuontiof wavelength can be computed
and each input photomultiplier light intensityJP be expressed as:

A zmqi R M, () (91)

strip

Where Awip is the measurement volume, \ircular surface emitting area sampled on
2 6 2
the strip tungsten strip filament, thatA!st_ =T|1EV =3.80x10 m A, and A, are the
strip m

start and end of the considered wavelength rarygpaélly 400-800 nm). The system
assumes that the area is emitting uniformly ovestéradians:[f()\) Is the pyrometer

channel overall quantum efficiency considered. Ttien gain calibration factors are
measured for a wide range of gain control voltagea¥d at least two different lamp
brightness temperatures, therefore defining th@rmpgter gain calibration. At each
gain \ set, photomultipliers are considered as lineah #ie gain Ga. defined as:

— Im
GCAL_ P (92)
CAL

With |, the current level measured in microamperes duraldpration. Gain curves
are typically exponential curves and therefore gooaential fit is performed on the
gain calibration results curve, as displayed guaré 82.
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Figure 82: Gain calibration results of the photomultipliers imte of calibration
factor vs gain control voltagegdv
(a) 700 nm channel (PMT)
(b) 500 nm channel (PMY

Exponential fit results are given below, withs:Cand G, respectively the gain
calibration function of respectively PM&and PMT.

Cel=3.37168104@xr[9.79358610_swej (93)

062:6.37968103@;[1.300921:110‘2%) (94)

Taking into account deviations, non-linearities apdnieasurement uncertainties,
absolute light intensity uncertainties obtained arénaséd in the range 5-8%, with
relative uncertainties rising when the light levedécreased.

Now that the optical and electronics designs of the da&klength pyrometer have
been detailed, together with the calibration of thet@moltiplier tubes, the system is
ready to be programmed and, once programmed, to be deployednaasurement
instrument.

IV.3.2.4. Pyrometer software interface.

The dual wavelength pyrometer is automated using a purposesofid@re written
under Labview®. The software operations are dictatechbyetectronics design. In
practice (see figure 80), each photomultiplier tube moduldr@oroltage \& is
controlled via an applied voltagepd,. The relation between pdg and & being
characterized and calibrated (see appendix E), the sefincudes a full automation
for the gain (or consigne) voltage;\fo be applied to each photomultiplier according
to the user requirements. Also, the total current gad {&; x G;) is declared by the
software user. Once the gain of the photomultiplierssatea few seconds are waited
by the software in order for the photosensors toilsgalbefore measurements are
taken. All measurements performed are triggered on then@eh TTL signal from
the Quanta Ray laser unit.

97



Chapter IV — Experimental details and methods

The following parameters can be configured on the fiedtulated page of the

software (see figure 83):

- oscilloscope vertical sensitivity [V/div] for each gbeultiplier and the power
meter readout. Note that PMiB denoted in the software as “blue channel’, BMT
becomes “ red channel” and the power meter “photodiode”.

. oscilloscope timebase [seconds/div]

- current amplifications for the red and blue channels

Note that the number of oscilloscope captures and dhsigne voltages ¢/ and
pretrigger value can be updated at any time while the progranmning for ease of
measurement setup by the user. The software also feaunes display of the state
of the DAC’s used to generate)b as errors may be generated on a random basis. A
filtering and discrimation function is also availabler five measurement display,
including a threshold level above which filtering isrgtd whereas the filter itself is a
simple moving average of which the peak width is moduldideasurements are
buffered on an onboard memory, which can be reset utweg “validate
oscilloscope...” button. A save would save all measured migreignal intensities
and temperatures measured. A simple stop button stopsaalreenents and reset all
devices (USB, onboard memory buffer and oscilloscop&)tail3 are available on

figure 83 below.

Page 1 - Settings Page 2 -raw measurements | Page 3 - Absolute light intensity values and Temperature waveforms |

Berillpseape-ceitins

we trigger the instrument on the external
50 ohm trigger linked to the laser (J-switch
("fast™TTL)

pretigger: 100 samples

Timebase [ seconds / div ] dtfus]
:} Lus 0

Red Channel Amplification: x 25
Blue Chanmel amplification: x 25 | x250

Amplification - Red Channel
o 25

v
Amplification - Elue Channel

50
o

Blue PMT typical amplified output: 00125 % J 0-1,25 4
Red PMT typical output: 0-0.125 4

Channel 2 - blue PMT
Sensitivity/div Yertical shift [div]

A A
oLy ,} -3.00

Channel 4 - Red PMT
Sensitivity /div Vertical shift [div]

150 mi :) -3.00
o

Mote: channel 2 is saved before channel3
example; 1st column - = timebase

2nd column -= channel 2

3rd column - channel 3

4th column - = channel 2

Sth column - channel 3
et caetera, et castera

Mote: termperatures and consignes are saved as Follow:

first column; Temperature [C]
second column: Blue PMT consigne [mi]
third column; Red PMT consigne [m]

Figure 83: software Settings tabulated page

Consigne: 0.25E0 0.9
(250m ¥ ko 900 my)

ErrCode - DAC 1

Consigne - Red [mi] o

’
f-; £04 ErtCode - DAC O

Consigne - Blug [my] o

i) &00

Mumber of captures performed FPrefrigger [%:]
“:) 4 H1n
g

put pretigger at 0% fo
Q-switch krigger - lase
for experiments, pleas

Filter configuration:

discriminatar value [ua]
i
threshold for filkering [ua]

Jz.00
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Once the measurements are started, a live acquisiwligplay of LIl signals takes
place on the “raw measurements” page (see figure 84), amdhydissimple

photomultiplier currents.
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Figure 84: “raw measurements” tabulated page.

Then, using the discriminator value, threshold startfiftering and the specified
filtering peak width, signals are automatically filterdsdse current substracted and
processed in order to obtain an accurate view of g Intensity measured and
corresponding temperatures as determined by the pyrommettiiod (see figure 85).

As a summary, the software was an adequate data acquisysbem capable of
controlling and automating the pyrometric system measmerwhile storing all
selected measurements taken. The software also incluliled @ocessing feature in
order to provide the user with a qualitative view ofrtieasurement being taken.

Overall, the dual wavelength pyrometer is a completectietesystem on its own. In
terms of the work involved in setting such a measurersgsitem, both complete
electronics and optical designs were necessary. Implatiten and assembly itself
required multiple calibrations and checks while providingpftware interface proved
a complex operation, both in terms of automation ané gabcessing. In more
technical terms, the dual wavelength pyrometer has n® tresolution of 6

nanoseconds and can record and process LIl under vacuuis.ditmaever, the dual
wavelength represents only part of the detection systewived for the Laser-

Induced Incandescence under vacuum investigation, as thengigrowas associated
with an absolute light intensity calibrated IntensifiecCCD camera, which
measurement method, calibration and image processingdsetine the subject of the
following section.
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software tabulated page. Note that temperature valuesyaidpla
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later corrected using the latest calibration factoymfequations

93 and 94.
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IV.3.3. The absolute light intensity calibrated IntensifiedCCD (ICCD)
Camera .

The Intensified CCD camera fulfiled three distinctesothroughout the LIl under
vacuum investigation:
The camera provided absolute light intensity measuremexftsr a radiance
calibration had been applied to the camera readout.wWdysthe detectivity gain
achiever by the LIl under vacuum technique could be proved.
The camera was also used to image carbon agglomeratebanacterize them in
terms of size, intensity, and physical phenomena oiogurr
And finally, the camera was used to perform ParticUlaigge Velocimetry (PIV)
on eventual agglomerates ejecta.

IV.3.3.1. The two- dimensional absolute light intensity measement
coupled to temperature sensing principle.

The first use of the camera was to provide two- dinogrddiabsolute light intensity
measurements coupled to the pyrometer temperature measturémaeed, if a two
dimensional absolute light intensity measurement isop@dd simultaneously to the
soot temperature measurement, the 2D map for local\adome fractions can be
obtained. And extension of this principle is the measarg of primary particle per
agglomerate or aggregate, provided that optically agglomeaatesisolated and
sufficient (time integrated ) light levels are obtain&tle instantaneous signal emitted
by an ensemble of n of primary particle of diameteroder a wavelength regioft =

A2 - A1 is expressed in equation 95 (Michelsen, 2003), assuming thsuressent
plane emits as a Lambertian surface ovestéradian:

A2 2
Swg=ndd [fe Bo—2000 g (95)
P51t A Texdhe/ART )]

When the signal is processed using a gated system ,sthagrforming a time-
integrated measurement, temperature variations as afuidttime have to be taken
into account and the particle temperature T becomesctidarof time T(t). The LIl
signal Qate emitted over a period of timgt = t, — t; and sensed by a device of
guantum efficienc(A) and light collection efficienc@ then becomes:

t2\2 2
s _=no@nd [ [e O, 2000 SI(A)dAdit (96)
gate P * A Texdho/ AR (1))-1]

Therefore, if one can measurgySusing a photometrically calibrated apparatus, the
possibility arises for determining the number of primaarticulates n within an
aggregate by measuring its produced signal. However thregitiona have to be
respected: firstly @« has to be isolated and measurable; secondly the patgicul
temperature history has to be measured independenttjlyttiie primary particulate
diameter has to be either assumed or measured. Inagestbe primary particulate
diameter is specified as 15 nm and this value has been thsedghout the
experimental data processing. In parallel, the particulateperature history is
measured by the pyrometer. Therefore, if the particulateber within an ensemble
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of primary particulates can be measured, then obviouslyn@re generally the ICCD
system permits the measurement of particulate matheeotrations on a larger scale.
The section that follows will be dedicated to deterntihe ICCD camera system
guantum efficiency in order to later perform a radiaraibm@tion.

IV.3.3.2. ICCD camera optics spectral transmissivity calibration

The Intensified camera is equipped with, from the measmeniolume to the
intensifier: a 700 nm short-pass fiter, a 500 nm long-gdétes, a Nikon /2.8
macroscopic lens and an 82 mm extension tube. Although>amatte transmissivity
data was available for both optical filters, no dstailere available for the
macroscopic lens transmissivity. Also, the positibnhe lens, that is 13 cm from the
measurement volume pVmeant that optical filters were not used in the #jpic
assumed approximation that all incoming rays are incigenpendicular to the filter
surface. Therefore a spectrometric calibration waessary in order to calibrate the
ICCD receiving optics quantum efficiencyh order to perform this calibration, the
filters, lens and extension tube were set to imagentbasurement volumepVand
then carefully removed from the ICCD to be calibratedheir final set position.
Front optics calibration was performed by using the twmgstrip filament lamp as a
reference. The filament being placed at the imagingrdistaf the lens assembly, the
flament image was then relayed onto the spectrometei@gsurement system imaging
surface by the ICCD receivers optics. Therefore, bsngaring the original lamp
spectrum and the spectrum measured with the ICCD optaginglthe same lamp
spectrum , the transmissity of the receiving optics ccdel determined, as illustrated
in figure 86:

16x10* T T T T T 100 T T T
1ax10% |- Lens and filters combined transmissivity
X Lamp signal relayed 7 g i
B— by macro lens and filters £ 80
X Lamp signal - no optics ins 0 —
=2
10x10% |- 4 O
Z S, 60
() 22
5 4 2 C
8x10 5
'm ©
6x10% E 2 e 40
gEo
4x10° 1 2
s 20
2x10% 4 F
0 1 1 1 0 - =
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Figure 86: ICCD system spectral efficiency calibration.

(a) absolute light intensity measurements: originaplaignal
(red) measured using the spectrometric system described in
section V.2.1. and lamp signal relayed by the assembitex fi
macro lens and extension tubes (blue).

(b) 2D system combined quantum efficiency determinafibe.
blue curve represent the results obtained in (a). difin
guantum efficiency data (red) was provided by the
manufacturer

The optics transmissivity data was then combined wiith intensifier quantum
efficiency data provided by the manufacturer and the 1@@D quantum efficiency
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determined adequately. As a summary, the Intensified Ciei@ is equipped with
what can be called a high efficiency 200 nm bandpass tkatred at 600 nm
combined to an /2.8 (~13 % light collection efficieneyacro lens and an intensifier
featuring between 5-10 % quantum efficiency for the wagghemange of interest.
This system, once spectrally calibrated, was thedyréa be calibrated in terms of
absolute light intensities.

IV.3.3.3. ICCD camera absolute light intensity calibration

In order to perform an absolute light intensity catiora on the Intensified system,
images of the strip filament lamp calibrator at colfétbbrightness temperatures were
taken with the intensified CCD camera. The procedurenantoring of the lamp are
the same as described in section 1V.2.1.2 for the spgeysb absolute light
calibration. The ICCD camera was always run at theximmal intensifier micro-
channel plate voltage (900V) in order to use the highesesy sensitivity setting
available. All calibration images were at first backgnd substracted taking a
flament image at high temperature with a set gatenge#tind then the same filament
image at room temperature was substracted from therataib image. Since all
measurements and calibrations are performed in a dark emwl are shielded from
any reflections (computer screens, laser flash lameps,..), it was found that
background substraction could be performed by substractingathe 66 (RMS 1.2)
to each pixel readout value as no background image elsevttarappeared to be the
camera frame grabber ADC offset was discernable.rdieroto define precisely the
calibration (or sensing) surface per pixel, an ICCQtigpealibration was performed
using reflections of different laser beam profiles est fpaper that had been precisely
measured during beam profiling and concluded to a spatidutiesoof 22+0.1um
per pixel. The Intensified system was not flatfielded, the spatial detector was
assumed to present a uniform spatial sensitivity withé1 central sensing region of
Vm and the calibration filament presented limited spatigformity (see figure 88 for
details). Indeed, the filament radiance uniformity presented a teatyre-
dependency, with a tendency to provide increased illuramatiniformity with
increasing brightness temperature. Therefore a squatealcarea of 0.7 mm side
(1024 pixels) was used for calibration, with an averagd padae varying within less
than 5% across the calibration surface above 1500 °Ctheggh temperature. Gate
durations and filament temperatures were limited in ot@@rovide readout values of
less than 1000 counts per microsecond, which is the mameéds specified
sensitivity linearity limit of the intensifier. Thabsolute light intensity calibration
method itself is described in sections 1V.2.1.2. (Specamyr absolute light
calibration) and 1V.3.2.3 (Photomultiplier tubes caliwaji with the sole difference
that the average ICCD counts value was counted per pix@lwas then ratioed with
the incoming light intensity onto each pixel imaging acef (22um side squarre).
Three lamp brightness temperatures were used: 1613.4 °C,1656@°T72614°C.
The calibration results are contained in figure 88.

The measurement principles have been explained for nirasalibrated 2-D soot
volume fractions profile by combining an absolute lighlibration applied to an
intensified CCD camera and the temperature readoutg aludl wavelength
pyrometer. The ICCD camera is now calibrated and atesédht intensity
measurements can be taken. The second function a€@i@ tamera is also to
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characterize incandescent carbon agglomerates in tdrsire, intensities emitted
and physical phenomena occurring. This will be the stibjethe following section.
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Figure 87: average pixel calibration factor calculated for theensified
CCD camera system.
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Figure 88: Calibration strip filament
uniformity and brightness temperature.
All measurements units are in ICCD
counts.

(a) 995 °C filament brightness
temperature imaged with a &
intensifier gate duration

(b) 1297 °C filament brightness
temperature imaged with ad®
intensifier gate duration

(c) 2011 °C filament brightness

temperature imaged with a 100 ns
intensifier gate duration.
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IV.3.4. The Intensified CCD camera : a mean for imaging carbon
agglomerates and perform characterizations.

As described earlier, the sample bottle contained laonablack powder containing
both large visible agglomerates and smaller non-visiatgglomerated carbon
nanoparticulates maintained under high vacuum. Bearingnd this detail, images
of incandescent agglomerates were taken using the liednSICD camera system.
Images were then processed using Machine Vision algaridwvailable within the
Labview® packages. Some algorithms were modified in ordecampensate for
measurements not included initially within the softwpeekage. A typical machine
vision process is illustrated by figure 89. The typical sneaments obtained were:
the Feret diameter (that is, the longest betweentwle ends of a particulate),
particulate centre position, circularity factors, numbif ICCD counts per
agglomerate, maximal count value, etc.
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Figure 89 : Image analysis principle using imaging software algorithms
(a) original measurement image (black and white)
(b) convolution filtering: highlighting details and separgtparticulates
(c) agglomerates separation and individual morphologicilsasa
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IV.3.5. ICCD and PIV measurements: adaptation of the Particldte
Image Velocimetry (PIV) method to ejecta velocity measurements

As this will be unveiled in chapter V, carbon agglomesaéxhibited an explosive
behaviour: one large agglomerate would disaggregate into mamreds (typically
500-2000) smaller aggregates (ejecta) over asstime scale. Since the phenomenon
is faster than typical double-framed camera capacéjesta velocities and exit angle
where measured using an analogue to single-frame doubleeexpdg. Effectively
two intensifier exposures at different delays afteerlagadiation are stored onto one
single CCD frame that is then readout. The resultingyéria a superposition of the
original agglomerate with the later ejecta. As thedfer function of an intensifier is a
pseudo-voigt function, each particulate centre is actoagked by a sharp intensity
two-dimensional peak. By adapting a peak finding algorithrah geeak imaged was
then discriminated for shouldering (that is, two peakerleaved producing an
imaginary third one), its intensity recorded as welitasposition. The velocity and
exit angle of the ejecta from the original agglomeistthen calculated by manually
declaring the centre of explosion. The process is Wsdescribed in figure 90.
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Figure 90: Ejecta velocity measurements.
(a) Isolating an explosion : selection of a Regionrérest (ROI) using red and
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(b) Two —dimensional peak detection. The centre of ekpless manually

marked by a cursor.

108



Chapter IV — Experimental details and methods

The conclusions to this subchapter describing the LIl undeuum investigation

system are the following:

(1) A near-uniform laser spatial profile of reasonableality guarantees spatial
temperature uniformity within the measurement volume duleser-induced
incandescence

(2) Associated with the excitation laser beam are tweonplex and combined
detection instruments: a dual wavelength transient pyermend a calibrated
ICCD camera

(3) The dual wavelength transient pyrometer had to be peximalt for this
investigation to take place. All design details are giged the system is fully
automated. The resulting system is capable of 6 ns gsw@ution, possess gains
high enough for measuring practical LIl signals and isbclied in terms of
absolute light intensity to within 5 to 8%.

(4) With the pyrometer performing what are effectivelyne resolved LIl
measurements under vacuum, LIl under vacuum temperature tamgans
temperature decays can be measured, as well as inst@unaisoot volume
fractions.

(5) The combination of the pyrometer and a calibra@®dD camera permits absolute
light calibrated 2D LIl measurements: with the sootantaneous temperature
measured by the pyrometer, the spatial intensity magurea by the ICCD can
be interpreted in terms of local 2D soot volume fractiteasurements.

(6) The ICCD camera is also used to measure the chastice of carbon
agglomerates and eventually perform double exposed singie fRAIV with a
specific computational method.

Following the rather successful investigation of LIl undacuum led at Cranfield
University, the sample roller bottles were taken tBQY Canada. Not only this
approach highlighted a desire to validate the results riataibut also to perform
measurements with higher resolution and reach a beiteerstanding of the
thermodynamics surrounding LIl under vacuum. Therefore tR€ Nneasurement
systems are the subject of the following section.
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IV.4. Details of the NRC measurement systems

Overall, the results obtained with the pyrometer coufilethe ICCD system proved
consistent and reliable. However, they were limitgd the detection limits to a
fluence range of 0.15 to 0.24 Jfcras the system could not be optimised to measure
low concentrations of particulate matter (<1ppb) withineasonable timeframe and
temperature measurement uncertainties were probaliig iartder range of 50 to 100
K. Therefore the same sample bottles as the oneshvemdured the measurements
taken at Cranfield together with the roller bottle appas were sent to the National
Research Council (NRC) with the present author asqfaatsix week measurement
campaign which started October 2005. This test campaigrd amperforming high
accuracy LIl under vacuum measurements at low to mediumc#uéup to 0.15
Jicnf) with state-of-the-art dual wavelengths pyrometridesys. | am very grateful
to the Combustion Technology research team at thguliesof Chemical Process and
Environmental Technology, NRC, Canada for their atigin and all their advice and
help during these experimentations, in particular to GgegoSmallwood and Dave
R. Snelling for their experience and initiative irtiteg me use their laboratory as well
as Bob Sawchuck, Daniel Gareau, Daniel Clavel forrthechnical help in
implementing the systems and providing means of signdiyssaogether with
Fengshan Liu, Kevin Thomson and Kyle Daun for their gty and most precious
guidance.

All laser-induced incandescence measurements were pedousing the optical
layout described in figure 91, which is an adapted versioth@fdual-laser pulse
experimentation test stand that was in use at NRC.

. "T ?‘?? i
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as Tl

(\lo 5 &

Figure 91: Experimental NRC measurements layout Bob Sawchuck (2008)teXe
for labels and explanations.
(a) Standard LII system configuration
(b) Top view including both “standard” and “high sensiivitLII
measurement systems, with the high sensitivity gitbm the right
hand side of the sample bottle and the collection lehghe
“standard” on the left hand side of the sample bottle.
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The different parts constituting the measurement syaterenumerated below:

@ A Big Sky CFR200 pulsed Nd-YAG dual head laserused as the LlII
excitation source. Being initially part of a dual pulsd Bystem, this laser
presented a defective spatial laser profile on the sepaise. Therefore only
single laser pulse LIl signals were performed.

A 532nm mirror (New Focus #5124) was tited down and therefawe
reflecting the laser beam during LIl measurements. mimor was inserted into
the laser beam path for reflecting the laser beano antaser beam spatial
profiling system when needed.

@ A % waveplate (CVI QWPM-532-10-2) placed on a rotating masittien used
to adjust the polarization angle of the laser beam.

@ The thin film plate polarizer (CVI TFP-532-PW-2025) is thesed as a laser
energy adjustement, as its transmission varies as ciionnof incoming laser
beam polarization. Reflection from the polarizers saet into a beam dump and
only the transmitted part of the laser beam is latsed. Maximum
transmissivity is achieved for a vertically polaria@dveplane and the polarizer
transmits uniquely the vertically polarized componertheflaser beam.

@ Beam trap

(r) A second % waveplate (CVI QWPM-532-10-2) is then used to thit
polarization plane of the laser beam from verticahtwizontal. Although this
has no application here, this polarization plane chasgmtended to ease
scattering measurements and allow them to be perfortnéldeasame height
than that of the laser beam.

eoeo Are 532 nm mirror (New Focus #5105) are used as a mean of lase

beam delivery and spatial position adjustments.

@ is a precision engineered gold plated rectangular aperturgoiislaaperture
slit,1.5mm wide by 2.5 mm tall) through which the lasearbas centred. The
image of the laser beam passing through this aperturkers relayed by a
250mm focal length spherical Ier@ (Thorlabs #LA-146&T BR5 mm
diameter)onto the measurement volu@ . The lasenge passing through
the measurement volume is consecutively measured bybsorpéive power
metei(~)  (Scientech model 38-0101).

@ The LIl signal produced within the measurement volumées ttonditioned by
an LII signal collection lens assembly, which is idevery similar to the
collection and light conditioning system assembled anfirld (see section
V.3.1.1.1 and figure 82) in the fact that the assembly csepra front
collection lens and a Gaussian beam reducing telescde main difference
between the NRC and Cranfield pyrometric instrumentiegyss that the output
light from the Gaussian telescope is sent through a @péc delivery system
allowing the photomultipliers to sit away from the measent stand within a

@
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demultiplexing box comprising dichroic mirrors and evenat&nuation filters,
with the LIl signal traveling through an optical fiber (Ceramoptec, 1mm core
diameter, 5m length).

