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Introduction:

Thereisan urgent need to deaease the total emisgons from combustion systems including diesel and spark ignition
(Sl) redprocaing engines, power plants, and cther industrial fadliti es. The undesirable e<haust emissons include
CO,, NO,, SO,, agosol, and particulate matter. In particular, agrosols and particulate are known to produce alverse
hedth effects and are suspected of contributing to high dtitude douds, which adversely affed the eath's
climatology. Besides environmental and hedth concerns, there is also a strong need to control soot and ather
particulates in the exhaust plume becaise of their adverse influence on the performance of the power generation
systems. In order to develop pocesses and techniques for limiting the emission of soot, we must first possess
suitable means for reliably measuring various ot-related parameters.

Laser-induced incandescence (LI1) detedion and measuremnt is an emerging technology that promises to yield a
reliable means for spatially and temporally measuring the soct volume fradion and primary soat particle size With
this approadh, the soot within the laser beam path is heated rapidly using a pulsed laser source with duration
typicdly less than 20rs. The soat is heaed from the locd ambient soaot temperature to a temperature gproximately
equal to the soot vaporizaion temperature (approximately 4000K). The incandescence from the soot particles is
measured using coll ecion optics and photodetedors. With appropriate cdibration and analysis of the incandescence
signal, information a the soot volume fradion and primary soct particle size may be obtained. Laser energy
absorption by the soat particles and the subsequent cooling processes involve complex analysis of the nano-scale
hea and masstransfer in time and space

Background

Significant effort has been expended in an effort to charaderize soot particulates using opticd diagnostics. The
primary problems are that the soct is generally compaosed of an aggregation of primary spheres with diameters less
than about 60 rm and the complex index of refradion is not known with adequate cetainty. Light scater detedion
systems using rea forward ange detedion were agued to be relatively insensitive to the shape of the particles.
Although this may be true for particles that do not have large aped ratio, the long chain-like structures of the soct
aggregates (figure 1) do not med this criterion. The agregates may vary in size from a few primary particles to
equivalent diameters of 0.5um. In addition, the nea-forward scatering methods using singe particle counting
experienced problems with high soat concentrations. They do have an advantage at low concentrations where the
light extinction methods become insensitive.

Because of the complex nature of the soot morphology, particle size or more acarately, the agodynamic particle
size measurements have been made using differential mobility particle sizers (DMPS). In this device the particles
are charged using an eledric field and separated by size The particles sparated into classes are then



Figure 1: Soat particle micrograph from R.A. Dobhins and H. Subramaniasivam, 1994

counted using a condensation niclei counter (CNC) to produce anumber-weighted size distribution. Another related
approach for measuring particles in the size range of 0.05to 10 [m is the electrical low-pressure impactor (ELPI).
In this instrument, the particles are first charged and then passed through a cascade impactor to segregate them into
bins or sizeclasss. The arrent deposited on ead stage of the impacor may be related to the particle concentrations
in the various sze dasses. These methods are useful but leave adegree of uncertainty due to the sampling process
and to transporting of the particle samplesto the device

A goodreview of the soot formation processand the nature of soot is provided by Gulder (1998). Soot formation is
described as the process of hydrocarbon fuel undergoing pyrolysis or partial oxidation during combustion to form
small hydrocarbon radicas from which acdylene compouwnds are formed, Fig 2. Large aromatic ring compounds
coagulate and hypothesized as the mechanism forming the primary soot particles. Eledron microscopy observations
indicae that the small est of these particles is approximately 1.5 nm in dameter. The primary particles then increase
in size through a surface ondensation of molecules from the gas phase, which results in surfacegrowth. What is
referred to as ot particle sizeis generally the aagulation of the primary particles into larger aggregates.
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Figure 2. Schematic representation of the formation of soat for a premixed combustion condition (from H.
Bockhorn (Ed), 1994 Soot Formation in Combustion, Springer-Verlag, Berlin))

A useful summary of the soat morphology and opticd properties including a discussion of the Rayleigh-Debye-Gans
(RDG) light scattering model and the aggregation o soat may be found in Faeth and Koylu (1995. They recognized
that soot consists of nealy sphericd primary particles having diameters generally less than 60 nm, which
agglomerate into open structured aggregates. These aggregates grow to a wide range of sizes with the largest of the
aggregates containing thousands of primary particles resulting in soot aggregate sizes of several microns in
equivalent diameter. They also review the scatering models of polydisperse fradal aggregates (PFA) using the RDG
approximations. An important observation regarding the formation of the soot aggregates is that the primary
particles of soot tend to be somewhat merged rather than touching at points indicating subsequent soot growth after
aggregation. This indicaes that the soot aggregation occurred in situ and not due to the sampling process The open
structure of the soct aggregates led to the cnclusion that they cannot be modeled as equivalent sphericd objeds.
This observation was made by Snelling et a. (1997 in which they concluded that the equivalent sphere gproac
was faulty and that the soot particles need to be modeled as agglomerates of N, primary particles of diameter d, that
are just touching. Faeth and Koylu pdnt out that soot has the physicd properties of carbon bladks but with
significant porosity and the existence of hollow cenospheres. Soot from some internal combustion engines may also
contain significant levels of volatil e matter.

The primary particles of soot at given flame cnditions have been recognized by a number of authors as being realy
monodisperse. The size of the primary particles varies with flame conditions and the fuel type with the largest
particles being asociated with the heavily soating fuels. The aygregate particle sizes, unlike the primary particles,
vary over alarge range with relatively broad size distributions. When using the RDG model, the major assumptions
made noted by Faeh and Koylu concerning the soot physicd properties as follows: the primary particles are
sphericd with monodisperse diameter distributions, primary particles just touch ead cather, they are homogeneous
with uniform refradive index, the aggregate size distributions follow a log normal distribution, and the aggregates
behave as mass fradal-like objeds. The investigations of Faeh and Koylu showed that the RDG-PFA theory for
soot required further information on the uniformity of the primary particle physicd properties, variations of the
fradal properties, and the refradive indices as a function of the fuel type and flame cndition.



Tien and Lee (1982, Viskanta and Menguc (1987, and Chang and Charalampopoulos (1990) have reviewed the
refradive index of socot. The determinations were made by ex situ refledion coefficient measurements using
compressed soot samples colleded from flames. These methods were questionable cnsidering the dfeds of the
sampling and compression as well asthe dfeds of surfaceroughnessand voids on the refledivity of the soot. More
recently, the in situ measurements of extinction and light scattering by soot within both nanpremixed and premixed
flames has been used to infer the refradive index. These extinction and light scatering measurements require
additional information if the soot refradive index isto be acquired. Given all of the uncertainties in these methods, it
is understandable that there remain significant differences in the existing measurements of the soot refradive
indices. If additiona measurements in the published literature were mnsidered, the results would show a wide
sprea in the results indicaing that the information is still inadequate for the proper charaderization of soot using
the light scattering and extinction approach. Faeth and Koylu recognize that it will be difficult to resolve the other
issues with the light scattering approximations urtil a reliable method is devised for charaderizing the soaot
refradive indices and it isthisissue that merits the highest priority for future reseach.

Koylu (1996 found that by using the proper particle refradive indices and the RDG/PFA approach, the aggregate
parameters (particle volume fradion, fradal dimension, primary particle diameter, particle number density, and
aggregate size distribution can be obtained with reasonable reli abili ty and acairacy as determined by comparisonsto
thermophoretic sampling and transmission eledron microscope (TS'TEM) observations. He dso concluded that the
soot emissivities were underestimated when using the Rayleigh analysis due to the uncertainties in the soot
refradive indices at infrared wavelengths.

3. Laser-Induced Incandescence (LII)

While working with the CARS method, Eckbreth (1977 was troubled by the presence of soot particles that
produced laser-modulated incandescence, which could averwhelm the signals desired in the Raman measurements.
He was able to relate the time dependence of this interferenceto laser heding, hea transfer to the medium, particle
vaporization, and indiredly to the particle size Melton (1984) performed numericd cdculations to investigate the
possbility of developing a soot diagnostic based on this laser heaing of particles. He concluded that it might be
posdble to olktain the particle temperature, soot primary particle size distribution parameters, and relative soot
volume fradion. The preliminary experiments were not conclusive. Dasch (1984 modeled the vaporization of small
soot particles and conducted experiments demonstrating the method. Since that time, a number of reseach teams
have investigated the method with varying degrees of success(Dec et a. (1991, Vander Wal and Weiland (1994,
Quay, et al. (1994, Bengtson and Alden (1995, Will, et al. (1995, Mewes and Seitzman (1997), and Snelling et
al. (1997). Deg, et a. used the incandescence method to visuali ze the soat production inside adiesel engine.