The laser output light beam was frequency-doubled from 1064n&32om and
operated with a 10Hz pulse repetition rate. The energyedetivto the measurement
volume was controlled by means of operating at a consar-maximum flash-lamp
power variably attenuated using the combination of thﬂamaplate@ and thin film
thin polarizer (2} as a variable attenuator. Thisrgy attenuation system was used
rather than flash-lamp power changes in order to nmaimtaconstant laser spatial
energy profile. The laser temporal energy profile waasmeed using a high speed
silicon photodetector (Thorlabs DET210 silicon PIM phobddi 1ns rise time) in
combination with a digital storage oscilloscope (Leamnmydel 7100). The photodiode
was effectively measuring the laser temporal energyle@nading the scattered signal
from an optical flat with a time resolution of 100pss&es are given in figure 92.

p— 1 1 1 1
&, 0.20 | 4
o .
> X
= | - :
S 015 Average laser tefnpdral profile |
> v i ; firn
= + Single laser projile
3 [
® 010 ¥ \ -
o ] ]
= 4
4

8 oosf ‘f \ .
g / \,
% ‘“4/' e atdece
B 0.00 o i T ey
O i [ 1 [

0 20 40 60 80 100

Time [ns]

Figure 92: 532 nm (big sky dual head CFR200) laser pulse temporal profile as
measured with an oscilloscope. Note that the single ilgrof
measurement are typical of multimodal spectral intensity
variations. The average was computed internally using @ 10
multipulse averaging routine. When approximated to a Gaussian
this laser temporal profile was later fed to the curtdhmodel as
having a full-width at half maximum measured at 14.7ns.

The apertur@ was imaged magnified by a factor 2:1 thietoneasurement volume,
forming a near-uniform rectangular laser irradiation ifgatharacterized by energy
profile non-uniformities totalizing less than 5% ovdre t measurement volume.
Eventually the laser energy required to perform mediunt Fagence measurements
(above 0.100 J/cm2) damaged slightly the gold-plated aperturemowinged to non-
significant energy profile non-uniformities and negligisigrface increase. The signal
collection assembly was mounted at a 90 degregs &iom the laser beam
propagation axis and delivers signal to a demultiplexer damar in design to the
pyrometric system assembled at Cranfield. The mairerdifice is the fiber optic
delivery system, allowing the detectors to sit in a uleplexer box two meters away
from the measurement stand. The demultiplexer box ifigcowed for LIl signals at
444918 nm on a first channel (blue channel) using a Hamamal5783
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Photomultiplier Tube Module (serial number 833-477) and LIl $sgaa782.756 nm
on a second channel (red channel) using a Hamamatsu PMASA third channel is
configured for the measurement of 532nm Rayleigh scattéong the carbonaceous
particulate matter. Typically, since signals were ia fgpb concentration range, no
attenuation was used in front of all detectors. This ullgstexer system is later
referred to in the text as a standard sensitivitysitem.

Signal collection efficiencies (front detector fiketransmissivity) are given in figure
93 for the standard LIl signal analysis systems.
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Figure 93: Transmissivity of the standard sensitivity system.

Time resolved laser-induced incandescence measuremengs re@rded using a
digital storage oscilloscope (Lecroy Wavepro 7100, Serialldurhl161) with a time
resolution ranging from 1ns to 10ps in order to later rfttet digitally the
photomultiplier shot-noise using a high rejection bandpéss resampling Kaiser-
Bessel filter set for variable resampling time resofut Typical measurements were
resampled at 1ns for the first microsecond of LIl sgn&llowed by 10ns for the
next 4 microseconds and concluding at 100ns time resolutiorallalater
measurements. Oscilloscope acquisition triggers were rtad fhe laser head Q-
Switch output pulse. A picture of the measurement systeraitable in figure 94.
Therefore LIl signals were retrieved in terms of outpaltages produced by the
photomultipliers output current through the oscilloscop@ %@nt impedance. Both
photomultiplier tubes gains were controlled externalishee using a control voltage
supply in terms of a reference DC voltage supply stepped dsing a potentiometer
arrangement in the case for photomultiplier tube modwesysing a high voltage
power supply for stand alone photomultipliers.

All photomultipliers were calibrated using an irradiandandard following the
procedure described by Snelling et al. (2001) at a set ghigaiA curves relative to
the set calibration gain were characterized and &lailas data sets, thanks to Dan
Clavel (2005). Therefore a calibration factor could bdcutated for each
photomultiplier gain. Then, with the calibration factorow for each photomultiplier
and the voltage output measured by the oscilloscope, sogtetature could be
determined as well as the soot volume fraction. Iimgeof soot temperature
calculation, the soot particles were assumed to obeyR#yleigh regime and they
were also assumed to possess a constant E(m) valueotbr detection central
wavelengths.
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Figure 94: Measurement system picture. In the centre, the rodigile sits on
an adapted roller apparatus providing more agitation thaorbe
used at Cranfield (in this case > 200 rpm are provided)., Atso
roller apparatus is fixed on a sliding arm in order tack®’ carbon
nanoparticles “packets” providing therefore more consistnd
repeatable carbon particles concentrations. On thefleéhe roller
bottle sits the fibre-optic coupled collection systeredusor the
standard LIl system. On the right sits the high semgitiLIl
system

IV.5. Chapter IV conclusions.

Although a molecular beam sampling system equipped with eodya@mic lens
would be an ideal mean to sample airborne particlesaintedium vacuum circa 0
mbar, the available resources were not availablste#i, a sealed roller bottle
containing a few grams of carbon black powder (a formmealvily agglomerated soot)
held below 16 mbar was chosen as a suitable sample to perform LIIrw@deium.
Rotation of the bottle by means of a roller bo#tgaratus insured the obtention of a
“free fall’ of particles into later measurements voésn

A spectrographic measurement system was assembled intorderform a physical
check: if incandescence spectra were present under vadasimonger than 50
microseconds and are consistent with a radiative texnper decay, then LIl under
vacuum had been obtained. However, the low sensitofitthe system limited the
measurements to be performed uniquely at high laser flaeAdso, the laser beam
had limited spatial uniformity and the expected temperatneasurements were
expected to reflect this fact.

Following the eventual success of the measurementgethtavith the spectrographic
system, a more complex experimental setup was assenibigdntaneous light
intensity and soot temperature measurements were coupd tmaging. As well,
the laser spatial fluence uniformity was greatly inseehwith the use of a more
uniform laser profile and relay imaging of the lasernbeaossing an aperture onto
the measurement volume. The dual wavelength pyrometer deasggned and
implemented as part of the present thesis. All optiedledectronics design are given
in 1V.3.2.1( Optical design) and 1V.3.2.2 (Electronic desigrthef pyrometer.). The
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instrument itself is a state of the art time rest# detector system, and required
optical modelling together with an elaborate electrom@sign. This lead to the
obtention of a fully automated instrument. Even thoughitktrument was limited by
a low sensitivity signal acquisition system (Gould 4074A t2lgiStorage
Oscilloscope), LIl measurements for both medium and leger fluences were
expected to be resolved.

In parallel, A novel 2D soot volume fraction measuremenhnique was applied. By
measuring simultaneously the effective soot temperatock imaging the emitted
signals in terms of absolute light intensities, 2D semltime fraction measurements
are obtained. Temperature measurements were provided dtyalawavelength
pyrometer while 2D intensity measurements were perfdrméh a calibrated
Intensified CCD camera. Besides, the Intensifier G&ihera was also used to size
agglomerates and perform Particle Image Velocimetry XPIV

Therefore the system assembled was quite complex, anld perform general
measurements of all aspects of the physics occurring waterum, in terms of
temperature measurements, soot volume fraction measussmagglomerate
behaviour and characteristics.

A third experimental system was also employed at NR@&paGa. The system
consisted in a high resolution dual wavelength pyrom@tas. system permitted high
resolution time-resolved LIl under vacuum measurementsott medium and low
fluences and completed the previous investigations witth bow fluence and
absorption measurements capability.

The details of the measurements performed with these ttmeasurements systems
are elaborated in chapter V, which follows.
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Chapter V — LIl under vacuum measurements

All the laser-induced incandescence under vacuum measusenpeisented
throughout this chapter have been performed on the sadeim that is carbon
black powder agitated by a roller system inside a rdketle under high vacuum (
below 10° mbar). Even though a continuous sampling method would beee
preferred, the sample used for the results obtained gsiaiesoot and is, through
agitation, similar in its properties, agglomerationest@d grain sizes to soot obtained
from pool fires, heavy duty and early diesel engines,oénibusly carbon black.

Initial spectrographic measurements were performed @ 6i3 J/cth Spectra were
recorded to confirm the obtention of blackbody continuuntsch would then
confirm the obtention of incandescence signals. Alsignals lifetime and
extrapolated temperatures were checked against modellingdative temperature
decays.

Further investigations included the use of a dual wavelgngtimeter coupled to
imaging using a light intensity calibrated system. Therduence was varied
between 0.1 to 0.28 J/énThe various aspects of the signals obtained that tiere
studied were:
(1) the shapes of the broadband time-resolved LIl signals
(2) the effective temperature measured , their uncadsiand their link to
modelled results
(3) the eventuality of thermally excited emissiomir@; during the first 170 ns.
(4) the soot volume fraction behaviour
(5) the characterization of agglomerates explosiongraiddynamics
(6) the performance of the 2D absolute light intensafijprated system in terms
of aggregate sizing and sensitivity.
Finer measurements were later performed at the Natasearch Council (Ottawa,
Canada) in order to provide high accuracy low and mediumndu€0.04 to 0.16
Jicnf) time-resolved LIl under vacuum measurements. This figeg®n was led to
both confirm and validate the results obtained at @@idnfUniversity, but also
complete the study of LIl under vacuum by providing low fleeaad highly resolved
measurements. This particular study was centred on ftbeifty aspects:
(1) establishing repeatability of LIl under vacuum signaled measured
temperatures on a pulse to pulse basis
(2) performing multipulse averaged time-resolved LIl under uwuat
measurements
(3) comparing modelled absorption, sublimation and radiadivsorption rates
with the model
(4) highlighting specific temporal and thermal behaviours.
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V.1. LIl under vacuum feasibility study.

The spectrographic system (see figure 95) was assembledediméted to measure
what was potentially laser induced incandescence undeumasignals. The system
was run at a high fluence level in order to maximise $ignal intensity from the
measurement bottle inside the roller bottle and congperfer the low sensitivity of
the spectral imaging system. Therefore the expected péakmperature was to be
measured circa 4200 Kelvin for an refractive index functigm) of 0.4 and this
illustrated in figure 34 (chapter 1ll). The requirementstfg signals obtained by laser
irradiation under vacuum of carbon black particles todse@ated with laser-induced
incandescence were that:
(1) the signals produced by the particles are continuum rapegpical of
blackbody radiation from soot
(2) if a peak particle temperature was measured, the peaklepaeimperature
would be in the region of 4200 K
(3) signals would last more than 50 microseconds.
(4) In the case of a signal lasting more than 50 micaos#s, a temperature decay
could be measured at associated with laser-induced incandesainder
vacuum.

Nd-Yag laser mirror

(1064 nm)
evacuated bottle containing = 1/2 wave plate
carbon black tumbled prism [ beam dump
on the roller bottle apparatus polarizer

(]— mirror

x 3 cylindrical

Nikon gaussian telescope
[CCD moung&d EI achromatic
on /3.8 spectrometer /1.8 lens

adjustable
holographic
grating

Figure 95: Spectrographic LIl under vacuum measurement system la§out.
detailed description of the system is provided in sedWo2. (
details of the spectrographic system used to validatprdsence
of LIl under vacuum).

With the spectrographic system synchronized on ther lgsdse, spectral
measurements were taken approximately 10 nanoseconds tlatelaser pulse
irradiated the measurement volume, followed by measutenagerb, 10, 15, 20, 25,
30, 35, 40, 50 and @8 after the laser pulse. The spectra obtained areallastin

figure 96. At first sight, all the spectra measured couldgsociated with spectral
continuums and eventually blackbody. Also, if the speettee to be associated with
a temperature decay, their intensity would diminish witle and temperature. This
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trend is clearly visible in figure 96. As well, even tigh the spectrum measured 10
nanoseconds after laser irradiation is nearly spécfla (as the spectrum of a body
above 4000K would be), the other spectra follow a cleateiecy to shift toward the
red part of the spectra. This, associated with the decayensity with time, also
would be very consistent with a temperature decay wntle.tOverall, the spectra
measured were consistent with blackbody radiation ofcatemperature decay with
time.
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Figure 96: Spectral measurements obtained with the spectrograsés

In order to determine the associated soot temperatussums in figure 96, a
pyrometric ratio approach was used (with the perspectiusing a 2-color real-time
pyrometric system for later experiments). Measuremeahtes comprised within the
regions 500.2-520.4nm and 700.3 - 720.0 nm were respectively averggeditie a
central 510nm and 710 nm average intensity value. Henceotbe contribution the
spectra measured was reduced and the ratio of the obsegnats at 710 and 510 nm
could be expressed as (Beyer & Greenhalgh, 2006):

hc
KA T _~
I()\,T) X{ez 1}3
1 —_ 2 Al (97)

I \)\Z’T)_)\f (ekr)]\fT_lj 8)\2

with ;3 = 710 nm,x, = 510 nm and T the actual particulate matter temperature.
Reordering equation 97 leads to the following expressiof flassuming a constant
emissivity ¢ for a particle emitting in the Rayleigh regime):

K 5 5
|n[|2/1 /1A j
2 1

and equation 98 develops into:
n ! — 2 (99)

n | el s E W |+ (A7 1A)

(98)

T =
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Equations 98 and 99 are valid only for a particle in theldrgy limit where the
emissivity,&, can be expressed as:

_Ard,E(m)
P A

The constants h, k and c are respectively the Plantdtamat, the Boltzmann constant
and the velocity of light. Note that if E(m) is inist between the two wavelengths,
the ratio of emissivities at; and\, reduces to unity in equation 97. This is assumed
here. Two different temperatures can be calculated esmuagtions 97 to 99:

(1) either a constant emissivity value over the spectafje is assumed and a
colour temperature is obtained. This would imply that siois from large
carbon black particles predominate and that the sampieathptoehaves as
bulk material;

(2) or a constant refractive index function E(m), arenaealistic “soot”
temperature can be deducted, provided the particles presasfy she
Rayleigh criterion £d, < Aem , With Aem the dominant blackbody emission
wavelength in the case of a temperature decay).

The calculated temperatures are given in table 5 .

£ (100)

Time from LII
peak Gating Pyrometric Colour Soot
temperature | duration ratio [ | temperature temperature
[ps] [ps] [K] [K]
0 0.1 1.0982 4803 4189
0 1 1.4158 4228 3755
5 1 1.8375 3775 3401
10 1 2.1628 3542 3214
15 1 2.5474 3338 3049
20 1 2.9850 3164 2905
25 1 3.3259 3056 2816
30 1 3.7372 2948 2726
35 1 3.9803 2893 2679
40 1 4.3732 2816 2614
50 1 5.0177 2710 2525
60 1 5.5096 2640 2468

Table 5: Temperature measurement results using a 2-color r&&ib0am and
710 nm and considering both “soot” and colour temperatures.

The measured colour (or blackbody) temperatures were foundé@a higher than
expected. In terms of soot temperatures, the recordedtpegderature of 4189 K
could be associated with LII absorption for an E(mueadf 0.4 and a laser fluence of
0.3 J/crA. Each of the spectrum obtained was compared to the repect
corresponding to both temperatures measured by pyromdtegeTare contained in
figures 97 and 98.
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Figure 97: First 25 pus spectra compared with the blackbody and soot
temperature spectra deducted during calculations.
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Figure 98: Spectra obtained between 30 toi&0after the LII peak temperature

compared with the blackbody and soot temperature spectra
deducted during calculations.

Except for the peak temperature for 4228 K in the top leftisse of figure 97, no

exact
to the

match was found between the measured spectraeasgédtira corresponding
pyrometric ratios measured. There are two exptars for this:

(1) the laser spatial profile being not perfectly unifpthe emitted spectra are red

shifted by a large proportion of the particles withie theasurement emitting
at lower temperatures than the dominant signals.

(2) the gating time (one microsecond) actually integrdtesparticle temperature

decay and temperature changes between 6 and 70 Kelvin ewverirag
between the start and end of the intensifier exposure.
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Clearly, these two explanations apply here, and therspeeasured can be believed
to be red-shifted due partly to temperature variations glutive spectrograph
exposure and temperature non-uniformities due to a lase¢ialsfiaence lack of
uniformity.

A few points summarize the characteristics of thesdggmeasured:

(1) at high fluence (0.3 J/@nand with a spectrographic system of limited
sensitivity, 60 microseconds of laser-induced light signaee recorded from
the soot under vacuum within the roller bottle

(2) continuous spectra characteristic of an incandesceéamperature decays
(decrease in light intensity associated with red shifthave been measured.

(3) the temperatures associated with these spectra edmsidered in terms of
soot temperature, appear realistic for LIl under vacuumpatticular the peak
soot temperature of 4200 K measured a few nanosecondshaftiesser pulse
matches an expected 4200K for E(m) = 0.4 at a laser flugfrc8 J/crh.

(4) temperatures were measured by pyrometric ratio batw&é and 510 nm.
Discrepancies between the expected spectra and the gehasi@s are due to
red shifting, which is associated with temperature dedaying the
measurement itself (6 to 70K temperature difference beiviee beginning
and end of the intensifier gating) and temperature nowumiies caused by
the laser spatial fluence profile imperfections.

Therefore the measured spectra were consistent wadr-iladuced incandescence
under vacuum and were characteristic of a long-lived gast| 60 microseconds)
temperature decay from a peak temperature of approximately 4ZD@#tall, the
“soot temperature” approach rather than the colour teatyrer gives realistic
temperature measurements. Indeed, colour temperatures are @00K higher than
expected. Within chapter 111.2.3. (Sublimation Under Vacyuimis established that
the sublimation heat loss rate becomes negligible r atipproximately 10
microseconds during LIl under vacuum for a laser fluend®®f/cm .Hence the LIl
under vacuum temperature decay as from 10 microseconds aaddengvdominated
by the radiative heat transfer. Using the soot teatpeg at 10 microseconds after
laser irradiation as a starting point, seven radiativeling decays were generated,
with E(m) values ranging between 0.2 and 0.4 . The measaodidg:-decay and the
modelled temperature curves are illustrated in figure 99.
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Figure 99 : Measured temperature decay using the “soot” temperatureagppro
and theoretical comparative curves.
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Hence it can be established that the temperature dewegsured by the

spectrographic system can be attributed to laser-inducegindascence under
vacuum. Indeed, a radiative temperature decay can beaissot the measurement
obtained and a value of E(m) comprised between 0.35 and (h4%caaeasured for

this sample with a laser fluence of 0.3 Jcm

The conclusion of this first experimental investigatiovas that laser-induced
incandescence under vacuum signals can be obtained uponiriad@ation. The
spectral characteristics of the signals obtained atJ@sf are typical of LIl and
correspond to both predicted peak temperatures and modellativeademperature
decays. This justified the assembly of a more compleasarement system capable
of both tire-resolved LIl measurements and imaging fath bnedium and high laser
fluences. The results obtained with the measuremetensydescribed in IV.3. (The
LIl under vacuum investigation system: a dual wavelengtlorpgter coupled to a
calibrated Intensified CCD camera) are the subjethefollowing section.

V.2. LIl under vacuum investigation at medium and high laser lfuences.

The LII under vacuum investigation was performed at Gelahfuniversity. In order

to alleviate instrumentation needs, it was chosepeidorm both medium and high
fluence measurements at Cranfield and to later perfonnflience LIl under vacuum
at NRC, Canada. The measurement system used througisosgdtion is composed
of a dual wavelength pyrometer system coupled to a daldbi&CD camera. Spatial
fluence uniformity is provided by relay imaging a rectangwdperture onto the
measurement volume. This is illustrated in figure 100 bedmd all experimental
details and measurement methods are described in shton
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Figure 100 : The LIl under vacuum investigation system, featuring a

uniformly laser irradiated sample volume, an absolutet ligh
intensity calibrated ICCD and a 2-color transient pyeten
The measured sampled is suspended carbon black held under
vacuum below 18 mbar.
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In order to identify the shape and relative signal sitess, the first time-resolved LI
measurements were performed using a simple uncalibratednphigplier tube to
measure unfiltered broadband LII signals.

V.2.1. Broadband LIl under vacuum signals

Initial measurements were performed using a lens imag@gotobe volume onto a
photomultiplier tube to collect broadband LIl under vacuugmads. The obtained
PMT signals were then captured by a digital storage aesoipe interfaced to a
computer. The laser fluence for these measurement®.@akcm. Figure 101 below
shows two typical single shot LIl signals median-fétémwith a time constant of 50ns
for clarity plus an ensemble average (unfiltered) of 500pulses. As expected, the
obtained LIl signals were longer than 50 microseconds. digjnals were also very
variable in both shape and intensity from shot-to:slao large majority of them
showing an increase in LIl signals a few microsecoattsr the laser pulse. The
average LIl signal did not show any increase of signdltais is due a very variable
position of the second intensity peak, which averagedriegligible amount over 500
pulses.
The strong variability of the signals and the apparesmlymalous delayed increases
in LIl signal levels could be due to:
(1) a morphology change in particles leading to more mdgag “seen” by the
photo detector
(2) an overall increase in particles temperature.

100 - - ' '

— i Average LIl signal
g S0k s Single LI signal 1
% 7 .:Lﬂ ————— Single LIl signal 2
= :
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€ 20}

o =

0

Time (us)
Figure 101: Typical broadband LIl under vacuum signals. Single LIl dgyna
1 and 2 are filtered with a time constant of 50ns fortgland
the average LIl signal was obtained by averaging 500 LII
pulses.
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V.2.2. Temperature measurements and comparison with theory

The dual wavelength pyrometer records time resolvedidphlas intensities at 500 and
700 nm. Therefore the instantaneous soot temperaturdecamlculated using the
same approach as described in section V.I( LIl under vadeasibility study) and
equations 97 to 100. The colour (or blackbody) particle teryreraan be expressed
as (assuming constant emissivity between 500 and 700 nm):
_hc,, ]//11—1//12

T=Ncy
k |n[|2;|5/|1;|5j
2 1

and the “soot” particle temperature expressessasif@ng Rayleigh emission):
hc 1A

K on | Ep c (n} | (A7 1)

With the indices 1 and 2 referring to each photedetr sensed light intensity and
centre wavelength of the pyrometer.

(101)

T =

(102)

Even though the “soot” temperature approach wasgaranore reasonable than the
colour temperature in section V.., it is importad this stage of the discussion to
elucidate whether large soot agglomerates emieparate large entities or rather as
an ensemble of nanopatrticles. The roller bottle¢aos a carbon black powder, which
is composed in great part of large visible aggl@ates of soot. Because the sample is
rotated and tumbled into the measurement volumessilply the largest signal
contributors will be agglomerates of soot nanopkdi larger than 100 microns.
Optically, a spherical entity ;which has a circurefece smaller than the wavelength
of light emitted or absorbed; obeys the Rayleighttecing theory. Clearly this would
be the case for the carbon black primary partictastained in this sample of carbon
black: the primary soot particle is specified by tlmanufacturer to have a median
diameter of 15 nm. However, because agglomeratiomot negligible here, a large
entity; such as an agglomerate of diameter mudeifathan the wavelength of light
emitted or absorbed; could obey the Mie scattetimagpry and therefore absorb and
emit light in the same manner as bulk graphite.tHha eventuality of Rayleigh
emission and absorption, the “soot” temperatureraggh (equation 102) would
become applicable. Reciprocally, Mie emission ahdogption would favour the
“colour” temperature approach (equation 101).

In order to solve this dilemma, 500 single shol $ignals were collected at each
laser fluence. These could then be processed asm@f the two approaches:

(1) Averages were formed from 300 individual singldse LIl signals. Due to the
low concentration of particulate matter (less th@0 ppb on average), which
lead to weak signals, it was noticed that the f#80ns of the signal were
partially corrupted by either the Q-switch noise ampossible C2 emission.
Therefore the first 500 ns of the LIl signals wdigcarded.

(2) On a single shot basis. Due to very large tiana in soot volume fractions
from shot to shot, each single LIl measurementtbdok filtered according to
the intensity level. This was aimed at eliminatsignals which exceeded the
sensible dynamic range of the detectors. Weak Isigram photomultiplier
tubes presented levels of shot noise in the rah§8% to 50%. Therefore the
signals were digitally filtered through a secondiesr bandpass Bessel filter
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and then median fitered. This resulted in minimal sigeskl distortions
(<5%) and a decreased time resolution to of order 500nsshwhi this
vacuum case is still short compared to the overall deggin the first 500 ns
were rejected for the reasons given directly above.

In parallel, three sets of 200 ICCD images were také&sD@tns after the later pulse
with a gate duration of one microsecond for each oftlinee laser fluences (0.18
Jlenf, 0.24 Jicrhand 0.28 J/cf) used during experimentation. The images obtained
were then processed to estimate the average agglondieateters and their
individual contribution to the overall averaged LIl signalhe results obtained are
illustrated in figure 102:
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Figure 102Overall LIl signal intensity contributions as a fuocti of
agglomerate diameter at 500 ns after the laser pulsenedthy
image processing 200 ICCD images at a fluence of 0.1&.J/cm
Similar results were obtained at 0.24 and 0.28 %ydth a large
majority of signal contributors of optical diameter > 132.

The main signal contributors are from carbon blackteilgsof diameters below
132um (12.3%); agglomerates with diameters ranging from 132 toud®@iameter
(62%) and particles larger than 406 (25.7 %). Hence the main signal contribution
is from carbon black agglomerates larger than @rd2diameter and this contributes
to 87.7% of the measured LIl signals intensities. TheDGgstem was also used to
investigate later times with gate delays set to 10, 20n8@l@us after the laser pulse.
It was found that particles of diameter larger 108 were the dominant signal
contributors for the first 20 microseconds, after wistriuctural changes occur.

The resulting absorption efficiency. was then computed for the laser fluences of

interest. And the corresponding LII peak temperatures e@rguted. An example is
given in figure 103 for a laser fluence of 0.24 Jicm
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Figure 103: Absorption efficiency for a refractive index m = 1.5D.56i at
532 nm and the corresponding modelled LIl peak temperatures
for a fluence of 0.24 J/dmas a function of carbon particle
diameter using Mie theory.

The following conclusion was reached: if carbon blaggl@merates of diameters in
majority larger than 100 microns were to behave as itV Mie absorbers, this
would lead to peak LIl temperatures below 500K upon laseragxeitin the present
experimental conditions. Very clearly this was not thase and the average
temperature decays presented in figure 104 show measured peakatemes above
3200K.

The average pyrometric ratios obtained as a functidimefwere processed using the
two distinct approaches, either the Mie approach (BoanenHoffman, 1998) or the
Rayleigh limit. Not surprisingly, Mie theory applied tada particles fails to predict
the temperature decays. The large particles presentsirsttidy either only weakly
contribute to the average, because they are stdtystdremely small in number,
and/or Mie does not apply even in these extreme cdses.application of the
Rayleigh theory produces an acceptable fit for an E(@tvéen 0.4 and 0.6. This
large range of value for E(m) is likely to be due to temapee errors ranging from
120K to nearly 150K from 3000K to 2400K. However this result wely be due to
the low peak temperatures predicted for large particles of y@tlgh would lead to
vanishingly low signals. Thus the observed results nraglg reflect the dominance
of hot particles which will be the small ones inregar the Rayleigh limit. In reality
particles will not behave precisely in the Mie linas they exceed the Rayleigh
criterion due to their chain-like and fractal structuCéearly further work is required
to study the optical properties of aggregates and agglomardtes transition regime
and the impact of detailed morphology on LIl. Overadl &moughout this study, the
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laser-induced incandescent carbon black can be consideceptably as dominated
by Rayleigh absorption and emission. This translatés i the conclusion that
agglomerates of carbon of diameters up to a few hundredmaican be assumed to
behave as ensembles of agglomerated Rayleigh emiticbiscatterers.
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o 0.18 Jicm? Rayleigh
\d
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Figure 104: Measurements obtained and fit with theoretical tenpeza
decays. The pyrometric ratios obtained at fluencesl®, @.24
and 0.28 J/cmwere processed using two different methods:
particulate temperatures were first calculated assuming tha
particles emit in the Rayleigh regime and subsequerd filata
for E(m)=0.4 and 0.6 were performed. The second (Mie)
approach was also put into practice and is labelled “bilit,
both corresponding temperature decays and fit for an ietyiss
value were not consistent.

V.2.2.1 Temperature measurements uncertainties
Temperature errors were estimated using a simple apprepohted by De Iulis et

al. (2005). Considering the error in measuring the LIl $sgaad applying the error
propagation theory, the erraR on the pyrometric ratio R (500/700nm) is:

ARIR=,((AS/S)+0/S ) (103)

WhereAS; , is the error in the LII measurements, &t 500 and 700 nm respectively.
By considering the expression for soot temperatuke(sée equations (103) and
(104)), it is possible to obtain:

ATs/Ts=Ts/(C2IU =1/ ))AR/IR (104)

hereC, is the Planck radiation constant equahto/k, his Planck’s constant the
velocity of light in a vacuumk Boltzmann’s constant and,, refers to the
wavelengths chosen. The uncertainties calculateda feemperature of 3,000K was
120K for averaged LIl measurements witg, / S = 0.047, 1S/ S = 0.098 and
260K for a typical single shot data wits, / § = 0.137 and1S,/ S = 0.192. In
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general, average temperature measurements and singledatsotagreed within
<300K.

In general, temperature uncertainties of 50K and lessarenon for time-resolved
LIl detector systems. The present detection systdmited by the acquisition and
preamplification noise, as well as the dynamics of lthHesignals under vacuum.
Indeed, large variations in signal levels were com@itaty additional signal pick-
ups that were associated with suspectecei@issions, which are the subject of the
following section.

V.2.3. A suspected gthermally induced emission

Intense sublimation is triggered for fluences above @mh2/and when incandescent
soot nanoparticles reach temperatures higher than 3000Khe&ke temperatures,
intense sublimation levels will last in the order ®f microseconds after laser
irradiation. The sublimative stage was imaged using th€DICfor these two

microse%)nd and an typical image is presented in figure ¥0b-a laser fluence of
0.24 J/cr.
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Figure 105: First 2us LIl signals.
(a) ICCD measurement of the incandescent particulates gate
duration of s and a delay of 500 ns after laser irradiation. The
scale is in ICCD counts whereas laser beam propagaticom
the left to the right.
(b) Initial signals presented characteristic 170 ns lonigson
peak for low carbon concentrations (circa 1 ppt). ldhal level is
more reliably measured by the red channel (PMihereas the
blue channel (PMi)) presents the emission peak. Note that when
soot temperature is close to 4000K, blue and red channdtidh®
of similar signal level. The laser pulse as measurdtdpower
meter is traced in green.

Images obtained during these two microseconds for a 8uen®.24 J/ctclearly
showed a bright C shape light emission emitting neaaly the particulate signal
level surrounding the particle and following the laser pgagian direction,
suggesting an effect similar to photonic wind. This paldic feature suggested the
presence of a cloud of thermally excitegb@ing taken away by the laser beam. For
low LII signal levels detected by the pyrometric instemtnat high fluence levels,
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unusual high spikes lasting on average 170 ns were noticece(fi@brb), suggesting
that extreme material sublimation rates can be &gsdcwith small clusters (of
optical size less than 100 microns). The frequency athwhihese pulses were
measured also increased with increasing fluence levels.

Hence, if gaseous G=mission is present, one can formulate the hypothiesisthe
gaseous thermal excitation signal level is much highen the LIl signal produced by
small clusters smaller than 100 microns and becomes pieaignfigure 105-b).

Also, the 500 nm bandpass (25nm FWHM) interference filsed on the pyrometer
has potential to transmit two lines of the Swan b#@g) emission spectrum,
respectively at 512.94nm (medium) and 516.52 nm (strofigis is illustrated in
figure 106-a.Unfortunately, measurements performed with the spectpbgraystem
did not lead to the discrimination of Swan band emissions (figure 106-b) due to the
limited signal- to- noise resolution of the measurenwstem and hence no other
conclusion than a strong suspicion of thermally exajfaseous £emission could be
reached.
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Figure 106: C, Swan bands spectral investigation

(@) 500 nm filter used in front of PMTtransmissivity versus
wavelength and location of the main Swan bands. @leard
Swan bands are eventually transmitted by the filter.
(b) Spectrum measured in conditions similar to the ptesen
experiment for a laser fluence of 0.3 Jcwith a 100ns gate
duration and just after laser irradiation. Effectivelgisgsion lines
are not discernable due to a low signal-to-noise ratio.

Relative sensitivity [%]
Normalized intensity

In addition to the suspicious signal spikes detected on then&0@hannel of the
pyrometer, the uncalibrated photomultiplier tube measuresmaiso showed some
anomalous signal spike during LIl under vacuum. These wiltheesubject to be
discussed in the following section.
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V.2.4. Anomalous incandescence behaviour and agglomerate dynamics.

The initial LIl under vacuum measurement in the subchayt2r were performed
with a broadband uncalibrated and unfiltered photomultiplibe. A reminder of the
general LIl signal pulse shapes obtained is availalfigune 107 below.

100 . ; , ,
80 I Ayerage LII_ signal

El e Single LI signal 1
60 L [ ‘gﬂ ————— Single LIl signal 2

Relative LIl signal

Time (us)
Figure 107: Typical broadband LIl under vacuum signals. Single LIl dgyna
1 and 2 are filtered with a time constant of 50ns fortgland
the average LIl signal was obtained by averaging 500 LII
pulses.

This initial investigation concluded to an apparent idescence signal increase after
the intensity peak of LIl due to either a subsequent teatyrer increase or a soot
volume fraction increase within the measurement volufiie typical delay between
the initial LIl peak and the “secondary” peak could be mesbto stand between 10
and 20 microseconds for medium laser fluences. This dedaydweventually reduce
in some cases to between 2 and 5 microseconds for Orf4aid larger fluences. A
large number of single pulse LIl measurements recordedh&ypyrometer and
featuring a “double intensity peak” were isolated and aedhat three laser fluences
(0.15, 0.24 and 0.28 J/@n An example of the obtained signals is availabléginre
108 for a fluence of 0.24 J/érfihe corresponding average temperature history is
given on the right hand side of figure 108. This figure Hatsts the typical behaviour
associated with the “secondary peak” for LII: after i< the LIl signal increases
whereas the pyrometric ratio of the two photomultiplisignals remains
approximately constant and the soot temperature decawdy shith time. This is
consistent with a significant increase in the detesi®ot volume fraction. In general,
this phenomenon was systematically similar for numermeasurements albeit that
the timing of the secondary rise varied between 1 apd. THe ratio of the secondary
soot volume fraction peak to the initially measured swolume fraction was
measured for 500 single-shot measurements performed at Gefluand is reported in
figure 109. Even though this ratio varies a lot betweeglesipulsed LIl recordings, a
trend could be identified and an increased SVF with flueve® noticeable. It is also
important to note that after @6, even though the measured temperature remained
nearly constant, an apparent drop in soot volume fraetms remarkable. A possible
explanation for the increase in soot volume fractianuld be that for a soot primary
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particle embedded in the core of an aggregate or agglomenateuld be heated
initially through conduction but its radiation would there Wrapped by the
surrounding cluster of nanoparticles to which it belodgkater disaggregation of the
cluster would then reveal such a particle to the photottete One would further note
that in the situation of agglomerate explosions, a&@rs the particles would have
likely travelled to the limits of the pyrometric systaneasurement volume aperture
and this may account for the fall in signal. Also,dadoservation of fluence sensitivity
has been previously made by Smalwood and Stagg (2006) ineramhil
measurements of soot or carbon black. The conditibtiseatwo observations differ
significantly and it may be that they are not relat@karly though these anomalous
phenomena warrant a more detailed investigation andight®vered in the next
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Figure 108: Example of the anomalous behavior of the incandescgigoal
for a fluence of 0.28 J/cmfor a single shot LIl signal after
noise filtering, left. The average measured temperatares

given on the left.
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V.2.5.Agglomerates explosions.

Figure 110: Time-integrated (from the start of the laser pulseaf@ate duration of
50us) ICCD measurement taken at 0.24 J/daser fluence and
revealing miniature “starbursts”.

A large number of time-sequenced measurements were maahes&parate laser
pulses using the ICCD with the intensifier gate timind amdth set to illustrate the
various phases of particles behaviour. The most strik@aire of these images is that
what were initially large carbon black particles behas miniature starbursts and
explode following laser irradiation at both medium and Higbnces (see figure 110
above). A sequencing of the micro explosions is giverfigare 112. After five
microseconds, the fragmented clusters expand to filyrdfisant volume. In order to
guantify this effect a large number of time-integratimgges (100 per ICCD gating
and laser fluence) were recorded with the gate openinglariting timing set to 0-1,
0-2, 0-3, 0-4, 0-5, 0-10, 0-20 and 0-50 microseconds where 0 reférs émd of the
laser pulse. Using this data the average Feret diam@defimed as the average
longest distance between two points for an explodinggigrtivas calculated and is
shown for three laser fluences in figure 111. It was fotimat after 30pusec,
explosions were on average larger than 2.2 mm, thus gbthe area covered by the
exploding cluster would now fall outside the probe volumeowf pyrometer and
hence diminution in apparent soot concentration wouldiock second important
point is that although the temperatures measured for thiclgm were nearly
independent of laser fluence (see figure 104), the totdldigtitted was observed to
decrease as the applied fluence reduced from 0.28 to 0.18 J/cm
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Figure 111: Average Feret diameter (see text) as a function & timan
agglomerate explosion. Each point represents an avefage o
approximately 300 measurements.

The behaviour of agglomerates (loosely grouped aggregatdslaye aggregates
(tightly bound chains of primary particles) could not bssdciated and in the
subsequent discussion both are referred to as clustersinfipiicity. The results
clearly correlate with the anomalous incandescentavieur discussed in V.2.4 .
The explanation for this behaviour appears to be fbbdwing thermal excitation by
the laser, clusters undergo at least one micro explo$ioa probability of explosion
seems to increase with fluence and therefore mayheeihitiated by sublimation or
associated processes. Ideally this should be validatéalwat fluences as well to
determine if this is a threshold effect, this is olmgly an important area for a future
study. It is believed that the increase in signal, Wwhg not accompanied by any
observed increase in temperature, is due to the fraghoent# the large clustered
particles. It is normally assumed in LIl that the prynparticles are optically thin and
that they are evenly illuminated and thermally excaed that the emitted radiation is
not in any way shielded. For large clusters this mal/na¢ be true. Thus they will be
preferentially heated on the side facing the laser beamd, even for cluster of
several dozens of microns, heat conduction occurssa-ananosecond time scale. It
is highly probable, that by rapid internal conductionhimita large tightly structured
cluster, that a number of primary particles heat up wiichld otherwise be shielded
from the laser beam. Fragmentation of these clustdisthen reveal effectively
unseen hot primary particles to the detector resultirnimcrease in signal, though
not temperature. The later point is clearly supportedduwyds 110and111. As the
agglomerate explosion expands beyond the viewing areheoti¢tector the signal
then falls consistent with figure 108. Clearly higher riicees will both provide more
energy to be conducted within the cluster prior to fragatem and this will further
increase the vigour.

In parallel, particulate matter soot volume fractiorasweements deducted from LII
signals in ambient air do also show sensitivity teffice whereas those measured in
flames do not. Conditions at 1 bar are such that baglcgaductive cooling and the
increased bath gas pressure should reduce this phenomettoin beducing the
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excitation and by forming a barrier to limit the exgms. However it is very
probable that soot in ambient air will likely have umgme more aggregation and
agglomeration than that in or near its formation negioa hot flame.
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(d)

Figure 112 Images of incandescence from particles irradiated witfluence of
0.18J/crh (left ) and a fluence of 0.24J/8n(right) with the intensifier
gate timing open and shut at: (a) 0-5 psec after laser, fo)s&-10 psec
after laser pulse, (c) 20-25 usec after laser pulse, (d) 2580 after
laser pulse. All color scales in ICCD counts.
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V.2.6 Agglomerate/ aggregate particles dynamics.

Following excitation hot incandescent carbon blacktehsscould be observed for at
least 50 microseconds following laser excitation. Toffered the possibility to
investigate the dynamical behaviour of the particlesitiligzing an analogy of Particle
Image Velocimetry (PIV)Although double exposing the intensifier was possible ove
a microsecond timescale, double framing the CCD art@y not. Therefore double-
exposed PIV on a single CCD frame was performed: the dikposure being set at
2usec after the start of the laser pulse and the se@ireitser at 8 or l#bec for a
constant gate duration ofudec. Measurements were all conducted using a laser
fluence of 0.24 J/ctn The images obtained were therefore composed of tlie ma
initial carbon cluster as witnessed by theséc exposure, superposed with typically
200-300 ejecta atu® and well over 2000 ejecta aty&4 from the second exposure.
This is illustrated irfigure 113:

Figure 113: An example of a single frame, double exposure PIV imagser
propagates left to right and the first exposure is g$&t and second at
14 ysec both with a gate width ofid. The very bright spot is the initial
particle from the first exposure and the scattered a&jace from the
second.

Each carbon cluster was located on the image usingeitsat location for large
clusters of size of order 6t or larger, while smaller ejecta were located usimg th
peak of a cross-talk which is typically a pseudo-Voigt 2 dsimnal profile. Each
initial carbon cluster was then classified dependingt®optical diameter into 4 size
classes:

(1) class 1 includes clusters/particles of diameter greaser 1200m and up to

240Qum

(2) class 2 includes diameters between 750 anduh200

(3) class 3 diameters between 88 toh0

(4) class 4 includes all particles less thaprB&liameter.

Since explosions were assumed to be broadly spherichlape , and our depth of

imaging field is larger than 4 mm, our measurements ar2Dacompressed
observation of this spherical event. Computed velsciere thus classified as either
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in-plane for ejecta having the maximal measured velacitout of plane for reduced
velocities. Based on a sample of 400 images the resalshawn in figure 114:
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Figure 114:Velocities of in plane ejecta (see text for defimjio
(@)  2-8usec image pairs
(b)  2-14psec image pairs.
See text for classes of particles.

The relative distribution of the number of ejectaadsnction of the polar angle, was
found to be dominated by those travelling in the direcapposed to the propagation
of the laser beam, see figure 115:
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Figure 115: Relative ejecta number as a percentage.

(&) 2-8sec image pairs and

(b)  2-14usec image pairs.

See text for classes of particles.

The peak intensity value, relative to the initial peatensity of the initial cluster,

showed slightly larger ejecta to be present mainly tdwl80 degrees. Large carbon
clusters also tended to eject larger clusters towardsatiee (see figure 116-b). If
these clusters are not optically thin then the asmand the laser will suffer the

greatest thermal shock during the initial laser pulse reefeeat is redistributed

through the particle by primary particle to primary péetithermal conduction

throughout the cluster. Hence the most thermally distudaet of the cluster should
produce the greatest amount and velocity for the ejastabserved.
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Figure 116 Relative size of ejecta based on intensity (egf:t
(&) 2-8sec image pairs
(b)  2-14usec image pairs.
See text for classes of particles.

A comparison of the results obtained for the 8 antséd separated image pairs leads
to a number of important observations:

(1) the vast majority of ejecta travel in the direntiopposed to the laser beam
direction and, statistically, do not change directiorcabse the number
distributions are similar.

(2) the larger carbon clusters tend to remain at a g @amd this is most evident
for larger initial clusters.

(3) the relative sizes of ejecta near 180° statisficdiininish by a factor of
approximately 2 between measurementquatéd 14s.

(4) the velocities of the ejecta markedly increasevéen the 8s and 14s
separated image pairs with at least some correlatitretmitial cluster size.

Together all these observations suggest that theresisoag likelihood that chain
explosions of the carbon clusters following the ihiflagmentation were occuring.
This would be consistent with ejecta acceleratiord sime diminution. The initial
cluster location has an interesting feature: althouglstetls are central to the
explosions, they were not observed to change positibhsrefore agglomerate
explosions could proceed from the outside of the clusteritis centre but from the
centre of the cluster towards its periphery.

An outstanding issue in this analysis remains theaimtechanism which induces the
fragmentation and provides the impetus for the ejecta.anmealing of primary soot
particles by fluences in the range 0.15 to 0.3 Jkuas been observed and reported by
Vander Wal et al (1999 1&3). The evidence for the morpholdgnge in Vander
Wal et al(1999 1&3) is not entirely clear with some datggesting ~20% volume
shrinkage and some indicating swelling. In conventiotaloapheric pressure LIl
rapid cooling would likely quench the annealing effect. Obsty any significant
morphology changes would sterically challenge the aggredateddition, in our
modelling work it is clear that for vacuum conditions suoation is also ever present.
Either or both postulates are potential drivers forfithg@mentation.
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V.2.7. Measurements performed on isolated aggregates.

The ICCD system was photometrically calibrated andulsgmeous pyrometric
temperature measurements were obtained. Thereforeidguiahat ejecta or particles

can be isolated within an image, their individual lightensity emission can be
determined and therefore the number of primary partigleeeeta (or aggregate) can

be estimated. 200 ICCD measurements were performed asea flaence of
0.24J/cr after a 3Qsec delay (see figure 117). The measured soot temperature was
approximately constant at 2,550K for @s&c ICCD gating time.

Assuming a manufacturer specified 15 nm median primary leadiameter for

carbon black powder used during these measurements, equatan & applied to
retrace the LIl absolute signal intensity to the nunddgorimary particle per isolated
aggregate:

—nQ@@md hG (A )dAdt 96
S AT j I £ A[exp(hdmur(t)) -1 ) (%6)

Where Qaeis the integrated light intensity measured per aggregasethe number of
primary particles per aggregate, T(t) is the actual medstemperature by the
pyrometer.X(A) is the ICCD efficiency function, which was deteradnin section
IVV.3.3.2 (ICCD camera optics spectral transmissivitybcation) and is illustrated in
figure 86-b. The number of primary particles per aggregate tharefore be
calculated from the measured signal per aggregate S

n= Sgate .
Q@nd j j g O, 20NG (A )dAdt
Puas * A Texdho/ AR (1)) (105)

The results obtained are contained in figure 118. The eshalarticle detectable was
equivalent to 6 or 7 primary 15 nm particles, while presuningoe in a small
aggregate. This limit corresponds to a signal to noise cd approximately 5. The
criteria for distinguishing an ensembled group of primaryiglas were:
(1) for a single illuminated and isolated pixel an intgnsalue > 5 times the
camera noise;
(2) that a group of illuminated pixels required a minimalrage separation of 5
pixels between itself and other non-touching areasetadecognised as an
individual cluster.

It should be noted that these clusters of primary pestichve been exposed to intense
sublimation and prolonged annealing and are not monodispesize; therefore the
results given in figure 118 need to be considered with aadesimply illustrate the
potential of this approach to soot/carbon black measmeniEven though these
results have to be considered with great care, they migmate the potential of laser
induced incandescence under vacuum in terms of detectlvitys indeed not
conceivable for “standard” LIl to perform such a lowncentration measurement and
resolve on the scale of aggregate and soot primary lpargmission intensities. For
LIl under vacuum, this has been made possible thanks &tlygtengthened signals
and an associated gain in detectivity of more than 300.
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Figure 117: Image of an exploded cluster for a gating of 25-30usec after
laser excitation. The color scales is in ICCD counts
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Figure 118 Plot of the relative number (%) of particles versius number
of primary particles measured per isolated aggregate basé8 on
nm diameter primary particles.
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V.2.8. Conclusions to this LIl under vacuum investigation.

Even though a more thermophysical approach was expectdiastat the first
systematic investigation of large carbonaceous clustermg LIl was performed .
Carbon nanoparticles isolated in free space in a haguum (below 18 mbar)
endured Laser-Induced Incandescence and produced long-lived pligbs as
expected. Series of experiments was performed. The lattee consisted of a
pyrometric study of the particles following from lasdretmal excitation and a
number of imaging experiments to determine the dynanieddaviour of the
particles. Based on results and analysis, the follomiam points can be concluded:

(1) That carbon black clusters, even of size largen 2@0 um, irradiated by a
laser pulse have an optical absorption and radiativevioeiiain a vacuum
which is similar to isolated single primary soot pdesc

(2) That in a vacuum, because the cooling of the pastisleapidly dominated by
radiation, it is possible to estimate E(m) for theboa nanoparticles directly
from pyrometry of the particles. The results for higld anedium fluences are
consistent with an E(m) value comprised between 0.4 a@d Quith an
accuracy is limited by temperature uncertainties irotler range of 100K.

(3) Sublimation is a major contributor to agglomerate adyns and was
suspected to result into non negligible levels gtl&rmally excited emission
for the initial 170 ns.

(4) After a delay of about 2 to psec large clusters of carbon nanoparticles
fragment. This fragmentation process leads to high ielsawp to 400 m/s for
the ejecta and there is experimental evidence which sigppthis
fragmentation process occurring over an extended periadcodseconds as a
chain of events. The origin of this fragmentationnist clear and two
phenomena postulates for inducing fragmentations: angeatid sublimation.
Both sublimation and annealing are linked and associatedbrutal
morphological changes for primary particles.

(5) LIl signals tend to dramatically increase after eylef about 5us though this
is not matched by any measurable change in temperdtusmas also found
that LIl signals increase with increasing fluence.

(6) It is postulated that for large clusters that theiglast are not optically thin
and that they are heated preferentially of the sidaddabe laser. This leads to
a situation following fragmentation that more hot m@uign particles are
revealed to the detector than could be observed whealuseer was tightly
bound, hence increasing the signal and the effectivé golame fraction
measured.

The initial motivation for this investigation was testablish the tire-resolved
temperature decays for LIl under vacuum and compare themmaodeled E(m)

values. The second motivation was to apply a novel 2braged LIl measurement
method in order to assess the gain in sensitivityceetsal with greatly lengthen LII
signals for a time-integrating measurement device. itninktance an intensified CCD
camera. Even though these two objectives were achiehe very nature of the
sample measured deepened our understanding of the physicsngcduring LII.
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Indeed, main signal contributors were carbon black aggkte® in the order range
100 to 200 microns diameter. Throughout this study, theseestablished to :

(1) emit and absorb light similarly to their constitueanoparticles

(2) disaggregate and “explode” when incandescent during LII.
The dynamics of these agglomerate behaviours were depesfditrence and could
prove also dependent of cluster size. Indeed, a genardlras observed: the highest
the laser fluence, the shortest and the most vigoltmsadgglomerate explosions and
the sooner they would occur.
The soot volume fraction observations can be defined optical shielding:
incandescent soot nanoparticles radiation is shieldech fthe photodetectors by
adjoining particles within the same agglomerate or aggeedalearly this was the
case for the first microseconds of LIl for agglomesate
There is a greater probability that smaller agglomsrdigsociate on a time scale of
less than one microsecond and therefore the sameé wenld be observable for
atmospheric LIl. Because imaging is not foreseeabl¢im@scales of less than one
microsecond for individual agglomerates, this would traeslato an increase in
measured soot volume fraction with laser fluence. All agea diminution of optical
shielding, a reduction in heat shielding, whereupon trextfe heat conduction rate
of soot nanoparticles is reduced and therefore the neshguimmary soot particle
diameter becomes overestimated by a large factor dwmmdome observable. Indeed,
the vast majority of modern particulate matter emmssiare in the PM class range
(particulate matter particles smaller than 10 microms) the rapid morphological
changes that are at the origin of agglomerate dissmtiathder vacuum can be
expected to occur in standard conditions.
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V.3. Laser —Induced Incandescence Under vacuum at NRC ,@itva (Canada): a
high accuracy investigation into low and medium fluences.

As discussed previously in chapter 1V, although resultsirdataat Cranfield proved
consistent and reliable, they were limited to a fleerange of 0.15 — 0.24 J/€rmas
the system could not be optimised to measure low camatiemts of particulate matter
(<1ppb) and temperature uncertainties were higher than 50Kerefbre
measurements were performed at the National ReseatatcilC(NRC) on the carbon
black sample roller bottles. High accuracy LIl under vacuungasurements were
performed at low to medium laser fluence (up to 0.15 %)/evith a state-of-the-art
dual wavelengths pyrometric system which is describedeiails in section 1V.4
(Details of the NRC measurement system).
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Figure 119: NRC dual wavelength pyrometer measurement system &etail

available in section 1V.4)

The objectives of the investigation were to:

(1) establish the validity and consistency of the dignals obtained in terms of
temperature repeatability. Given the resolution of plent measurement
system at Cranfield (300K shot to shot), it was notarclerhether the
temperature history between LIl signals would be reptatabd to what
extent.

(2) Provided LIl under vacuum temperature histories are tajpleabetween
single LIl measurements, perform high accuracy multipulseihder vacuum
measurements for the fluence range between 0.05 to 0.15 J/cm

(3) Compare the temperature curves obtained with modeffitaser absorption,
sublimation and radiation

145



Chapter V — LIl under vacuum measurements

V.3.1. Laser-Induced Incandescence under vacuum - tempure
measurements repeatability

Before performing high- resolution temperature measuremesing a multipulse-
averaging technique, laser-induced incandescence signals wvexerm had to be
characterized as to whether they are repeatablenms tef temperature curves on a
single LIl pulse basis. As the Cranfield system achiegesingle-pulse resolution
circa 300K on average at medium to high laser fluence (0.IB62tb J/cm2), it was
not clear whether LIl under vacuum signals would prove tepéain terms of
temperature measurements at lower fluences (0.04 to 0.18) Hoohto which extent.
For this experiment the LIl system described in IV.4et@dils of the NRC
measurement system) was used to record 150 to 200 single-mdserements at
various laser fluences ranging between 0.07%J4m 0.153 J/cfn

Each Laser-Induced Incandescence signal was separatedyded using an
oscilloscope time resolution of 400ps and later filtered eesampled. Additional
filtering was also considered at low fluences in order dbtain comparable
temperature data.

For experimental measurementgs@enotes the start of the laser pulse. A remarkable
trend was that, although temperature profiles are modelldx similar with fluence
as from 1Q@s after the laser pulse and onward, signal levels wsneg rwith
increasing laser fluences, from the minimal signal cl&te level to extremely
consistent signals, therefore increasing the Signbldise Ratio (SNR) of the
measurements obtained with increasing fluences. Thredse in signal levels was
consistent with an increase in measured soot voluawtidns, as displayed in figure
122. A general observation is that the noise levetseased with decreasing
temperatures, with large noise levels below soot tembpess of 2200K.

Signal filtering was adapted to the evolution of the exdéssel, with initially a 1ns
resampling and filtering rate for the first nanosecohdignal, followed by a higher
noise rejection with 10ns filter and resampler timestam and finally the highest
noise rejection with 100ns filter and resampler timestamt for signals below 2500K.

The averaged LIl signals obtained are available in figi#@ for both blue and red
channels as a function of time and fluence, whileaVerage temperature curves and
soot volume fraction measured are illustrated on figure 123iddl22, respectively.

An excellent temperature repeatability was found withe error range of single-shot
measurement exploitation. This illustrated in figure 12JAlso, no deviations in
terms of temperature repeatability were measurableeangetrature repeatability was
therefore estimated to be better than 50 K for a fleeri®.153 J/ch

In terms of soot volume fraction, although maintgnirexactly the same
carbonaceous particulate matter concentration wittén rheasurement volume was
difficult, variations between experiments in termssobt volume fractions would be
in the order range of 50 to 100% and these would be evenmatyed to less than
50% with multipulse averaging. However, the averaged meassmed volume
fractions (SVF) presented in figure 122 shows an incrgasbe measured soot
volume fraction of nearly 100 times with fluences iasiag from 0.07 to 0.153

Jientf.

An excellent repeatability in terms of temperature asoeements was observed.
Therefore performing multipulse averaged LIl measuremest pessible. Multipulse
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averaged LIl exploitation lowers greatly the measuremerge level and therefore
increases the resolution and accuracy of the temperatessurements obtained
during LIl under vacuum.

4000 T T T T T T L | T T T
o 2 %
\ ¢ 0.070 J.‘cm2 ok = s 0.070 J,-cm2 = e
& sl i * c1.095J.n:m2 l g ;,: B * 0.095 Jiem?
= cl.an.n:m2 v Soe L, o © 0.100 Jiem?
E : 0.115 .Jh:m2 % 0.115 Jiem?
® 1000 L * 0,12?J!cm2 18 400 0427 dicm? 4 =
é_ 0.139 .J.'cm2 E 0.139 Jicm?
3 0.153 Jicm bt 0.153 J‘E_'l’zu a“’.“;:*.
] 2500 o 7 8 200 walap o8 "
b 2 e - T ‘2 e A
g : o . . A B onm’ BT ah
- i PR cr R . B @w‘;p
2000 b a(a) o M (b)
L 1 L L -] o 0 : i
(i} 10 20 20 40 5( 30 40 50
Time [us] Time [ps]
Figure 120 : Average LIl absolute light intensities as a functidrtime
. 2
measured for a fluence ranging from 0.070 to 0.153“J/cm
for both demultiplexer channels:
(a) blue channel
(b) red channel
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Figure 121: Average of temperatures measured on a single-shot (asis
and temperature reproducibility (b), illustrated as a standa
variation for typically 150-200 single-shot LIl measurements

147



Chapter V — LIl under vacuum measurements

107 T T T T

4

]
a

o 2 o
Bl am
®f a A M
P
o
A A &K & -
afa A, aTA A A

-

o N

o ° 0070 Jiem?

;h"""' ° 0095 Jiem?

: ° 0.100 Jlem?2

102 |- o » o
0.115 Jicm

5o s 04127 Jlem?2

° ° 0139 Jiem>

104 L& ; N 0,153 Jlcm?

20 30 40 50

102 |-

Soot volumr fraction [ppm]

o
-
o

Time [ps]

Figure 122 : Average soot volume fractions measured at difference
fluences. Note the noticeable variation of a factb67 to 100
difference in soot volume variation with fluence betwethe
lowest fluence achievable for this experiment (0.070 %)/emd
the highest one (0.153 J/@mwhereas the effective carbon
concentration was approximately constant.

V.3.2 Multipulse averaged LIl under vacuum measurements.

Multipulse LIl under vacuum measurements were performed &oahcomparison
between modelled and practical LIl signals and temperatgekl be made. 6000
multipulse averages were measured for each laser fluence..
A novelty here consisted in performing laser beam rgitem measurements as well
as temperature decay measurements. This followed astigatgon into the Q-switch
noise behaviour of the system, as typically absorptimasurements during LII
measurements were corrupted by a high level of noise altikeet laser Q-switching
and therefore producing a high level of RF noise being appam both detectors
channel. Although reducing Q-switch noise using a physmahn remains an
attractive option, this is hardly achievable even nvhsing additional Faraday cages
and shielded cables. A more straightforward observabokluded that:

(1) the Q-switch noise is repeatable when multiply ayed

(2) the jitter between the oscilloscope trigger andQkswitch noise recording on

the oscilloscope channels scales to nearly 20 ps.

These two parameters allowed for Q-switch noise saftgins when taking LII
measurements: the Q-switch noise itself was measulind tiee same oscilloscope
recording setting as would be used for recording LIl sigreaisl later substracted
during initial data processing once the LIl signals wexerded. Therefore for each
measurement 6000 pulse averages were recorded with thdidagebut no light
signal collected by the optical demultiplexer. This aéowfor a reduction of a factor
of approximately 30 in terms of Q-switch noise. The algnvere then processed and
filtered (see section V.3.1 for filtering details).

The overall temperature resolution reached well belowirblsome cases. Overall
temperature uncertainties were difficult to estimate arelindeed within the range
10-20 K provided the E(m) assumption of a constant value theewisible range
remains applicable in the present case. The resultainett for low fluence
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measurements - from 0.046 to 0.081 J/erare presented in figures 123 and 124.
Two horizontal scales (Op$ and 1s-9Qus) are available for clarity, as at first LIl
signal decays are fast (due to sublimation) during the rfwsrosecond, to become
slower and radiative-dominated later on. Note thatptiesence of Q-switch noise on
the red channel is a residue of the Q-switch substracbmbined to a relatively high
noise pick-up from the red channel photomultiplier tube wtempared to the blue
channel. This can be explained by the fact that redisg devices and measurements
effected toward 800 nm are generally more prone to sheé ramd therefore noise
pick-up (in this case a multi-alkali red-enhanced photocsthwas used). Similar
behaviour was observed on the Cranfield LIl systeneaiGt an absorption study
could not be performed for the low fluences as signate werrupted by the remnants
of the Q-switch noise. A few interesting trends téen@ere that:
Initial sublimative temperature decays are present asllyadecaying soot
temperatures become apparent during the first microsecond.
All temperature measured between the 1@s2fime interval agreed within 50K
and comforted the belief that the emitting primary phatisize distribution is
nearly uniform in terms of temperatures, as modellelleear
The soot volume fractions measured increased by fauftapproximately 20
between 0.046 J/cmand 0.081 J/cfmand indeed increase with fluence, providing
a measurable increase in absolute intensity light lsigmals. However, since the
actual soot volume fraction is not known and variedrbgstimated 50-100%, no
particular study of SVF increase with fluence was egeda
Similarly to the insight provided by the experiments d&dCranfield University, a
neat increase in SVF with time was clearly notitedbr the first 2ns of LIl
signals, followed by either a drop in SVF or a carbepnas particulate matter
concentration remaining approximately constant. Thgaim confirms the
hypothesis that agglomerate explosions are occurringhatcconsequent excited
particulate matter overall filing volume exceeds theasurement volume after ~

25us.
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Figure 123: Absolute light intensities as a function of time meed for
laser excitation fluences ranging between 0.046%)(ormimal
fluence achievable) and 0.081 Jfcrta) blue channel (b) red
channel
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Figure 124: Soot temperature and Soot Volume fraction (SVF) aditurs
of time for laser excitation fluences ranging betwé&ed46
Jlent (minimal fluence achievable) and 0.081 Jofmedium
fluence) and computed using absolute light intensity data
displayed on figure 129: (a) Soot temperature (b) Soot volume
fraction.

Since the measured signal levels and consequently theve@gne fraction are

increased with further increasing fluence, excellersulte were obtain for laser
irradiation fluences comprised between 0.086 and 0.145 .JRmsults are presented
as absolute light intensity channel exploitation (figut25) or temperature
measurements (figure 126). Also, the soot volume fradbBomporal profiles display

sharp increases associated with agglomerates dissosiaGitearly, this is a constant
phenomenon as from laser fluences as low as 0.046.J/cm

Therefore a situation were significant sublimation wed obtained and the soot
volume fraction measurements performed showed obvious siragglomerates
dissociation: initial sharp rises followed by large r@ases in the measured soot
volume fraction with time are clearly observable fgure 124-b. The sole physical
phenomenon that can be attributed to this behavioanmgealing of primary soot
particles. Annealing consists of graphitic reorientsgioand rearrangements
(interstitial migrations) for primary soot particlessulting into both expulsion of
carbonaceous matter from the centre of primary pesticand an overall
morphological rearrangement into fullerenic structurdwsé two phenomena clearly
result into large scale expulsions of carbonaceous nfatt& primary soot particles
within the agglomerates combined with brutal morpholdgibanges overcoming the
Van der Waals attraction forces between aggregatesnwatipglomerates. These
obviously result into agglomerate dissociations at llonices were sublimation does
not provide significant contribution. For higher fluendbsugh, intense sublimation
associated with annealing explains further decreasedigint shielding from
agglomeration and more vigorous agglomerate dissociations.
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Figure 125: absolute light intensities measured for laser excitafiuences
ranging between 0.086 J/én{medium fluence) and 0.145
Jlent (high fluence).
(a) Blue demultiplexer channel
(b) Red demultiplexer channel
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Figure 126: Soot temperature and Soot Volume fraction (SVF) feerla
excitation fluences ranging between 0.086 3/cfminimal
fluence achievable) and 0.145 Jfcrfmedium fluence) and
computed using absolute light intensity data displayed on figure
125.

(@)  Soot temperature
(b)  Soot volume fraction (SVF)

In parallel, observations for agglomerates at atmogppegssures were also obtained
from a source of “cold carbon”. The measurements wdtaon Vartan Grigorian’s
“cold carbon” generator together with a descriptionhef apparatus are available in
appendix G. The apparatus provided extremely an extremedatable and stable
particulate matter concentration, with LIl measuremeliffering by 6.7% on a pulse-
to pulse basis. The device generated spherical agglomenditiel were measured by
Transmission Electron Microscopy (see appendix G forildet, with a median
diameter of 236 nm for a median primary soot particle diamef 18nm.
Measurements were performed with the NRC measuremestensyusing the
multipulse averaging technique at fluences ranging between 0/66% and 0.150
Jicnf in the centre of the exhaust plume at atmospheric ymesand a gas
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temperature of circa 90 °C. The results obtained arérdhesl in figures 127, 128 and
129. As it was expected following the work published by Swealtl and Stagg
(2006), it was found that the average soot volume fracheasured was rising with
increasing laser irradiation fluences, as shown on digiR9-b. Therefore an
extrapolation of the phenomena observed for large aggides enduring
dissociations during LIl over 2 to 1% under vacuum can be made for much smaller
and more common agglomerates in the hundreds of nancnditnmeter scale. A
very obvious 32% reduction in the primary particle diameteasured by LIl with
fluence was noticeable together as well as an inergasoot volume fraction by a
factor of 3 between 0.067 J/€mnd 0.150 J/cfn On one hand, such large reductions
in terms of primary particles diameters cannot bebated to sublimation at medium
fluences and a reduction of the primary particle diamet&2% is more likely for a
laser fluence of circa 1J/émOn the other hand, provided the structural entities of
which the measurement was performed remained idendigdcrease rather than an
increase in terms of measured soot volume fractionsldvbe expected. Hence
agglomerate dissociations on a nanosecond timescalelgsav plausible explanation
for the observed rise in soot volume fraction witkefice. These dissociations would
result into a net diminution in optical shielding witragglomerates with increasing
fluence. And this would furthermore be associated wittetadiminution of thermal
shielding during heat conduction for individual nanopartigkgkin the agglomerates
and hence provide an excellent explanation for the redfuct the measured primary
particle diameter associated increasing fluence. How#vegmains clear that the
primary particle diameter measured for a fluence of 0.18°Jtbat is 28 nm, remains
far from the actual median soot primary particle measuaé 18 nm. Hence
agglomerate dissociations were not complete on the 2000®ons timescale the
atmospheric measurements were performed and eventugigr fluences would be
required to obtain realistic size measurements for pyiparticles enclosed within
agglomerates with laser-induced incandescence.
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Figure 127: LIl signal absolute light intensity signals recordedrfr85mm
above the cold carbon generator drier outlet for fitferdint laser
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(a) Blue channel measurements
(b) Red channel measurements.
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Soot volume fraction [ppm]

Figure 128: Laser-Induced incandescence temperature as a functiomeof
curves obtained from the exploitation of the resultsgmeed in
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V.3.3. Laser absorption studies.

An initial E(m) determination by laser absorption meavas performed throughout
the laser fluences range, extending Snelling et al.(20Ymgtion that LIl peak
temperatures are independent of primary particle sizewafllence into the medium
fluence range (>0.081 J/énby taking into account that:
(1) no conduction is present, and therefore primary fpadize dependence of the
peak LII temperature is diminished ;
(2) primary particle size is assumed monodisperse at 15amethr ;
(3) sublimation modelling is assumed to agree with prdctisaasurements
during the particle heat-up phase of LII.

Therefore the laser temporal profile (approximated a&amssian with 14.7ns
FWHM) was fed into the laser-induced incandescence nfodehe fluence range
0.064 to 0.145 J/chrand the peak modelled temperature matched with the measured
peak LIl temperature by means of varying the modelled E@hje for absorption at
532nm. The obtained results are given in table 6. An geeraE(m) value of
0.47+0.05 was found, which is indeed 16% higher than the valeesumed by
Sneling et al. (2004) for flame soot aggregates. Given dlierall level of
agglomeration within the carbon black clusters, highesfor E(m) were expected.

Laser Fluence Measured soot peak Estimated corresponding
[J/cm?] temperature [K] E(m) value
0.064 ~ 3150 0.52
0.071 ~ 3200 0.48
0.081 ~ 3250 0.43
0.094 3410 0.40
0.111 3726 0.45
0.123 3833 0.54
0.145 3819 0.44

Table 6: E(m) modelled values for the peak temperatures measuned fro
0.064 J/criito 0.145 J/cr LIl soot peak temperatures for fluences
of 0.064, 0.071 and 0.081 Jfcrare approximated within 50K as
the noise level did not permit an accurate peak temperature
determination.

In addition, the model overestimates the initial terapee decay rates (see figure
130), which were assumed to occur because of sublimatiah lbsses. Clearly
annealing is to be considered and graphite crystalisatites are exothermic and
should therefore diminish heat loss rates for thé #&00 ns (Michelsen, 2003). The
results obtained were rather unexpected as the traditiGp&; sublimation
modelling was supposed to underestimate initial sublimaéxgerature decay rates
by a factor of nearly 60% (Michelsen, 2003). For studig®t the scope of this
present work, incorporating Hope Michelsen’s sublimaligat loss rates into the LII
model has great potential to result into a direct meammeof the annealing heat loss
rates. A later correction for the electron tratisiies of the photomultipliers tubes was
applied using a scattered 532 nm signal from an optical sustatsed by all three
photomultiplier tubes of the NRC LIl system at variousngsettings. The LII
measurements could then be aligned with the averagerschtaser pulse measured
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for each multipulse average and the delay between thegbeh& laser pulse and the
LIl peak soot temperature occurring measured, see figure 130iltfkare compared
with theoretical modelled temporal locations and wemarkable in terms that at
low fluence, when absorption is considered as the dotnimeat transfer mechanism,
the peak soot temperature occurred up to 31 ns (at 0.09 {fdon to its theoretical
temporal location, meaning that eventually for fluentesiow 0.09 J/ck laser
absorption is not the sole thermodynamic effect dauting to soot particles heat-up.
Again, annealing emerges as a possible explanationaidierethan expected soot
peak temperatures, which would mean as well that E(largely overestimated at
low fluences. However , it is not clear whether E(snoverestimated as the results
displayed in table 6 are consistent over the whole ¢ei@ange with an average value
of E(m) = 0.47. As well, for fluences greater than 0.08n’)/peak soot temperature
locations agree with theoretical locations and tleeeeprovide a support for future
investigations.
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Figure 130: absorption modelling and LIl temperature rise time — for
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V.3.5. Sublimation temperature decays

Theoretical modelling in chapter Ill lead to the condasthat sublimation is the
dominant heat loss terms during the firstudOof LIl temperature decays under
vacuum, while gradually becoming negligible when comparedatimtive heat loss
rates as from circa 18 after the occurrence of the peak LIl soot temperature.
Hence LIl peak soot temperature were fed into the moddl the measured
temperature decays compared with modelled temperature diecagdl the laser
irradiation fluences utilized during this experimentati@nd the results are illustrated
by the figure 132:
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Figure 132: comparison between modelled and measured sublimative
temperature decays, present during the firspsl@f LIl
temperature decay for all the laser irradiation fluences
measurements were taken at. Clearly sublimation rates
overestimated by the model for all fluences:

(@) Fluences ranging from 0.064 Jfdm 0.081 J/crh
(b)  Fluences > 0.094 J/ém

An obvious observation is that in all cases sublomtiheat loss rates are
overestimated by the model, from the first microsectinthe end of the remaining 9
microseconds. At low fluences, the modelled temperateomrhes equal and then
higher than the actual measured temperature citsa this can be assumed to be the
start of the radiative temperature decay and therefboelld not be taken into
consideration. The following can be postulated:

(1) Carbon sublimation is modelled for a single soot amnynparticle and is based on
the fact that carbon sublimation occurs by expulsidn®anly G and G carbon
chains away from the particle inner and outer voluméh vexpulsion jets
(vapour) velocities measured for graphite surface as \@fighe velocity of
sound. Clearly this assumption can be questioned, asevaang here the case
of strongly agglomerated soot agglomerates and it cansbemad that the
conditions for sublimation velocities to reach theiodelled rates are not met,
resulting in lowered velocities and therefore lower isuddion rates.

(2) Annealing again could be considered to play a roleeaimg however has been
so far estimated to take place over less than 500 nshélMen, 2003).
Establishing the time scale on which partial or coteplnnealing as well as the
structural entities obtained has great potential foh&usrtesearchs.
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(3) Eventually associated with the first point is thhae effective surface of the
primary particles that is allowed to sublimate is losggrdue to particles being
entangled and therefore thermally shielding each otber $ublimating.

Clearly, | believe that all three possibilties apecurring here, and this mainly
because all fluences are concerned. Using the resaiatde it was not possible to
investigate further and separate agglomeration and heeldisly factors from
annealing. In order to separate these two factorsynder vacuum would have to be
performed on non-clusterous particulate matter and thigdaepresent an extension
of the present work.

V.3.6. Radiative temperature decays.

It has been demonstrated previously that radiative lbssgs are the largely dominant
heat term as from 18 after laser irradiation. Therefore the measured teahpe
curves were fit with modelled radiative curves of matgHt(m) value, as described
in figure 133:
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Figure 133: comparison 10 us and after — radiative temperature decay
(a) for fluences from 0.081 J/cm2 to 0.094 Jcm?2
(b) for fluences of 0.111 J/cm2 and above

Curve fits were applied with excellent correlation éoeints obtained between 0.4 to
1%, so clearly the shape of temperature variationsusdise is typical of radiative
temperature decays. However, corresponding E(m) valuefoane to be ranging
from E(m) 0.810 to 1, and this is a factor two diffeeenigetween these
measurements and the ones obtained by absorption E(Mh¥7). as well, the
measured E(m) value by radiative temperature decay dedreaie increasing
fluence, from 0.1 to 0.85 for respectively laser fluendeés@B1 to 0.145 J/ct
Clearly, two trends can be identified:
(1) over the first nanoseconds of LIl signals, coesistE(m) values were
measured by absorption.
(2) the radiative temperature decays measured over tenmscaiseconds were
guenched toward large E(m) values.
It is also recognised that large E(m) values are amsaociwith agglomeration
(Mackowski, 2006). Furthermore, the measurements were pwdorwith laser
fluences of up to 0.145 J/émand a 17.5 ns FWHM laser excitation pulse whereas the
measurements at Cranfield yielded E(m) measurements isechdretween 0.6 and
0.4 for laser fluences ranging between 0.15 and 0.2& 3etha 7.5 ns FWHM laser
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excitation pulse. The discrepancy between the E(m) uneents obtained at
Cranfield can therefore be explained by a large diffaxen terms of instantaneous
laser peak power, with the Cranfield laser system d&lyaip to 4 times more peak
power than the NRC system. Hence a relationship legiilee agglomeration state
during the radiative temperature decay and the initialr lpsak power can be
established, with particles being more effectively glisagated at higher laser peak
powers. The fact that during the first nanoseconds andhé peak LIl temperatures
reasonable E(m) values were found would then rely omssami of only the outer
layer of the agglomerates radiating and absorbing lagat freely, with the
remaining nanoparticles being subject to optical shgldirhis would also explain
the negligible soot volume fraction measured at thé efdrll for measurements such
as the ones illustrated by figure 126-b.
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V.3.7. An exception

The following LIl signals presented in figures 134 and 135 yaisalwere observed
during four series of multipulse averaged (3000 LIl pulses peag&gmeasurements
performed consecutively at a fluence of 0.084 3/d&wen though these signals were
extremely reproducible at this time, they could be measonly during one day of
test and successive attempts to repeat them were urgfutcée peak temperature
was measured at 3320 K, corresponding to an estimated H(m)ofd.42.
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Figure 134: Absolute light intensity measurements performed at 0.084J/c
(a) blue channel
(b) red channel
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Figure 135: Temperatures and soot volume fractions for a fluence of
0.084J/crh
(a) Temperature
(b) Soot volume fraction

Obviously, an apparent heating phase is taking place beti@ns to jis, following
what could be assimilated to an initial sublimative gemature decay. Reheating
occurred from ~ 3000 K at 100 ns to bring the temperature up to 3AG0Ks later.
Furthermore, the initial sublimative peak is correlatedn initial sharp drop in soot
volume fraction followed by a steady decrease and thaora typical SVF increase
after fus. Therefore, a physical phenomena resulted into isigmif heat gains in
terms of internal particle energy occurred from 100ns t@slafter the initial
appearance of LIl signals and overcome sublimationlbsatates.
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In the absence of oxygen, the only known exothermamction to laser-induced
incandescence is crystallisation (annealing).Theeefoonditions existed in which
crystallisation could be optimised to the stage of béapthe dominant heat transfer.
The results presented in figure 134 and 135 lead to the fofomainclusions:
(1) annealing, although it cannot be discriminated agaistiation and
sublimation yet, is taking place
(2) an optimum configuration existed at 0.084 Jamd an annealing-dominated
temperature profile for circa one microsecond was péthi
(3) further LIl under vacuum investigation could focus on raigoating the
crystallisation thermal term and therefore charaterand confirm the
physical understanding that has been laid out in theatitex (Michelsen,
2004).
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Chapter VI — Concluding remarks

At the beginning of this project, the Laser-Induced Ideseence (LIl) technique had
recently transitioned from requiring an external cation with a source of particles
having a known concentration and size to a novelredign technique based on an
absolute light intensity calibration. Indeed, prior tdl Imigrating to being an
independent measurement technique, measurements wereutdizerg in general
the whole incandescence emission spectrum in thdevisii deriving soot particle
sizes and concentrations from an hypothetical peak tatope and reference
measurements performed on particulate matter sources rmordess well
characterized. The invention of the independent céliiraechnique by Smallwood,
Snelling et al. in 2001 led to the following measuremep@béity during LII: time-
resolved LIl would yield both particle temperatures andt ligtensity measurements
and provide a direct link between theoretical modelling practical situations. This
overall enhancement of the technique was based on @sewor pyrometry to
measure particle temperature and calibrating the pyramsyistem in terms of
absolute light intensity provided direct measurements aficfe|a concentrations.
However, the pyrometric technique imposed limitationstarms of measurement
volumes configurations and sizes and the technique eveit@dextractive sampling
from exhaust streams and performing measurements witllrcontrolled sampling
cells. In parallel, the spectral emission measured septed only a fraction of the
visible incandescence spectrum emitted during LIl as tarmalpass filters were used
simultaneously to resolve instantaneous particle megteperatures. Because of these
new constrains imposed by this measurement methodmeHsurements became
limited to resolving only a few parts per bilion inrmes of particulate matter
concentration.

Therefore an increase in sensitivity was clear¢y ficus and early in the project two
directions became evident: either a technical soluvas achieved, with the use of
faster optics, larger probe volumes and increased doflecind transmission
efficiencies; or a physical solution could be reacheth & larger number of photons
emitted per unit primary soot particle. With these twmwices in mind, Professor
Greenhalgh and | started a fruitful collaboration wita Combustion Research Group
at the National Research Council (NRC, Ottawa, Cgn&aa common objective was
to achieve each between 100 and 1000 times greater seesitivr LIl and resolve
parts per trillion particle matter concentrations. Hpproach | favoured at Cranfield
was to obtain physically more signal per unit primargtsparticle, whereas Greg
Smallwood and Dave Snelling focussed on revising opticaigde and increasing
collection and transmission efficiencies, bearingmimd that our combined efforts
would eventually lead LIl into sub-parts per trillion sensges...

From the start of this project, two methods for easing the emission of photons per
primary soot nanoparticles were identified: either high@noparticles temperatures
or longer signal durations could have been used. Cleaglgethtemperatures were
attractive, has they would have been associated watigedl instantaneous
incandescence signals. However, bringing carbon namdpatémperatures above
4000 K during LIl also implies large sublimative losses andretfiore overall

decreases in signal. However, this could have been cwaysel by performing

measurements in conditions were sublimation would lealdrtge concentrations of
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thermally excited € vapours being released from the particle carbonaceougise
and produce large emission signal levels. Unfortunatélig ute was not chosen as
it would not constitute laser-induced incandescence, regxnemely high laser
fluences and prevent any particle morphology measurerodm performed because
of the large volumic losses required to achieve largensative rates.

Instead, a more subtle approach was to lengthen LIl Isigigpically, LIl is
associated with sharp light pulses lasting less than caoseicond. Short signal
durations are due to the rapid heat conduction from tee-laadiated soot particle to
its surrounding gas. Therefore a decrease conductivedssatdtes was necessary in
order to lengthen LIl signals. Hence the principle df whder vacuum was defined:
by performing LIl under vacuum, light signals could be modelte last up to 100
microseconds and the associated gain in number of phetoitted per primary soot
particle was predicted to be in the order range of 50 to 88pefding on primary
soot particle size). In parallel, because heat conducisay from the unit soot
particle is reduced to negligible, the sublimative andr#ukative properties of soot
nanoparticles could be measured by the technique.

Initially, the Laser-Induced Incandescence model wasigedvoy NRC. It was soon
extended to include Hope Michelsen’'s mathematical intéapon for heat
conduction and radiation. Due to the complexity of cormguitill over timescales far
longer than the initial nanoseconds of laser exaitathe model was also migrated
into a finite-difference solver. Extensive modellingasvperformed and led to the
conclusions that I® mbar is the upper pressure limit at which conductive heat
transfer remain negligible for all particle sizes atbdunder vacuum can be obtained.
Also, following laser energy absorption, radiation heansfer would be accompanied
by soot sublimation for excitation laser fluences @h®.06 J/cth Therefore two
situations could be envisaged: either laser absorptiardwae followed by a long-
lived radiative heat transfer; or laser energy absmmptivould be followed by
sublimation for the first ten microseconds and thefateon. The first case would
apply for laser fluences below 0.06 Jfcamd would be constituted of two phenomena
that are independent of particle size but depend directth@soot refractive index.
The second case (absorption, followed by sublimatiahthen radiation) reinstates
particle size dependence for the first microseconddlofrboth cases, particle light
absorption and emission (radiation) can be directly soneal and a direct
measurement of the particle refractive index functigm)Eis possible during both
processes. The novelty of the laser-induced incandescender vacuum is the
capability to measure directly the radiative heat lass and therefore E(m) without
any particle size dependence. Moreover, the uncersasisociated with performing
an E(m) measurement depend directly on the particle temoperuncertainty and
E(m) measurements can be resolved within less thanwkéh is remarkable when
compared to the widely used extinction measurements thetho addition,
sublimation heat loss rates can be directly measuredea® 06 J/cfhand annealing,
being exothermic, could become detectable for tempesas low as 2500 Kelvin.

In order to put the theory into practice, a suitableigesladen aerosol could have
been drawned into vacuum by using a molecular beam. Wnetely, the technical
requirements and resources exceeded the scope of thet.pidjecefore a simpler
“roller bottle” system was adopted: purpose-made cylindbottles were filled with
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a few grams of carbon black powder, then evacuated tovhE)® mbar and sealed.
The later rotation of a bottle on a dedicated apparatsigred the obtention of free-
falling particles cascading into the measurement voluntieinvthe bottle. A set of
bottles containing all similar amounts of carbon bklaas produced an all LIl under
vacuum measurements performed throughout this study were mside these
bottles. Carbon black is a soot produced in controllediitons, in order to produce
desired primary soot particle sizes and aggregation fadtorsever, settling soot as a
powder implies large scale agglomerations. Thereforestize sample used during
this project was actually agglomerated particulate mattiesters of sizes up to a
milimetre in diameter. Because LIl is a phenomenoruaing on the primary
particle scale and not the whole agglomerate, the tyaldiapplying LIl to carbon
black was not questioned. In addition, successful LIl pdatie matter measurements
have been performed on heavy duty diesel engines, wisichpeoduce large visible
soot particles.

The first LIl under vacuum measurements performed codsgdteneasuring spectral
emission from the vacuum sample after laser irradiagiof.3 J/crhEffectively, the
light signals obtained lasted more than 60 microsecondspessented the spectral
characteristics of Lll< that are high temperature ioomim (blackbody) spectra
throughout the visible range. Although spectra were rdtedhdue to temperature
non-uniformities, a pyrometric exploitation yielded aas@ed temperature decay
from 4190K to 2470K over 60 microseconds. This temperature demalgd be
associated with a temperature decay for its last 50 s@iconds, with a measured
E(m) value comprised within 0.35 and 0.45. Therefore longtliggnals were
obtained from carbon black particles; spectrally theyldt be assimilated to
blackbody (incandescence) spectra; and the measured taimpedacay matched
with expected LIl under vacuum temperature decays, provingeddgy of the LIl
under vacuum concept.

Following this initial success, a more complex measargmystem was assembled at
Cranfield. It comprised a dual-wavelength pyrometer desigaed calibrated
according to the NRC absolute light calibration technignd an Intensified CCD
camera. The novelty of the system was that the 1G@Dem was calibrated in terms
of absolute light intensity while the pyrometer recardestantaneous temperature
profile. The combination of both measurements yieldedhtywse temperature
temporal profiles and soot volume fractions and timegrdted two-dimensional soot
volume fractions measurements. In addition, the usend€C&D camera to provide
time-integrated absolute light intensity LIl measurememis very ambitious in terms
that obtaining instrument readouts on average 300 times s@sitive (due to the
integration of the number of photons per primary soottiglarover 5 to 50
microseconds onto the CCD pixels) had potential tolvesaggregate morphology in
terms of number of primary particles per soot partiBlesides, the ICCD camera
could also be used to size agglomerates and perform @drtielge Velocimetry
(PIV). In practice, due to sensitivity limitations dahe pyrometric system,
measurements were performed for medium and high lasecdléri to 0.24 J/cth

To our greatest surprise, the measurements obtained Ifounder vacuum of
agglomerated carbon black particles permitted an extessiay of the effects of
agglomeration for Laser-Induced Incandescence at mediutmgiméhser fluences.
The study lead to the conclusions that:
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Carbon black clusters, even of diameter larger than @@dons, when
irradiated by a laser pulse, have an optical absorptidrradiative behaviour
in a vacuum that is similar to isolated primary sootigias and tend to obey
Rayleigh absorption and radiation.

Soot agglomerates disaggregate during and after laser atioadiand
fragmentation becomes evident after a delay of bet\een5 microseconds
after laser irradiation. Ejecta velocities were mees by PIV to reach up to
400 m/s away from the original agglomerate and agglomeraseaihtions
appeared to be the result of chains of dissociations.

Overall, carbon black agglomerates were dissociatedaggregates within 20
to 30 microseconds and it can be established that the tequired to
completely dissociate an agglomerate depends on its smet@rLIl taking
place.

In parallel, LIl measurements highlighted that:

The first microsecond of LIl signals recorded by plyeometer was affected
by what was potentially identified as high levels oérthally excited €
vapour emissions.

After 2 to 5 microseconds, that is when carbon cdlastissociate, large LII
signal intensity rises were recorded. Particle tempezatwere not modified
during these intense secondary LIl peaks. However solimeo fraction
levels would rise by more than 5 times the initialcorded soot volume
fractions during agglomerate dissociations. This could X@ameed by the
notion of optical shielding. Indeed, before agglomeratesodiation,
blackbody emission originating from nanoparticles witthie agglomerate is
extinct by adjoining particles and therefore would nadchethe detector.
Agglomerate dissociations would then reveal a large nurabereviously
optically shielded particles and explain the secondaryntéhsity peaks .
Radiative heat transfer measurements vyielded apprexinBgtn) values
comprised between 0.4 and 0.6.

In addition, time-integrated ICCD measurements resoligathlslevels as low as the
equivalent incandescent 6-7 primary particles aggregatedidsociated particles at
2550K and signals integrated over 5 microseconds. This isiysilearly is the

highest recorded to date for LIl and proves the exceplyohigh gain in photons
emitted per primary soot particle for LIl under vacuum msasents.

Further measurements were effected in collaboratiah thie Combustion Research
Group at NRC. There, a high resolution dual wavelengthnpgter associated with
extremely uniform laser spatial fluence profiles couldvgl® precise temperature
profiles and soot volume fraction measurements foruubtder vacuum. The objectives
of the research effort performed at NRC were to:

establish the repeatability of the temperature p®ofineasured at Cranfield
and perform highly resolved multipulse averaged LII under vacuum
measurements.

perform low fluence LII under vacuum measurements

compare the temperature and temporal profiles of LIl undeuum at various
fluences with our current model.

Temperature profiles repeatability proved excellent oshat-to-shot basis and
therefore allowed us to perform multipulse averaged LIl und@cuum
measurements. The first observations arising fromipolde measurements was an
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increase in the measured soot volume fraction by yn@afactor of 1000 with the
laser fluence increased from 0.046 to 0.153 4/drhis trend was also accompanied
by secondary soot volume fraction peaks located typiealigw microseconds after
laser irradiation. The overall soot volume fractioend with fluence could be
associated with a large drop in optical shielding witlgglamerates occurring as
from the start of LIl and implied agglomerate dissocigioccurring during the laser
absorption phase and the first 100 ns of signals. Alse,fdbt that agglomerate
dissociations occurred at fluences below 0.06 %/¢mhereby sublimation is
negligible) highlighted not only the role of sublimatidwt also annealing as a cause
for agglomerate dissociations. Because annealing censst crystalline
rearrangements within primary particles, brutal morpiickl changes and carbon
clusters expulsions could overcome the Van der Waalsddiat agglomerate carbon
black nanoparticles together and hence induce large disaleciations. For higher
fluences though, intense sublimation explain further @dse in optical shielding and
more vigorous agglomerate dissociations. Parallel measate performed on a
stable source of spherical carbon black agglomerates (23fedian diameter) at
atmospheric pressure also provided the same trend in sigeasity with fluence,
furthermore coupled to large reductions in thermal shiglthetween soot primary
particles for heat conduction. Therefore soot aggloresrdissociations is at the heart
of the measured LII signal intensities increases witlieasing laser fluences and
evidences of net diminutions in optical shielding withmglomerates can be found
under both vacuum and atmospheric conditions, wherebycditisns also induce net
diminutions in thermal shielding between primary sootiglas.

Comparisons between modelled results and those obtak@erireentally were
performed on three aspects of LIl under vacuum:

- laser energy absorption and peak particle temperatures

- sublimation heat loss rates

- E(m) measurements during the radiative heat transfer
At low fluences for LIl under vacuum, laser absorptioowred on a faster rate than
expected, meaning that a secondary phenomenon wassingregerticles heat gain
rates. Again annealing, being exothermic, emerged asussilple explanation. For
laser fluences above 0.06 Jfcran average E(m) value of 0.47 was measured.
In terms of sublimation heat losses rates, it appaaralticases studied that the actual
sublimation heat loss rates appeared to be systeryatiwalrestimated by the model.
This was surprising, as the inverse was expected: indeedublimation model is
based uniquely on {Lsublimation and should have underestimated the actual
sublimative heat loss rate by circa 40%. Agglomeratiam grovide an explanation
for this: thermal shielding between agglomerated pastiel®uld restrict carbon
vapour flux and creates pressures zones, effectively regsciblimation heat loss
rates. In parallel, annealing could also concurrencansatiidn and compensate for
heat losses by exothermic crystallisation of pariimatter.
Whereas E(m) measurements during laser absorption yialledceptable value of
E(m) = 0.47, the radiative temperature decay were measumgeduce E(m) values
comprised between 0.8 and 1. This also contrasted withE{h® measurements
performed at Cranfield (E(m) = 0.4 — 0.6). The sole explamdbr such a divergence
was that the laser used for the measurements perforim@chafield delivered four
times the instantaneous power the NRC laser would Her same fluence level.
Therefore the carbon black clusters could have not belyn dissociated and
presented a higher effective E(m) value during the radiéat transfer phase.
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An interesting exception was also noticed at 0.0842%)/mimere significant heat gains
literally reheated the sample particles during the fmstrosecond of LIl under

vacuum. According to the current knowledge of LII, the @adplanation for this was

that eventually optimum conditions were reached to indocich an extent that the
sublimation heat losses were overcome.

Outcomes of the research

Laser-Induced incandescence has been established thraighstudy as a
measurement method that can deliver exceptionally laghits/ity, with the potential
to resolve individual aggregates morphology. Thereforeteeall aim of the project,
which was to extend the sensitivity of LIl to sub-gaper trillion concentrations of
particulate matter, was largely fulfilled.

In addition, dedicated modelling and theoretical interpicatatprovide a basis for the
LIl under vacuum method and an upper pressure limit éfribar was calculated for
the measurement method to be applicable. Moreovemélasurement method allows
for a direct measurement of the refractive index famck(m) to be performed during
the radiative heat transfer temperature decay chamsdcteof the last 50 to 90

microseconds of LIl signals under vacuum. Eventually tB{®) measurement

method could outperform the current extinction measuremeihod and provide

uncertainties below 7%.

Agglomerate dissociations during LIl were observed forfiise time and optical and

thermal shielding within agglomerates were establisdasterous particulate matter
dissociations could be proved to originate from both almge and sublimation and

occur both under vacuum and at atmospheric pressure. Theysarthe cause of LI

signal increase with laser fluence that can be obdefor agglomerated particulate
matter measurements.

However, throughout this study agglomerate dissociationanaigs did not allow for
a complete distinction to be made between the phydiddlounder vacuum and
agglomerate dynamics. This was largely due to the sammplehich measurements
were performed and presents the largest limitation isfdtudy. The measurements
performed at NRC attempted to measure absorption, sublmand radiation heat
loss rates directly from LIl under vacuum signals. Thecowies established that:
annealing was present and quenched sublimation heatakessand laser absorption
as well as initiating agglomerate dissociations; agglatimar did affect radiative
E(m) measurements and large values (0.8 to 1) of E(m) wbtained as a
consequence; and conditions where optimum annealingaaids be observed could
be met.
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Recommendations for further work

Future work on laser-induced incandescence under vacuum sleoplerformed on
non-agglomerated particulate matter. Temperature measusemenng LIl under
vacuum would then possibly yield : radiative heat transfeasurements (including
resolving precisely E(m) without having to deal with ogtishielding and its
associated quenches in terms of optical absorption andsien), direct
measurements of sublimation heat loss rates and annestles.

Obtaining precise measurements of these thermo-physicameters would therefore
deepen the understanding of the physics of LIl and provithas&s for modelling
corrections. Ideally the sample measured should alschéaaterised independently
using transmission electron microscopy and its morphofwggisely controlled prior
to LIl measurements being performed. Hence clear oektibetween particles
morphology and their physical properties could be determined.

These imply that static systems such as a sealed balttle or the use of settled
particulate matter powder should not be pursued in order tlwrpelll under
vacuum measurements. Therefore molecular beam samplihg sampling method
which should be favoured in order to provide controlleavdloof particulate matter
under vacuum. In particular, aerodynamic lens systemsntrgseat interest as they
provide high particle transmissivity and focussing withlh measurement volumes
that are limited in size (from 2 to 16 mm diameter).

In addition, the exceptional sensitivity of LIl undercuam for time-integrating
photodetectors permits the resolution of particle moganoin terms of number of
particles per aggregate. An extension of the techniquedwamuto use this sensitivity
for the measurements of refractory nanoparticles megt but also atmospheric
concentrations of particulate matter and air polluti@mioring.

And finally, because the technique eventually requires eztllasser powers and less
sophisticated measurement systems than for atmosphélic instrument
developments could benefit from the overall potentiahpsfication of the
measurement technique and commercialization could bsaged.
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Appendix A - Soot optical properties

A.1. Data Available in the Literature

Many complex refractive indices for soot,= n - i.k, are proposed in the literature,

depending on the wavelength of light and the origin oStie:

Origin of Wavelength | Real part | Imaginary E(m)
soot Authors [nm] n part, k []
Compressed 435.8 1.56 0.46 0.217
pellets Dalzell 450.0 1.56 0.48 0.226
of soot from and 550.0 1.56 0.46 0.217
acetylene Sarofim (1969) 650.0 1.57 0.44 0.206
flame 806.5 1.57 0.46 0.215
435.8 1.57 0.46 0.215
pcéﬁ’é?gﬁs::gt Dalzell 450.0 1.56 0.5 0.235
from propane and 550.0 1.57 0.53 0.246
flame Sarofim (1969) 650.0 1.56 0.52 0.244
806.5 1.57 0.49 0.228
Polystyrene .
and Plexiglas Leegédl“e” o .glr‘d 1.9 0.55 0.193
flame soot ( ) Siole
Ethene flame| Dobbins et al. UV and
soot (1990) Visible 2.1 0.55 0.163
Commonly Smyth and UV and
used Shaddix Visible 1.57 0.56 0.260
Pyrolytic Greenaway et UV and
Graphite al.(1969) Visible 273 1.4 0.2
400.0 2.377 1.656 0.274
433.0 2.529 1.528 0.240
467.0 2.637 1.422 0.216
poic | seggana | S50 2% | L% | ok
Graphite at | Charalampopoulos ' ' ' '
300 K (1993) 567.0 2.649 1.395 0.212
600.0 2.656 1.394 0.211
633.0 2.684 1.399 0.207
667.0 2.717 1.433 0.204
700.0 2.767 1.438 0.197
400.0 2.404 1.652 0.269
433.0 2.544 1.508 0.237
467.0 2.656 1.429 0.213
. 500.0 2.658 1.388 0.210
Pyrolytic Stagg and
Graphite at | Charalampopoulos 533.0 2.674 1377 0.207
475 K (1993) 567.0 2.675 1.382 0.207
600.0 2.674 1.394 0.208
633.0 2.699 1.401 0.205
667.0 2.741 1.431 0.201
700.0 2.788 1.444 0.195
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Real

Origin of Wavelength Imaginary E(m)
soot Authors [nm] part part, k [

400.0 2.416 1.654 0.267

433.0 2.562 1.515 0.234

467.0 2.675 1.407 0.209

Pyobtic | Saggand | oo | oder | 13 | 0203
graphite at | Charalampopoulos ' ' ' '

675 K (1993) 567.0 2.695 1.365 0.203

600.0 2.695 1.379 0.204

633.0 2.710 1.391 0.202

667.0 2.731 1.428 0.202

700.0 2.761 1.462 0.200

400.0 2.423 1.651 0.235

433.0 2.555 1.525 0.236

467.0 2.675 1.407 0.209

pyoyic | siggans | 399 | 2681 | 1%es | 0208
graphite at | Charalampopoulos ' ' : :

875 K (1993) 567.0 2.695 1.363 0.203

600.0 2.691 1.385 0.205

633.0 2.710 0.392 0.202

667.0 2.733 1.418 0.201

700.0 2.776 1.439 0.196

400.0 2.175 1.206 0.284

433.0 2.258 1.102 0.251

467.0 2.323 1.025 0.227

Amorphous Stagg and 500.0 2.321 0.991 0.222

carbon at | Charalampopoulos 533.0 2.331 0.981 0.219

300 K (1993) 567.0 2.337 0.977 0.217

600.0 2.343 0.982 0.217

633.0 2.356 0.986 0.215

667.0 2.371 1.019 0.217

700.0 2.434 1.005 0.205

400.0 2.176 1.216 0.285

433.0 2.272 1.099 0.248

467.0 2.330 1.019 0.225

Amorphous Stagg and 500.0 2.333 1.987 0.283

carbon at | Charalampopoulos 533.0 2.343 1.978 0.282

475 K (1993) 567.0 2.247 1.969 0.300

600.0 2.353 1.975 0.280

633.0 2.361 1.974 0.278

667.0 2.362 1.031 0.221

700.0 2.436 1.009 0.205
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Real

Origin of Wavelength Imaginary E(m)
soot Authors [nm] Part | " part, k ]

400.0 2.196 1.209 0.280
433.0 2.279 1.098 0.247
467.0 2.339 1.021 0.223
Amorphous Stagg and 500.0 2.335 0.989 0.219
. 533.0 2.345 0.965 0.213

carbon at | Charalampopoulos
675 K (1993) 567.0 2.348 0.696 0.214
600.0 2.353 0.974 0.213
633.0 2.357 0.982 0.214
667.0 2.374 1.022 0.217
700.0 2.425 1.010 0.207
400.0 2.204 1.215 0.279
433.0 2.293 1.103 0.244
467.0 2.348 1.023 0.222
Amorphous Stagg and 500.0 2.347 0.989 0.217
. 533.0 2.356 0.970 0.212

carbon at | Charalampopoulos
875 K (1993) 567.0 2.359 0.963 0.211
600.0 2.355 0.978 0.214
633.0 2.367 0.978 0.212
667.0 2.384 1.006 0.213
700.0 2.442 1.004 0.203
400.0 1.396 0.403 0.216
433.0 1.434 0.376 0.196
467.0 1.462 0.360 0.184
Propane soot Stagg and 500.0 1.484 0.347 0.174
. 533.0 1.496 0.352 0.175

pellet at Charalampopoulos
300 K (1993) 567.0 1.536 0.374 0.180
600.0 1.522 0.355 0.173
633.0 1.527 0.376 0.182
667.0 1.544 0.357 0.171
700.0 1.550 0.367 0.175
400.0 1.392 0.404 0.218
433.0 1.431 0.374 0.196
467.0 1.464 0.354 0.181
Propane soof Stagg and 500.0 1.482 0.345 0.174
. 533.0 1.494 0.348 0.173

pellet at Charalampopoulos
575 K (1993) 567.0 1.537 0.370 0.178
600.0 1.521 0.352 0.172
633.0 1.529 0.365 0.177
667.0 1.541 0.361 0.173
700.0 1.548 0.366 0.175
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- Real .
Origin of Authors Wavelength part Imaginary E(m)
soot [nm] n part, k []

400.0 1.399 0.409 0.219
433.0 1.439 0.380 0.198
467.0 1.472 0.360 0.182
500.0 1.491 0.352 0.176
533.0 1.502 0.354 0.175
567.0 1.544 0.377 0.181
600.0 1.530 0.358 0.173
633.0 1.535 0.379 0.183
667.0 1.548 0.369 0.176
700.0 1.560 0.368 0.174

Propane soot Stagg and
pellet at Charalampopoulos
875 K (1993)

Acetylene Koylu and Faeth UV and

flame soot (1996) Visible 1.54 0.48 0.229
. Vaglieco et UV and
Graphite al.(1990) Visible 1.90 0.55 0.193
351.0 1.36 0.35 0.193
405.0 1.45 0.40 0.206
Overfire soot Wu et al 488.0 1.58 0.48 0.222
514.5 1.58 0.51 0.235
632.8 1.71 0.53 0.219

A. 2. Evaluation of the emissivity of soot primary particles

The emissivity for a single carbonaceous can be dang tise Mie Scattering theory

following expressions:
2 —
E(m)=- Im[ m 1}

m? +2

6lnlk

=m = (n2 —k2 +2f +4m? K2

_8lnlalE(m)

E,=————
A

Where E(m) [ ] is the refractive index functioam[cm| the radius of the particlg,

[cm] the light wavelength ang, [ ] the emissivity (equal to absorptivity, according to
Kirchoff's law) of the particle.

Using these expressions, the emissivity of soot pestzan be evaluated as a function
of wavelength over the visible spectrum:
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Emissivity / Absorptivity [ ]

Emissivity / Absorptivity [ ]

- < - Propane soot, Dalzell and Sarofim
0.17 - Propane soot, Stagg and Charalampopoulos
d N —— Aggregated soot particle, Hope Michelsen
015 + o " — - - Strongly aggregated soot particle, Hope Michelsen
T' \ - -¢= - Acetylene soot, Dalzell and Sarofim
013 + e gl S - -& - Acetylene Soot, Koyulu and Faeth
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Figure 136: Emissivity as a function of wavelength for a 20 nm pnepar
acetylene soot particle.

—— Aggregated soot particle, Hope Michelsen

0.17 = — - —Strongly aggregated soot particle, Hope Michelsen
\ ~ - == = Pyrolytic graphite, Greenaway et al.
015 4+ “‘ £ % - .o - Pyrolytic graphite, Stagg and Charalampopoulos
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Figure 137: Emissivity as a function of wavelength for a 20 nnboaaceous
particle.
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—— Aggregated soot particle, Hope Michelsen
0.17 - — - =Strongly aggregated soot particle, Hope Michelsen
- =¢= = Commonly used for soot, Smith and Shaddix
015 4 - -+ - Polystyrene and plexiglas soot, Lee and Tien
E Ethene soot, Dobbins et al.
=
= il - -~ - Qverfire soot, Wu et al.
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Figure 138 Emissivity as function of wavelength for other typésoot.

The data is compared to Hope Michelsen’'s (2003) proposed sikpre®r the
emissivity of soot as a reference for all kinds aftso

_4[pla
TV 5
Where [ ] and§ [ ] are fractal parameters and are given for aggregatadpsrticles
and more strongly aggregated ones:

Soot physical state B €
Aggregated soot particles 28.702.83
Strongly aggregated soot particle8.101| 1.39

As it can be observed on figures 136 to 38, good agreemevedyeproposed values
within each type of soot could eventually be found inwlaeelength range 550 - 800
nm. However, as the data found in the literature dematestit, the practical
evaluation of emissivity for a soot particle can vagyup to 50%. The use of two
colour pyrometry might therefore mask the effect ofwaelength dependence over
the soot optical properties by the use of the ratitigbfs emitted, therefore reducing
the problem of the soot emissivity to the problemtlug variation of emissivity
between two wavelengths.
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Appendix B: A “classical” LIl implementation: engin e
exhaust particulate matter emissions test campaigat
Millbrook Proving Ground.

During two weeks in April 2004 the Artium LIl 280 instrument has been made
available to us by the National Research Council (NR&irticulate Matter

Collaboratory and the Artium firm. The main purpose ki ttoan was an in-situ

evaluation of the instrument at Millborook Proving Grodite instrument is a

commercial Laser-Induced Incandescence apparatus, featingngelf-calibration

technique patented by the NRC (Smallwood et al., 2001)

A

Fluence Detection

Pulsed Nd:YAG Laser

Automatic Fluence Control

|
50 cm / lJ i

Automatic
Signal
Attenuation

. 400 nm |
Beam - )
Shaping 780 nm | Detectors
T Optics
Ay

< 58 cm »

Receiver Optics

Figure 139: Schematic of the compact LII system included in thiguAr
instrument (left) and picture of the instrument (riglgtium
instrument, 2004)

Soot sampling is performed at constant flow (5/minpfra vehicular exhaust to a
LIl sampling cell where the aerosol is then fired vath Nd-YAG pulsed laser beam.
The result is a 200 to 300 ns light pulse due to blackbody @uixom the heated
soot particles (currently the maximum temperature aeties the order of 3500 to
4000 K for fluences approaching 0.1 JnThe LIl light pulse is collected at two
different wavelengths (see figure 140) and analyzed usingatad photomultipliers
and a transient digitizer (in this case 100 milion samgler second). The soot
particulate temperature decay is then computed using thecdlwar pyrometry
theory. Since the cooling decay is a function of thet orimary particulate diameter
the soot particles are sized using their heat conduptmperties. Once the particulate
size is calculated the number of particulates emittight linside the measurement
volume can be computed. This results in a soot volumetidra measurement
(currently in parts per billion, i.e. one ppb = L@ mi® of particulate matter).

In this case a small 40 mJ Nd-YAG laser firing at 20 pufses second is used.
Therefore each measurement is a quasi-instantaneousunei@ant of the soot
particles concentration and size of the primary particl
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Figure 140: Using the intensity ratio of light at two wavelengthe particulate
temperature can be computed.
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Figure 141: The amount of light collected can be directly related soot
volume fraction assuming the computed particle size.

Installation of the instrument was performed by GregdrySmallwood (National

Research Council, Ottawa, Canada).Measurements weferrped by Dr. Glenn

Sherwood, Millbrook Proving Ground Technical team antiwas mainly in charge

of data processing. The aim of the instrument hagyda@iaught to UK was for an

evaluation of the LIl instrument by Milbrook Provingréund and Qualitative

measurement of two EGR maps for Emifpxa company specialized in reducing
pollutant emissions, on a London Bus.
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B.1. Evaluation of the LIl Technique: test configuration for the Vauxhall
Frontera™.

The LIl evaluation for Millbrook Proving Ground took plage a 2.2L Dti Vauxhall
Frontera (Turbo-diesel engine asserted with a Commadmfeation system, manual
gearbox, registration number MBK 94). The test configarais given in figure 142
below:

Airflow

Vauxhall TEOM T

Frontera |:
' Constant volume

i 4 \ " dilution chgmber
Dynamome ter rolle : : i t52° C

maipntained 4

e >
¢ Tailpipe
Artium 200™ I1. Diluter T
— |—
— -1
Exhaust gas flow
CVS area
Test Road Area

Figure 142: The Millbrook proving ground emission test area configdoedhe
Vauxhall Fronter&.

The test road area is separated from the CVS (ConMtalnime Sampling) area
because of the high level of vibrations and noise eitguduring testing. Usually and
ELPI (electrical low pressure impactor) is also awalabut for this day it was not
made available. The fan imitates the airflow agaihst car while driving. Since the
year 2000 standard emission test procedures exclude the wavarupf the tests,
which lasts 40s to allow the engine to reach normatatipg temperature. However
testing on a cold engine introduces repeatability erftbwes warm-up emissions vary
greatly from test to test). Therefore the car wastdewarm up before each drive
cycle. The same procedure was used on the London bustat€ne Euro 4 cycle
and two MLBT (Millorook London Transport Bus Drive ) égs were performed.

The tailpipe gases were either directly sampled to thenkfrument or diluted to the
Constant Volume Sampling (CVS) chamber. In this cdse €VS chamber is
equipped with a TEOM (tapered element oscillating micraicalp and gravimetric
filters. The air sampled in the chamber is kept atC520 avoid water and
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hydrocarbons condensation that could lead to measuremens. Part of the exhaust
gases are passed through the gravimetric filters thaihréten the particulate matter
emitted. These filters are weighted before and afeetabt and the mass of particulate
matter deposited is deducted from these mass measurements.

The TEOM (Tapered Element Oscillating Microbalancejnsde of a piezoelectric
oscillating element that detects the passage of aepastitles according to their
specific masses. Particles passing before the tapesetbr@d provoke a change in
oscillating frequency that can be related to a partieuladtter mass concentration in
the sampled volume. This way of proceeding is called dmstant volume sampling
procedure.

The car being a rear wheel drive in these conditihresyear wheels are placed on
rollers linked to a dynamometer.
The car is then being driven accordingly to two tgstes:

(i) The euro 4 cycle (see figure 143), defined by the proce2kiGO EC for diesel
emission tests. Every part of a drive cycle imitaged road conditions. This test
in particular comprises of four times the same urbale dgtrrent European
urban speeds) and one motorway (or extra-urban) cycle.

(i) The Millborook London Transport Bus Drive (MLTB) cle (see figure 144),
which was generated using real time data collected frbondon Bus
travelling on Route 159 from Streatham to Baker StreeWhitehall and
Oxford Street.
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o+ .20
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+ 40
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0 200 400 600 800 1000 1200
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Figure 143: Euro 4 cycle for the Vauxhall Frontera™. The speed ethicle
is marked in purple and the soot volume fraction measuréaeby
Artium™ instrument is shown in blue. One can easily recoghs&
parts of the cycle — 4 urban cycles and one motorway.
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Figure 144: MLBT cycle for the Vauxhall Frontera™. The speed @&f ¥hicle
is marked in purple and the soot volume fraction measuréaeby
Artium™ instrument is shown in blue.

The LI120C° Artium instrument uses the following sampling layout:

From tail pipe

LII measurement cell

Flow controller l
-—— Heated sampling line - ]

Vemnt
1 To CVS

Particles flow

Heat controller
-

Figure 145: Sampling procedure for the Artium instrument.

The sampling line is maintained at°60 to avoid any kind of condensation that could
arise in the sampling cell since condensation crekdegl droplets that would
produce a strong scattering signal and decrease the guddlitg signal. The exhaust
gases are continuously sampled at 5L/min to the LIl meawmnt cell where the
measurement is taken.

191



Appendices

B.2. Evaluation of the LIl Technique: results for the Vauxtall Frontera™ and
comparisons LIl - Tapered Element Oscillating Microbalance TEOM) and
gravimetric sampling

The calculation of the mass of particulate mattertechiby the vehicle can be
computed the following way: one ppb (part per billion) atialate matter
concentration represents Ju§.nt of particulate matter measured in the LI
measurement cell. To retrace it to the mass of pdate matter emitted by the
vehicle, one can use the following equation:

F
Vi =107 x19xV ) x —ohast (106)
sampling
WhereFenaus [1/min] is the flow rate produced by the engine at the tailbt@yping
[I/min] is the sampling flow rate ang, [ppb] is the concentration measured by the
instrument. Vhg[Mg] is the mass of particulate matter produced by the eeidte
that the same calculation is applied on the CVS sidthioT EOM apparatus.

During the evaluation it appeared clearly that the Ldtribiment was measuring
significantly less particulate matter than the graviméechnique and the TEOM.
This is believed to be due either to a wrong exhaust ril@asurement on the tailpipe
side or a lack of dynamic range from the photo-multiplfeeguration occurring at
peak particulate matter concentration). However theridasurements were
proportional to the TEOM reading and therefore a propaatity factorC; [ Jwas
calculated against the gravimetric results to give usr@c®d readin®corrected [ PPD] :

Vcorrected = Cf prpb (107)
Measurement Correction
Factor
Euro 4 cycle 33.54
London cycle - 1 32.87
London cycle - 2 34.68

Final result: C;= 33.7 #0.9

Table 9: calculated correction factors for LIl against gravineesampling.
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This permitted a direct comparison between the TEOMawes and the LIl ones:

30
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Figure 146: LIl corrected response (instantaneous measurement 20 seog
and TEOM (Tapered Element Oscillating microbalancg)aese
(Nominal integration time: 1 s) for the Urban partieé euro 4 cycle.

The particulate matter peak at 212 seconds illustrate dgrfeetdifference between
the LIl and the TEOM time response: whereas the LHfopms a series of 20
instantaneous measurements per second the TEOM maited lime response (>1 s)
that limits its reading to only part of the emitted mafate matter during transients
and presents a longer time resolution than the Lifunstnt.

As seen on the figure above and figures 147 and 148, it isusbthat most of the
particulate matter is being produced during transients Adeirmpstemporal location
of the particulate matter peak production is highlighted IbyNote that the TEOM
reading presents a lower signal to noise ratio. Thigatrbe due to the fact that LII
measures only the carbonaceous part of the particulateemand that the TEOM
measures the entire particulate matter. However tHeM i extremely sensitive to
any kind of humidity or condensation and at 52 °C hydrocadyoSQ condensation
is still possible, leading in perturbations and nois¢herreadings.
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Figure 147: Corrected TOEM and LII signals during part of the Euro 4nrb
cycle.
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Figure 148: Extra urban part of the Euro 4 — cycle.

The two London cycles tests permitted to demonstratlglthat the LIl instrument
was particularly suited for urban driving conditions meaverds (see figures
146,147&148). Where the TEOM performed approximately and exposkxnv a
resolution the LII instrument allowed the testers liigh temporal resolution and
guantitative determination.
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B.3. Application of the LIl Technique for characterization of EGR maps:
London bus test configuration.

The second task for us at Millorook Proving ground wasviduate the efficiency of
two distinct EGR engine control maps for EmiftoxCurrently this firm runs an
emission reduction program with London Transports to redie emissions
produced by their buses. To reduce emissions from suchl diegies, two
techniques are combined: the EGR (exhaust gas recicculatio the engine)
technique and the implementation of a particulate tregr fin the exhaust line. The
EGR main role is to reduce N@missions and the particulate trap filter filters olut o
the exhaust the particulate matter produced by the ergioegh particulate matter
oxidation processes. In this case the bus tested vienais Dart™ powered by a
Cummins™ B130 diesel engine coupled to an automatic gearbox.

The test configuration was similar (see figure 150) toathe used for the preceding
vehicle (See section 111.2. for details).

Figure 149: Test Road Area during the London bus tests.

Again, realistic road conditions were reproduced and warrtirogp was allowed to
increase the repeatability of the experiments .Oméy Millorook London Transport
Bus Drive (MLTB) cycle was used. During these tests lttEcal Low Pressure
Impactor (ELPI) was available. Such an instrument wdestrostatic charging to
separates particulates according to their size and diteeta into thirteen sizing
stages (one size range per stage) were they are colihexdfore the reading of this
instrument is an average particulate number counted gerasige.
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Figure 150: Test configuration for the London bus.

B.4. Application of the LIl Technique: comparison of LIl against an Electrical
Low Pressure Impactor (ELPI).

The LII instrument counts as well the particulate nunatm&ording to their sizes since
for each measurement it calculates the primary partisiae or diametdd [m] and

the soot volume fractioWy, [ppb]. The number of particulates detected during one
measurement can be evaluated using the following expmnessio

N_ . —_ V|

particulates 7D2 (108)
Noaricuates o~ Ps is expressed in particulates per cubic meter,@nsl the soot
density (1900 1g.m°). Using this opportunity two tests were performed

by bridging the LIl instrument sampling location to thasktailpipe to perform a

comparison between ELPI and LIl. Results are presemtefijure 151. On can

observe that the LIl technique has a high size resolutihereas the ELPI shows
more of a trend in agglomerate size distributions. Al W LII technique measures
the primary particulate size whereas the ELPI doesnd measures rather the
aggregate or agglomerate size. This explains why theds#dbution is constant on
the LIl side for both tests whereas the ELPI shdtsard more heavily agglomerated
soot particles.
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Figure 151: comparison between the ELPI readings and LIl measutsmen
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B.5. Application of the LIl Technique: evaluation of two EGRmaps efficiencies.

Exhaust Gas Recirculation systems (EGR) are compudatradled in such a way that
the exhaust gases can be recirculated into the engtheegulated using a valve
system for different engine running conditions. Therefdre EGR map determines
the operation of the EGR valve. The reason why ldswequired is that the TEOM
apparatus cannot perform any measurement in raw exhasss @ee. before the

silencer or the particulate trap filter) since the aape cannot withstand

condensation and hydrocarbon traces. Whereas LIl,r@s-antrusive technique, can
be deployed in any kind of environment. Since neitheretkhaust flow measurement
was available in the portion of the exhaust befoeedarticulate trap filter nor in the
tailpipe the LIl data was kept in terms of volumic corications. Each EGR map was
tested twice, and the results for each map were averdgedrepeatability of this

method was then estimated to be in the order of 5 %.
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Figure 152: Results obtained using LIl before the particulate tiggy fior 2
EGR maps.

The results are qualitative and clearly show that ¢kersd EGR map presents lower
peak concentrations and emission baseline.
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Appendix C — First LIl under vacuum experiment

Chapter Il led to the conclusion that@@nbar is a prerequisite for measuring LI
under vacuum signals and obtain radiative temperature dddaysim of this section
is to highlight the experimental attempts and considestthat have been put into
practice to achieve the requested pressure dfviar and lower. In order to provide
an initial understanding of the technical difficultiess@sated with sampling soot
nanoparticles under vacuum, an attempt to measure lasmenh incandescence
signals at low pressure was performed. The following éxgetal setup was

assembled:
side-on

photomultiplier E' mt:::t:;:nn i
tube module £ann ¢ g

==
Ay 0000
Gould 4074A
Digital Storage
Oscilloscope

=12 cm GR1E

spherical lens - =] pc
| | (acquisition

L. & storage)

Orifice plate F
(0600 M)
raw Nd-Yag to vacuum pump
W >laserbeam = (10 mbar ult. , 10 m*/h)

(1064 nm)

~ 10 mbar

-C}'limirii:al olass vessel
Figure 153 Low pressure LIl sensing using an orifice backed byh-hi
capacity vacuum pump. Incandescence signals were measuigd usin
a simple collection lens and an unspecified side-on phdtipiier
tube module in the throat of the gaseous expansionaddtention
using a raw laser beam at 1064 nm. All measurements teeesl ©N
computer after being measured using the oscilloscope.

The system comprised of a simple glass tube withu@00rifice on one side and a
Quickfit® glass adaptor on the other side. The glass ada@t®then used to link the
sampling system to a large capacity (1&hwour) scroll pump (ultimate pressure of
102 mbar) in order to maintain a vacuum within the glagmder. The glass vessel
pressure was estimated circa 10 mbar. Laser-induced incandessignals were then
created using a 1064nm Nd-YAG pulsed laser (pulse duration of 7.5 ns
Incandescence signals were then collected through tihderyborosilicate walls and
imaged onto a side-on Photomultiplier Tube (PMT) module qatathode using a
spherical 12 cm focal length lens. Signals were recomeda digital storage
oscilloscope, processed and stored via an IEEE 488 (GRH& sommunication.
Eventually a 30 % rise in the recorded LIl signal arelichvis proportional to the
integrated number of photons emitted within the samglen®was estimated.
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This experiment led to the following conclusions:

- with a primary particle size know to be comprised leetmv25 and 40 nm, LII
under vacuum would necessitate a gas surrounding pressurs tfidesone
mbar. Clearly this is not achieved in this conditions

- because one of the highest capacity roughing pump aeaabked here, the
pressure conditions needed for LII are not achievalile avsimple evacuation
system and therefore a complex two stages vacuum systeeguired to
achieve the conditions necessary to LIl under vacuum.
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Appendix E — Pyrometer assembly and electronics
investigation and calibrations

E.1. Pyrometer assembly and optical alignment.

A view of the instrument ready to take measurementasadle on figure 154 below:

Figure 154: Detalls of the trn5|ent 2-color pyrometer once mactufed and
assembled: (a) back view (b) top view. See text ornthges for
details.

As one can foresee, optical mounts are XY adjustabdet@ optical part of the
system required a precise optical alignment. This wa®meetl using the included
laser diode L (see figure 155). Alignment was performed using the raflestof the
laser beam from a prism to provide a visible tracehef detection axis and was
performed in the following order (details are givengufe 155 below):
With the dichroic mirror M removed, the laser beam was alighed and attenuated
at the centre of PMiTand the measurement volume location marked on a fixed
piece of white paper target acting as a reference. thatehe dichroic mirror was
not inserted on the optical path before aligning BMT
The front collection lens 1.was then inserted and aligned, followed by the front
lens of the Gaussian telescope)(Lthe limiting aperture s;aand the Gaussian
telescope back lens;LNote that the apertures and a are included on the lens
optical mounts and were adjusted so as to be self-agntrin
The dichroic mirror M was finally inserted and the alignment laser beanreen
on PMT; front filter If».

Both photomultiplier tube modules mounts are apertured aogptdi the required

dimensions for @ and assembled in a self-centring way, as well as visible
interference filters pfand If, which mounts on top oga
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whit:: p::ulr ﬂ n"l] n PMT;
| .I || ;: ,I prism {SiMinm)
1 1@
a?ignment PMT:
diode laser (Tnm)
e Al A PMT:
- R _| ' ﬂ (300nm)
1o

alignment
diode lase

Figure 155: Alignment schematic (not to scale) of the opticahents (top
view):
(a) alignment based on the detection axis and PTM
(b) alignment of PMT.

Before calibrating the device, an attempt to charaeteéhe preamplifier channels was
performed and the precision voltage divider had to beratdid.

E.2. Pyrometer: preamplifier gain investigation
The use of amplifiers typically increases signal noiaed additional gain errors.

Foreseeing consequent difficulties, it was decided to diecRS 445 channels.
The following electrical setup was used (see figure 156):

T USB | | R
DAQ

Vbaq
serial{interface -\Z ; V;,
on OPC server Datascan 7720
data logger
Figure 156: Electrical circuit used for the SRS 445 preamplifier gain

characterization.

The setup used had the main characteristic of beingelgramtomated and computer -
controlled. Similarly to the gain control voltage; Va DAC from the USB acquisition
board is used to produce the voltagsny/and therefore induce a curreptthrough

the preamplifier impedancesR(50Q2 typical). A precision 10 R shunt resistor Rs
used in order to reduce turrent from a 0- 15 mA range to a more adapted 0- 400
uA, therefore matching experimental conditions. Predmaplgain is then measured
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as the ratio of input and output voltages, respectivglyald Vou, with Vo, being
measured across a precision 50 (0.2%gsistor identical to the oscilloscope front
impedance. Measurements were taken using a high accuragyutss-controlled
datalogger and were automated using Labview® and an accurasg than 0.0LA
were achieved with a noise level in the same ordegea An example of a
preamplifier gain measurement is given in figure 157.

20 L] T T T T T T
504 | 2
18 | o
502 | i
e 4 —~
—_ —
£ i = 500} i
© K 1=
o )
- izl (a) 1 = 4t (b) .
g . 2 o
k& = . s
2 0f 1 @ AR s T
b b T e
= s { = a.m&{f’-‘g‘:‘ﬁ M .
oy A oo
6 % - 492 : :
4 . L 1 4.90 1 i i 1
0 10 20 30 40 100 200 300 400
Input current [pA] Input current [uA]

Figure 157: Gain versus input curren measurement taken on channel 1 of the SRS
445 A preamplifier:
(a) Input current range 0-4(A
(b) Input current range 40-4Q@\.

As described on figure 157 (a) above, gain linearity issure below 1QA, as gains
nearing 20 are achieved by the device, illustrating a gisarimination capacity from
the current amplifier. Figure 157 (b) shows a very charestic gain change between
180 and 36QuA. This is typical of a preamplifier output base voltalgettiation with
time (here approximately 5 mins testing time), in tase bearing consequences such
as a 2% error in gain whereas the preamplificatioresygjuaranties gain linearity to
1% . Fortunately, LIl measurements are pulsed measuremesns a light pulse is
discriminated against its immediate base voltage.
The conclusions of the preamplifier tests were that:
the preamplifier can be used solely for light pulses measemts, were base
current levels are continuously corrected for
all four preamplifier channels presented poor discrimaapabilities below
10uA and therefore any measurement taken with an oveualent level below
circa 191A should be discarded.
Next to be characterized are the two precision esditider bridges used to set the
gain control voltage ¥ of each photomultiplier tube module separately.
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E.3. Pyrometer: gain voltage control \ calibration

Gain control voltage calibrations were performed meagl/s between the points; T
and T, (see figure 156) using the high accuracy datascan 7720 datalogger a
comparing it to the software - sepp4 voltage while the PMT module was kept
blanked while turned on to reproduce measurement condit@ans. was taken not to
saturate or damage photocathodes during testing. Four tafisravere performed in
order to determine PMTand PMT, bridges dividing factors and obtain an overall
repeatability estimate. Detailed test Results are ptedeon figure 158 whereas
dividing factors are indicated within table 6.As the w#@tage \bag Was varied from
0.6 to 4 V, respective gain control voltages Were measured and a linear fit to data
performed, with the slope of the linear fit being eqoahie dividing factor.

Calibration PMT 4 PMT,
Number dividing factor | dividing factor
1 0.330923268 0.330770039
2 0.330923336 0.330795821
3 0.330922375 0.330795239
4 0.330923272 0.330795429
Mean dividing | 350995, 0.330789
factor
Uncertainty 0.00000023 0.0000067

Table 10: precision resistor divider bridges dividing factors ovexalbration
results.

Deviations from an ideal linear fit were also averhgend estimated for both
photosensors PMTand PMT, as illustrated in figure 158 (b) and (c). The nominal
resolution capacity of the acquisition board coupled to ubkage dividers was
estimated circa 32(¥. As demonstrated on figure 158, both circuits were extiem
repeatable, with a repeatability value <u¥Oconstant over ¥ voltage range, and
such a performance would be expected from precision oesistability. However
systematic errors appeared and made up for the total &XbF; errors are within
expected limits, that is errors oscillating around [320vithout exceeding 4Q0/
whereas PMT errors start at 1.6 mV for &/= 200 mV to decrease to 3Q¥ for
V=600mV and increase again to remain below 1 mV ferc¥mprised between 600
to 900 mV. These systematic deviations from a line&aweur are typical from a
Digital to Analogue Converter, as non-linearities eoenmon feature. Fortunately 1
mV error on \& remained acceptable and no use of RPN§Tforeseen for control
voltages below 600 mV.
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Figure 158: gain control voltage ¥ calibration

(a) calibration curve for PMT effective gain voltage &¥'vs USB DAQ consigne
voltage \bag

(b) plot of average deviations (error) from the calilam curve vs effective gain
control voltage for PMT

(c) plot of average deviations (error) from the calilam curve vs effective gain
control voltage for PMT
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Appendix F - Multipulse averaged LIl under vacuum
measurements: data analysis intercomparisons

LIl oscilloscope raw signal voltage measurements taketinrae different fluences
(0.078, 0.093 and 0.100 J/@mwere chosen as reference data in order to perform a
comparison of the signal analysis approaches betweepréisent doctorant and NRC
well-experienced LIl signal analyst, Dan Clavel. As@yresults in terms of absolute
light intensity (figure 159), Soot temperature and soot veldraction (figure 160
a&b). Excellent agreement was found, with less than dé@ations in terms of
absolute light intensities. Temperature agreement widnvBK, and discrepancies in
soot volume fractions were found to be mainly due toewdfit time-averaging
parameters, resampling and filtering time constants, wase in general all
discrepancies.
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Figure 159: Absolute light intensity signal analysis comparisontween
Cranfield and NRC:
(a) for a fluence of 0.078 J/ém
(b) for a fluence of 0.093 J/ém
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Figure 160: Temperature (a) and soot volume fraction (b) signalysisa
comparison between Cranfield and NRC.
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Appendix G - Development of a cold carbon (soot) aasol
generator as a way of characterising soot agglomeran
effects.

Laser-Induced Incandescence measurements were firstopedelas a flame
combustion process monitoring technique and successfullprped as a non-
touching in-flame measurement technique, with excellesilts correlations obtained
against reference thermophoretic measurements, vafjddte laser-based technique
as one of the most efficient and reliable means $sess local flame soot
concentration. However, atmospheric and exhaust measotge are of increasing
interest for the scientific community, legislatorgdaautomotive manufacturers. Short
time residence, soot nucleation and oxidation are typiéaflame conditions.
Therefore flames intrinsically produce soot primary ipke$ and aggregates, whereas
out-of-flame soot agglomerates due to electrostatic d&nWaals attraction forces.
Agglomeration in terms of number of aggregate per agglomesaates with time and
therefore depends on: (i) initial structure of soot agdesgand eventual charges (ii)
airborne residence time, with typically agglomeratesobeng larger with time.
Consequently, in order to provide a thermodynamic insgmd determine the
detection behaviour of soot agglomerates, a source @oidong well-characterized
reference airborne carbon agglomerates is required dar do characterize laser-
induced incandescence measurement issues when performingf-flante
measurements. Even though airborne particulate mattasum@ments are common,
such as carbon black production measurements and tailpipsi®@mmeasurements,
they indeed prove erratic in terms of both absolutet se@lume fraction
measurements — differences of a factor 30 were measuiddbabok between the
reference gravimetric filter measurements and theudwtiLil 200® measurements-
and primary particulate diameter measurements — with priparticulate diameters
often overestimated by LIl measurements when comparetfdansmission Electron
Microscope (TEM) imaging as a reference.

Vartan Grigorian’s (2001) cold carbon generator was useshaserosol generator.
The design principle of the device is first explained.sTtievice is based on the
atomization of an aqueous suspension of carbon blackhwhijgassed through a dual
stage impactor and consequently dried using an evaporait@l. LH measurements
were performed using an Artium LII200 instrument to estalile repeatability of
the aerosol particulate matter concentration obtaifiedse measurements were then
followed by transmission electron microscopy measungsneof the obtained
agglomerates in order to characterize their morpholbgiagperties. Further study
include LII signals repeatability and behaviour with floen
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G.1. The cold carbon generator: design principle

During the course of his doctoral studies, Vartan Grigof2001)designed and
implemented a soot aerosol generator. An attempt tacteaize this soot generator
had been made by Vartan Grigorian but the results appear@ttonsistent as the
instrumentation he used later appeared to be fadlhe aim of this instrument is to
produce a soot aerosol as close to monodisperse aslgpassierms of particulate
size distribution (Vartan Grigorian, 2001). The device piated in figure 161. The
apparatus is cylindrical in shape. Full design explanat@masdrawings are available
within Vartan Grigorian Ph.D. thesis (2001) and at Cedohfiuniversity School of
Engineering drawing office.

The soot generator comprises of five stages:

() The atomiser is a pressure atomizer or nebuliser naligidesigned the same way
as a typical medical nebuliser. Such a device uses thewaof compressed air
(applied to the atomizer pressure inlet) to create boecaink flow by suction into a
cylindrical reduction and break up the liquid stream intopiaays of droplets. This
configuration avoids the need of pressurizing the carlsok Isolution. At the output
of the atomiser is obtained a polydisperse aerosol dreplay of which the mean
droplet diameter is dictated by the actual diameter ofatiection.

(i) The inertial impactor works by passing an aerosol thrauglezzle and directing
the output jet against a flat plate. The impaction plateas the flow to form an

abrupt 90-degree bend in the streamlines. In this casedide is formed by the
space between the reservoir edge and a baffle plateinijection plane is then
formed by the vertical plane (internal wall of the @etor). The instrument is
arranged in such a way that large carbon black droplegsiracsufficient inertia to

make them adhere to the generator wall and fall intiia channel bringing them
back to the bottom of the reservoir and thereforg dm¢ small and medium- sized
droplets of the aerosol are allowed to traverse theifhpaction stage.

(iv)A second impaction stage is formed by a virtual impastage: the flow (and
therefore the droplets contained within the flow) aceelerated through a conical
nozzle and cross a small region (in this case 2 mnhetcentre of the impactor
before being collected by another nozzle and directethe¢oevaporator stage. The
design of such impactor is based on the principle thatuaewing the centre of the
impactor using a small capacity vacuum pump attached to ithelvimpactor
pressure inlets and equipped with a control valve should aalkey any particle of
small inertia (i.e. small particle since inertia psoportional to mass). Technically
during experimentation it became obvious that evacuatiegvirtual impactor was
not an easy thing to realize, since it do becomablea® achieve a flow that would
not drag the entire aerosol content away (see figure 161).

(v)The last stage is an evaporator to permit the transftom size-selected carbon
black droplets to solid carbon black particulates. As,vilb#é evaporator is kept at
temperatures above 80 degrees Celsius to completely ¢ééntimea presence of water
droplets from the aerosol, which would be a subsequetiesng media for any kind
of optical measurement.
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Figure 161: Cold carbon aerosol generator working schematic — iniashe
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G.2. The cold carbon generator: ink properties and droplet evapration
principle

Carbon black is used for making ink dispersion. Howeveaterg an homogeneous
ink dispersion and avoiding the formation of clots are stoaight forward as carbon
black does not naturally disperse in solvents. Althougbedssons can be obtained by
means of ultrasonic agitation of carbon black powdethinva mixed water-ethanol
solvent, such dispersion remains homogeneous for olniyitad time period (24-48
hours only) and does not permit long-term repeatability atabilty as well as
introducing additional errors in terms of sample ink prejara Therefore a more
complex carbon black dispersion was envisaged (Vartagof@an, 2001) in the form
of a chemically-treated carbon black ink dispersion thagtable and homogeneous
with time. In this case samples of Cabot Carbon Qalet 200® ink-jet printer ink
solution were used as a commercially available readyst aqueous solution. The
actual pigments contained in this type of ink are non+sgiecarbon aggregates
(composed of partially fused, reasonably spherical prirparyicles) having endured
a sulfonation process which in practice consists indimg SQ ~ ions to the soot
aggregate external surface (Vartan Grigorian, 2001). Usiisg ptinciple, carbon
aggregates become indeed charged and repulse each othdigu(set62), avoiding
agglomeration by overcoming Van der Waals attractiace® within an aqueous
solution and are eventually bound to become polar aneftiner soluble in water,
behaving in a similar way as ions within an aqueoustisol rather than initially a
solid suspension. Such a carbonaceous dilution is typioaligined in water as a
solvent an bears a 2 years lifetime in terms of dspehomogeneity.

Cab-0-Jet® 200
Na*

Figure 162 : Cabot Carbon Cab-O-Jet 200 ® ionic
OH  configuration schematic — the pigment represented here is

Na: indeed a carbon aggregate.(Cabot Carbon, 2006)

Once the carbon dispersion ink becomes atomised igpoag a and the size selection
process is performed within the cold carbon generattmomodisperse” droplet size
spray is then passed trough a drier at temperatures cirt€avdth a residence time
sufficient to proceed to complete water evaporationwAger evaporates away from
the initial ink droplet, surface tension and electrastatces pull and hold aggregates
together, forming a spheroidal agglomerate (see figure 16Bgrefore the
agglomerate size obtained is a function of the initdd carbon aggregates
concentration and of the droplet size itself. The caldbon generator then becomes a
mean of producing carbon agglomerates in a controlled enawtich comparatively
is hardly feasible from flame fumes and representativairborne soot, as soot
formed from combustion has a natural tendency to aggimers a function of its
airborne residence time.
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H,O
Figure 163: lllustration of soot generator aerosol particle (agglate)

formation from heated ink droplet. Each dot representslaon
aggregate (Wainner, 1999).

G.3. Initial measurements performed with the Artium LIl 20¢° instrument.

The Artium LIl 200® instrument, once the Millbrook testrgaaign (see Appendix B
for details of the instrument)was duly completed, was neagslable by National
Research Council (Canada) and the opportunity arose tormerbsolute light
calibrated measurements on the cold carbon generagtailddabout the instrument in
particular are available in chapter VIThe initial measurements performed with the
cold carbon generator were indeed aimed at obtainingp@atable and traceable
calibration aerosol in term of soot volume fractemd primary particulate size. All
initial measurements (63 tests) were completed withio tays as the National
Research Council instrument loan was nearing its éilld. measurements were
performed by sampling a negligible amount of air from olgput aerosol 35 mm
upstream of the drier outlet into the LIl 200® extractigenpling cell. The atomiser
and virtual impactor inlet pressures were monitored usasirtdial pressure gauges.
Each measurement lasted between 1 and 5 minutes, codegpto between 600 to
3000 single pulse LIl signals acquisitions, for a 10 Hz measnenmate
corresponding to the LIl 200® internal Nd-YAG laser repmtitrate. Carbon black
solutions were made by diluting 10 times samples of Cabt(200® in distilled
water, bringing the initial 20% ink pigment concentrationa diluted 2% pigment
(mass) concentration. The first measurements pertbromnsisted in testing the
feasibility of evacuating the virtual impactor stage amehsuring the output aerosol,
as illustrated in figure 164. Virtual impactor testing wagied with a small capacity
rotary vacuum pump (10 L/min) linked to a valve providing aaceating flow from
the virtual impactor stage. However, although the evamufiow was reduced finely
using the valve, it soon became obvious that a matgosted mean of evacuating
the virtual impactor stage was required as the wholesakcontent was being drawn
into the vacuum pump, which was confirmed by an instrumeadout below
detection limit (~1ppb). Hence actuating the virtual impactsing a “negative” flow
was discarded for the remaining of the test campaigntendext measurements were
performed with a valve blocking the virtual impactor coegsed air inlets, see figure
165.
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6 - Virtual impactor evacunated — valve to vacuum pump 1% open
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Argizemn 200 deteciian limit: ~ 1 pph

0 10 20 30 40 50 60
Time [s]

Figure 164: Virtual impactor stage evacuation testing. The blueisra moving
average and the green circles are measurements. Tliserelas
actuated by an inlet pressure of 69 KPa. After 55s the vapuum
valve was closed and the impactor compressed air bitatked.
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Figure 165: Artium LI1I200® Soot Volume Fraction (SVF) measurementgia)
primary particle determination (b) for a blocked virtingpactor and
atomiser inlet pressure at 69 KPa. The blue line is\angm@verage whereas
green circles represent pointwise measurements. SVpremaky particle
measurements are performed on the same datasetdis#naitaneous).
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Whereas the soot primary particulate size was measwatealy constant on an
average basis, the soot volume fraction kept on varyifigr many trials, it became

obvious that any air motion above the generator dvigtet was disturbing the

exhaust plume from the generator and hence soot volaogofi measurements. It
was then obvious that some mean of stabilizing tHd carbon generator exhaust
plume was necessary. A simple solution was found indha bf an application of

positive radial flow through the virtual impactor pressatets, as described in figure
165:

Virtual Impactor Virtual Impactor
Pressure inlet 1 ; Pressure inlet 2

Accelerating nozzle
region
N
<—\V-l——b- /
It |
r Airflow direction

Junction to compressed air supply
(Pressures applied: 20 to 61 KPa) —

Figure 165: Top view of the virtual impactor in the radial blowiegnfiguration.
Since all the flows inside the apparatus are monitardérims of upstream
pressure for each pressure inlet, applying the same pogiéssure on both
pressure inlets of the virtual impactor has an immedi#feet of creating a
zone of counterflow at the nozzle location, thusaasing the air flow out to
the drier . Since the pressure on the atomiser side alvesys been
maintained above 68 KPa, the air flow direction wasntaaied from the
bottom — atomizer - to the top — drier output.

On one hand, the obvious result of this configuratios et the droplet-carrying
aerosol endures a systematic dilution; therefore Ipcaleasured aerosol mass
concentrations observed were indeed lowered. On ther ¢idnd, the increase in
airflow stabilized the air flow at the drier output andded soot volume fraction
measurements insensitive to air movements. A typmahsurement using this
configuration is depicted in figure 166. Given that this igomhtion provided
outstanding stability in term of measured soot volumetiba, it was therefore
decided to characterize the cold carbon generator instef SVF and particle size
(diameter) measurement repeatability and reproducibityty-three measurements
were effected during two days (35 measurements the firsaudcy28 the next one)
with new carbon black diluted ink solutions (4 sample gwoigtat 2 % concentration
in pigment mass per day) and complete dismantling, cleamdgremounting of the
instrument on the evening of the first day. Loading ofw diluted ink solution was
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done after fully washing the instrument and leaving thid carbon to dry with the

maximum flow of compressed air on and the evaporat80 alegrees. The aim was to
achieve measurements on 3 identical solutions of cadflaok at 2% mass

concentration per day over two days in order to evalbatd reproducibility and

repeatability of the aerosol obtained. Results areepted in table 11.
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Figure 166: Soot volume fraction (a) and primary particle sizer@aprded by
the LIl 200® instrument during test 21. The blue line is aingpv
average whereas green circles represent pointwise regasus.
SVF and primary particle measurements are performedeon th
same dataset (i.e. are simultaneous). Note that YkealbSVF
stability is greatly enhanced, from a precedi® ppb (see figure
148)to an actuat 0.4 ppb. Atomiser pressure inlet was
maintained at 69 KPa and virtual impactor applied pressure was
40.5 KPa.
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Primary particulate size measurements:

Number A . Uncertainty
Setting of Average Reproducibility | Repeatability on this

Measurements [nm] [ [nm] setting [nm]

Atomiser inlet
at 69 KPa,
virtual impactor
inlets at 20 KPa

8 35.24 6.87 2.28 6.92

Atomiser inlet
at 69 KPa,
virtual impactor 8 30.15 7.60 1.56 7.62
inlets at 40.5
KPa

Atomiser inlet
at 69 KPa,
virtual impactor
inlets at 61 KPa

8 27.39 7.75 1.68 7.77

Soot volume fraction measurements :

Setting Nugwfber Average Reproducib | Repeatability Un(;:ﬁrtﬁ:ty
Measurements | PP ility [ppb] [ppb] setting [ppb]
Atomiser inlet
_ at69 Kpa, virtual 8 5.05 0.75 0.45 0.77
impactor inlets at 20
KPa
Atomiser inlet
at 69 KPa, virtual 8 257 0.46 0.31 0.47
impactor inlets at
40.5 KPa
Atomiser inlet
at 69 KPa, virtual
impactor inlets at 61 8 1.49 0.36 0.10 0.36
KPa

Table 11: Measurement results summary with positive pressure applied
on the pressure inlet ports of the virtual impactor.

As one can observe from these results, the primatycplate size measured by the
LII200 ® instrument decreases from 35 to 27nm with increasngal impactor flow
(virtual impactor inlet port pressure increasing from 2@G1oKPa ). It has recently
become established in the domain (Liu et al, 200@t aggregation and
agglomeration contribute to virtually “shield” primary peles from colliding with
ambient gas molecules, as simply the presence of nep#dticles within
agglomerates and multiple fusing of primary particles togesimaply reduce the
average available surface of primary particles collidinth air molecules. As well,
thermal shielding for primary soot particles increaséth both agglomerate and
aggregate size. Therefore primary particle size detetimmasing the assumption of
single nanoparticulates colliding freely with air molesutioes not hold true anymore
and any attempt performed using this assumption will re@sdlower than expected
conductive temperature decay and hence an overestinetiba “real” primary soot
particle diameter. Clearly this shielding effect wassprm¢, as the cold carbon
generator is producing solely carbon nanoparticles aggéteser Therefore any
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reduction in averaged particle diameter resulting frormarease in virtual impactor

transverse air stream pressure would signify that a dreple selection process is
operated, resulting in a lowered median droplet size amsdcamsequence a reduced
average agglomerate size.

Soot volume fraction measurement obtained are encogragierms of stability and
repeatability, as for example a resulting 15% minimal dacey in terms of SVF is
obtained for an atomiser inlet pressure of 69KPa andwal/impactor pressure inlet
of 61 KPa, with repeatability data enabling future resntercomparisons in time. As
well, primary particulate size measurements proved ewat$ticslly repeatable.

An alternative use of the cold carbon generator isstit as a calibration transfer, as
a mean of transferring an initial absolute light isigncalibration to an uncalibrated
detector. This has particular interest in terms opbiying calibration procedures for
simple broadband detection systems such as intensifidd €{neras and similar
detectors...The soot volume fraction range obtained salléaws for calibration from
1.5 to 13 parts per billion (ppb) with an uncertainty as &snr0.36 ppb. In addition,
the cold carbon generator calibration transfer dodspnovide an integrated SVF
value such as total particulate mass (as would the graidm@ocedure) but a
concentration within a nearly uniform emitting volunteerefore cancelling the need
for the user to measure the effective measurement eobinhe equipment to be
calibrated, which is an another attraction for 2Dgmg measurement calibration.

As the measurements performed with the LII200® instrumpnbsyed promising,
additional work was undertaken at the National Reseammind€i, Canada. This
project comprised of two parts: (1) high resolution micopéc agglomerate imaging
(2) performing detailed laser-induced incandescence measuse@ie various laser
fluences.
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G.4. Cold carbon generator: agglomerates imaging

Vartan Grigorian (2001)did indeed image some on the typicabaggates produced
by the cold carbon generator by collecting on an unp@curface within the drier
output flow and performed Scanning Electron Microscope (BEMasurements. In
terms of qualitative assessment, SEM micrographs dieutiito process as: (1) SEM
is a reflective measurement method, meaning that elattron reflections from the
outer surface of a gold-sputtered agglomerate are record&E[@)micrographs are
therefore limited as they provide only an overall aggate size measurement, but
do not bring a detailed insight into the primary partid@asning the agglomerate as
they are confused with the overall agglomerate surfligpical SEM micrograph
were provided (Vartan Grigorian, 2005) and are included in fiGiie

i o on 1EM 20KU 0o 003 2

Figure 167 : Typical cold carbon generator agglomerate imaging using B¢
method. The white surfaces are carbon nanoparticlesragates
produced by the device. Clearly SEM micrographs are suitgdelinto
measure agglomerate overall parameters, but do not prxrwderm of
insight on the agglomerate primary particle composition.

It was decided —given the inadequate data that was ava#able perform
Transmission Electron Microscope (TEM) measurementsrder to obtain a better
understanding of the agglomerates produced. TEM is moretattravhen compared
to SEM in terms that: measurements are performedrinst®f the transmissivity
measurement of an electron beam through the samplee tomdged. Therefore,
relative transmissivity measurements are made posaitilethe underlying structure
below the outer surface of the agglomerate becomes appd&i@rtunately TEM
measurements where made available at NRC (Canada)DwittKevin Thomson
possessing a large experience in terms of soot sampithd &M imaging. The TEM
grid used in this case were made of thin carbon filmtezbacopper grids. The
carbonaceous film was used as a sample substrate andt m@s@anometric surface
uniformity. The cold carbon generator output plume was st 35 mm above the
drier outlet. A reference setting was chosen withatioeniser inlet pressure regulated
at 69 KPa and the virtual impactor inlet pressure at 31 W&a chosen and all
measurements performed at NRC, including LIl measurememst® performed with
these reference inlet pressures. Initial sampling @tierwvere performed with a
thermophoretic retractable arm with the sampling grgerted at the centre of the
plume in the colinear direction to the flow. This wagyentual carbon impaction
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would have been avoided and carbon agglomerates would kamesbmpled using
the thermophoretic effect, based on the principle tested carbon agglomerates
(~75°C) would be attracted by the colder sampling grid andethperature difference
(=50 K) would be sufficient to engender thermophoreticdsidarge enough to obtain
carbon agglomerate adsorbed to the sampling grid surfade(célm). Successive
trials proved unsuccessful and consecutive imaging did naakeany consistent
presence of particulate matter on the sampling grid. Tagtofs are to be taken into
consideration to explain this: (1) thermophoretic sargpis typically performed in
flames, meaning the temperature difference sampling gmgled medium is in the
order range of 700 -1000K ; (2) The preceding point (1) combinédd pub-level
(low) soot volume fraction induces that the initiaimgpding volume agglomerate
concentration is extremely low and therefore dimmiklthe chances of success for
thermophoretic sampling. Hence it was concluded that sualestrogen-cooled cold
finger system is used to cool the sampling grid and olatain 300K temperature
difference to initiate thermophoresis, thermophoredmmpling could not be
performed. Given the little time available, this optiwvas not implemented and the
cold carbon generator plume was consequently sampled heitbenntral drier output
flow impacting on the TEM carbonaceous sampling grid sarfac 60s and resulting
TEM images (2048 by 2048 pixels) are available in figure 168. hgagvealed the
presence of spheroidal carbon agglomerates. TEM micrognagk taken with
various degrees of magnification ( from 6300:1 to >50 000:1)llussrated by figure
168, internal agglomerate structure - in particular pringgt particulates - was
clearly discernable. The “snowball” shape of the agglates is indeed expected and
the process leading to their spheroidal formation hasn bexplained earlier.
Individual primary soot particulates were discernableughout the entire volume of
agglomerates of optical diameter < 500 nm and became dibtewnly on the outer
circumference of agglomerates of optical diameter > 500dnfortunately, the
apparent entanglement within the agglomerate itself digp@onmit the isolation of the
internal aggregation structure. Figure 168 (d) depicts the sujierpaction of two
large spheroidal agglomerates. Since the outer circurcferehthe agglomerate is
visible by relative optical density measurement, ihadé suspected that agglomerate
coalescence is present, which is an encouraging sigrihthacold carbon generator
does not produce carbon agglomerate that later coalesderecto Van der Waals
force to form larger agglomerates, at least within ié®dence time of the output
drier. Machine vision processing algorithms were applied discernable
agglomerates and primary soot particles and sizing rem@tpresented in figure 169
against the Cabot Carbon Cab-O-Jet manufacturer dameft (aggregate) size
measurements were performed by the manufacturer usirdynbenic light scattering
method: pigments (aggregates) are approximated as spherdahair diameter
measured using dynamic light scattering [cite Cabot Cérlimm aggregates
dispersed within the solution, using the principle than Bhewnian motion of a
dispersed particle can be measured as a light scattebragional frequency (RF) and
the obtained vibrational frequency is proportional te particulate diameter. In this
case a Leeds & Northrup Microtrac® UPA150 particle analyzas stated as the
reference measurement instrument by Cabot Carbon (2006grefore the
measurements provided are an approximation of aggregatesirsiiar to a particle
aerodynamic diameter measurements and are therefacaldiib correlate with more
realistic TEM measurement, eventhough they provide arogjppate aggregate mean
size of the order of 130 nm, with all aggregates stated6@8nm (Cabot Carbon,
2006). Results from the optical TEM measurements wererpgtbon 33 spheroidal
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carbon agglomerates. The sphericity of the agglomereéssevaluated through the
measurements of their respective Heywood circularigtofa which is the actual
optically measured particle perimeter divided by the peemet a circle having the
same area as the agglomerate itself, with 1 meaningbaagglomerate would be
perfectly circular within the measurement plane and teradly forming a perfect
sphere by extrapolation. The average circularity fa@and was 1.29 £+ 0.21, with
most dissociations from circularity due to the sphenmahary particulate structure
forming the outer perimeter of agglomerates and therafiereasing the agglomerate
perimeter by a factor > 0.2. The minimal agglomerate Wddaneter was measured
at 66.32nm whereas the maximal diameter reached 1742.94 nm,awitedian
Wadell diameter of 263.26. These results infirm that: (lByge range of agglomerate
diameters is present, which is certainly due to thetfsat the cold carbon generator
was operated with the virtual impactor acting as a dilaber therefore decreasing the
quality of the size-selection process. Clearly this islomain with much room for
improvement and the present author believes that furdsmarch can lead to near-
monodisperse agglomerate size distributions; (2) agglomesas can reach
manufacturer —stated aggregate sizes, and therefore thiilpppsxist to produce a
controlled amount of well-characterised soot aggregatesapgglomerate, which
would therefore provide precious data for future agglomeratorections as well as
a qualfication and quantification of the thermodynamieffects due to
agglomeration, which have not been performed so famaPy soot particle
measurements were performed on 80 isolated structural umits, an average
primary particle diameter of 17.96 + 4.20 nm and a median prirparticulate
diameter of 18.05nm.

Future improvement suggestions for this aerosol genecatoprise:

Modernisation and implementation of automated flow culeits for both atomiser
and virtual impactor pressure inlets

(a) Implementation of the second impactor (virtual)gstaand obtention of
controlled droplet size distribution, together with a péate characterization
of the atomiser spray droplet size distribution adjustsnant both virtual and
inertial impactor performance assessments in ternasagflet size distribution
selection.

(b) Carbon ink dispersion improvements in terms of reduend controlling the
surface tension of the carbon aggregate-based ink , whaitlbe effected by
mixing the aqueous solution with known quantities of etha@tearly this
would result in a neat reduction in terms of atomiseammdroplet size
diameter and increase the inertial impactor stageiegifig in order to avoid
future LII signal contributions being majored by outstaglyinlarge
agglomerates rather than by the median agglomeratesizgbution.

(c) As well, repeatable and stabilised soot volumetibads highly desirable in
order to perform studies of measured SVF against lasatiation fluences
and steps have to be performed in order to increaseottiecarbon generator
output flow stability, either through the installatiohaochimney, which would
hence provide a longer aerosol residence time mediuntharefore incur the
risk of agglomerate coalescence; or by increasing tieeath flow out of the
cold carbon generator with either a larger compressesupply being fed to
the atomiser pressure inlet or incorporating an addltiooinear air flow
around the nebuliser itself.
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; b
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100 nm

Figure 168: example of high resolution TEM imaging results obtageNRC. (a) &
(b) are 6300:1 magnified images, while (c) has a magndicddictor of
24 000:1 and (d) is 33 000:1 magnified. Note that the carbon film
substrate in the background presents a smooth uniforngib8gli
absorbing surface and is hardly discernable.
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Figure 169: Particle optical size measurement results obtained:

(a) Agglomerate diameter measurements performed on TEling (blue
dots) using the Wadell diameter approximation (the actaaietier
measured is the diameter of a disk with the same aaealb
agglomerate) and Cab-O-Jet manufacturer data (red line).

(b) Primary soot particulate diameter histogram meadwyé¢ke machine
vision software operator using a calliper routine.

223



Appendices

G.5. Cold carbon generator: Laser-Induced Incandescence apetl to
atmospheric characterized soot agglomerates.

The work presented in the following section is novetleirms that, to the knowledge

of the present author, no similar work has been peddmwith agglomerates of know

size parameters and internal primary soot particle dereAs well, the outstanding

stability and repeatability of the cold carbon generatatput plume permits a study
of detectable Soot Volume Fraction (SVF) at variousrftes and the establishment
of a trend between measured SVF and laser irradiatimndes, which indeed

matches the observations performed by Smallwood gg$2806).

The laser-induced incandescence instrument used here istdndard” NRC LI
configuration. Figure 170 describes the experimental systgrlemented here. As
stated in the preceding section, the LIl measuremensemexd here where performed
in parallel of the LIl under vacuum study during the auth@iacement at NRC
(Canada) using similar measurement procedures and datagmgaesthods.

R A
z

o-H——F &

(a) & L

Figure 170: Measurement layout:
(a) Optical stand schematic, see section IV.4. fazldakignifications.
(b) Image of the carbon generator in place for teswith the carbon
evaporator outlet placed 35mm below the measurement vdilime
and centred on the measurement volume vertical axis.

The cold carbon generator was operated using a 2% pigmest aoacentration of
Cab-O-Jet 200® solution diluted in distilled water. The asempressure inlet was
operated at the reference 69KPa pressure while the \vimpattor pressure was fed
at the reference 31KPa using compressed air. Cold carboarager plume
temperature at the measurement point was measured at iaggtedx 75 °C with an
an Omega® display unit (model HH23) linked to a K-type theoupte . Initial
measurements were performed in order to assess LIl sigumity with 100 single-
shot LIl signals collected and their light intensityrquared and estimated in terms of
repeatability for the two LIl systems demultiplexer mhels (blue and red). Signal
repeatability results are depicted in figure 171.
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Figure 171 : LIl signals repeatability. Measurements were carrieddguiring
100 single-pulse LII signals and measuring the average ardhstian
deviation as a measure of signal repeatability:

(a) for a fluence of 0.133 J/ém
(b) for a fluence of 0.167 J/ém

Repeatability measurements were carried at 0.133 and 0.16%alcliscriminate for
PMT shot noise and background noise level (laser Q{switise in particular) as
signal levels proved to increase with laser fluencecativalent soot temperatures.
The carbon generator exhaust plume proved extremely edgeeatith less than 10%
pulse-to-pulse variation (7-8% at 0.167 J/cm2 and 8.5-10% for at CcBBJThis
confirmed the earlier results obtained with the Artiluth 200® instrument which
proved the generator can deliver an extremely repeatablevolume fraction aerosol
measurement on longer time scales (within less thgn 7%

The following measurements were performed using the samfiguration in terms
of atomiser inlet pressure and virtual impactor inletspuee as well as carbon ink
concentration. Measurements were performed for afsetlaser irradiation fluences
ranging between 0.067 J/gmand 0.150 J/cfn 2400 multipulse averages were
performed for each laser fluence. LIl signal acquisitiovexe performed with a
sampling time resolution of 400ps and later resampled aackdlitwith 1ns as a filter
and resampler time base for the first 100 ns of incaedescsignals, followed by a
filtering time constant of 10ns for the remaining oé tAcquired signals. Q-switch
noise subtraction was effected on all measurementght Lintensity results are
presented in figure 172, followed by temperature computatiesisits (figure 173)
and soot volume fractions (figure 174 -a). As it was exgeedobllowing the work
published by Smallwood and Stagg (2006), it was found thatvérage soot volume
fraction measured was rising with increasing lasedimtén fluences, as shown on
figure 174-b. As well, an investigation into the absompti@gime leading to the
determination of E(m) during laser absorption, using thacipte that LIl peak
temperature is independent of primary particle diameters laat laser
fluences(Snelling et al, 2004). Therefore the laser teahgmofile was fed into the
laser-induced incandescence model for fluences of 0.067, 0.680.H00 J/crhand
the peak modelled temperature matched with the measured fe@knperature by
means of varying the model E(m) value for absorptio®32nm. The obtained results
are given in table 12. An average E(m) value of 0.414 Wwesefore concluded,
which is near the values measured by Snelling et al. (280dx 0.4).
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Figure 172: LIl signal absolute light intensity signals recordedrfr85mm above the
cold carbon generator drier outlet for five differesielafluences,
ranging from 0.067 to 0.150 J/&m
(a) Blue channel measurements
(b) Red channel measurements.
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Figure 173: Laser-Induced incandescence temperature as a functimmeafurves
obtained from the exploitation of the results presemmtdéidure 145.

0.010 T T T 0.008 T T T T T T
—— 0.067 Jicm*

T () —— 0.083 Jiem? )
g2 0.008 - ——— 0.100 Jlem® E
— —— 0.133 Jlcm? 0.008 |- g
E — 0.150 Jjcm® =— Trend
'-E 0.006 O  Measured SVF
-g | 0.004 d
[H)
£ 0004
=
g ) o.002 | Q o
E 0.002
)

0.000 0.000 1 L L 1 1 L

0 100 200 300 0.06 0.08 0.10 0.12 0.14 0.16 0.18
Time [ns] Fluence [J/cm?]

Figure 174: Instantaneous (a) and time-averaged (b) soot volurtioineas a
function of time (a) and fluence
(a) instantaneous soot volume fraction
(b) time-averaged soot volume fraction : instantansowos volume
fractions were averaged over the time interval 20-30arge wost
of them are nearly constant for all fluences.
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Laser Fluence Measured soot peak Estimated corresponding
[J/cm?] temperature [K] E(m) value
0.067 2737 0.4170
0.083 3217 0.4145
0.100 3547 0.4100
Table 12: Eg%n) estimates performed for a laser fluence ran@e0&i7 to 0.1
J/cnd.

Although the determination of E(m) by absorption meainsa given laser excitation
wavelength seems attractive, little is known about #wmual light absorption
behaviour of soot agglomerates, even though applicatiotheofphysical principle
proved successful for E(m) determinations within a flam@ronment (Snelling et al,
2004), where mostly nucleating soot particles and aggregatgsresent. Therefore
the E(m) measurements presented in table 12 remain leyjoatland assume isolated
primary particle laser absorption.

A second type of measurement was made using the condtemmperature cooling
decay for all laser fluences from 50 to 300 ns after thet ®f LIl signals. An
exponential fit was performed on the observed temperatacay and fed to the
model in order to provide a particle diameter measureng&tart fit temperatures
were found to be increased with fluence, from 2470K to 3823K rasults are
presented in table 13 below . The obtained primary pastiate found to largely
overestimate the actual primary soot particulate diameteth a factor 2.3
overestimation at 0.067 J/émwvith 41 nm measured whereas the actual primary
particle diameter was measured by TEM imaging with a meadl@meter of 18.05nm.
However, the primary particle diameter measured usind ihaethod decreased by
a factor 1.3 with the laser fluence increased from 0.067Xo 0.167 J/chmwith
measured primary particle diameters decreasing from 41 to.28nm

Laser Fluence | Soot temperature Calculated particle
[J/cm?] at 50ns [K] diameter [nm]
0.067 2470 41
0.083 3071 36
0.100 3363 36
0.133 3635 30
0.167 3823 28

Table 13: Laser fluence, soot particle temperature at 50 ns (start
experimental fit) and deducted primary particle diameter.

Clearly, overestimated primary soot particle diametees due to primary particles
thermally shielding one from another within tightly aggkrates with relatively less
surface available for local gas interactions and heatluction to the local medium,
and therefore cooling temperature decays greatly slowgmawde virtually larger

than realistically measured primary particle size mesmsent using LIl. Furthermore,
experimentations under vacuum proved that agglomerates,iroadated by a high
power laser pulse - such as the Nd-YAG laser beam producdbdebmeasuring
instrument used here — have a tendency to overcome dahedgr Waals bonding
forces that holds aggregates together within agglomeeatésgradually dissociate
into smaller entities, reaching the aggregate and pyirparticle size on a 58

timescale. This phenomena was generally observed casagingly more dynamic
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with increasing laser fluence and decreasing agglomerage reeaning that smaller
agglomerates enduring increasing laser fluences would dissocn a shoter
timescale. Clearly one can therefore postulate thathé present case, complete
agglomerate dissociation cannot occur, as LIl signate \weesent on a microsecond
timescale, but that the agglomerate dissociation eff@stindeed enhanced with laser
fluence and initiation of agglomerate dissociation aneéntally agglomerate
swelling is present, with agglomerates presenting relgtilarger surface areas
available for heat conduction to the surrounding gas. giesiomena would explain
the results obtained as measured primary particle sizeadst with fluence and the
hypothetical agglomerate dissociation endure.

Using a different approach and reminding the reader optneiple of sublimation -
which typically contribute to LIl temperature decays \&@800K - results in mass
due in majority to @ and G carbon clusters desorption away from soot primary
particles. This intrinsic mass loss results in primg@article volume reduction.
However, mass losses can only be partially attribtivegrimary particle diameters
reductions as results presented in table 13 represerdsalesa of nearly 32 % from
0.067 Jlcrhto 0.167 J/chwhereas modelling predicts less than 10% mass loss per
primary particle. Hence sublimation cannot be recognisethis case as the sole
contribution. Likewise, annealing is starting to draweiation within the combustion
domain Hope Michelsen (2003) and is supposed to induce voluages such as
volumic increases and primary particle structures beaprfused as the originally
amorphous carbon anneals and crystallises into grapdyirs, but no conclusions
can be drawn on this subject. As a conclusion tosgusion, the measured change in
primary particle diameter with fluence can be attributedtwo contributors: (1)
agglomerate dissociation, with an increasing dissociagffect with fluence (2)
limited sublimation.
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