Relative soat volume fradion measurements, which are important to the study of, soot formation, combustion
radiation and hea transfer, and for monitoring combustion generated particulate may be measured using LII.
Currently, an additional means for measuring the asolute soot volume fradion such as line-of-sight extinction a a
cdibration source is needed to relate the relative values to the @solute @mncentration. Santoro and his co-workers
(Quay, et al. 1994) obtained spatially resolved soot volume fradion measurements using a combination of light
scatering/extinction techniques on a soating laboratory flame. They were &le to use combined light scatering and
LIl to oltain spatially resolved number concentrations and perticle sizes. When wsing LI, the soat particles, which
are strong absorbers of radiation, are heaed by a short duration laser light pulse to approximately 4,000to 5,000 °K
to produce incandescence. Laser fluence of 0.35 Jcm? is sufficient to hea the particles to this temperature. The
resulting incandescence is blue-shifted relative to the normal soct radiation because of the high soot temperatures.
This sgnal is easily deteded using PMT's with filters. The method can be used to olktain quasi-point or planar
measurements of the socot volume fradion.

Ni, et al. (1995) pointed out that with a variation in laser fluence, the decay constant of the LIl signal varies
significantly. Their conclusion was that such a dramatic effect could not be eplained by reduction in the soct
particle size done and that it may be due to significant changes in the soot morphology. However, the aithors were
only looking at delay times up to approximately 100 ns where vaporization is expeded to be the dominant hea loss
medhanism. In additi on, the experiments included fluence values where vaporization temperatures were not readed.

A number of papers on the subjed were written by Vander Wal and his coll eagues (Vander Wal and Weiland, 1994,
Vander Wal and Dietrich, 1995 Vander Wal et a. 1996, Vander Wal, 1997, Vander Wal et a. 1998, Vander Wal,



1998 and Vander Wa and Jensen, 1998. Vander Wa and Weiland (1994 rewmgnized that the LIl signa is
unaffeded by the dastic light scatering contributions which affed the light absorption measurements of large soot
aggregates and the uncertainties in the complex refradive indices. For soot aggregates that may be & large as
10mm, the light extinction measurements must be rreded for the light lost by scatering. They pointed out that the
L1l signal depends upon 1) the excitation and detedion wavelengths, 2) the excitation intensity, 3) detedion timing
and duration, and 4) the soot volume fradion. These dependencies must be studied and charaderized if a reliable
diagnostic isto be developed. The authors also remgnize the need for a delay between the laser pulse and the signal
colledion gate to allow any moleaular and photofragment emissions to decay either through quenching or radiative
processes. Their attempts to fit the measured emission spedrato a single temperature badk-body curve did not mee
with success Later work by Snelling et a. (private communications) served to explain these differences and these
results will be provided in the fina report. Vander Wal and Welland also recognized that the soaot particle size
affects the heaing and the aadling rates of the soat particles and hence their temperature and emissons. Particle
aggregates that are too large to be in the Rayleigh regime ae predicted to hea at different rates sncethe asorption
cross dion is dependent upon the surface aea Soot of different sizes will have different surfaceto-volume ratios
and hence will cod at different rates. They state that the observed emisson curve during and after laser light
excitation will be a @mbination of several black body radiation-time airves at different temperatures weighted by
the particle size distribution and convolved with the wavelength. Subsequent studies by others sow that the LII
signal is dependent upon the size of the primary particles, which are nealy monodisperse. Their experiments
showed that the temporal nature of the LIl signal was rather independent of the soot-particle history at different
measurement heights in the flame. Line-of-sight extinction was used to obtain the absolute measurements of the soat
volume fradion. They found that the dependence of the LIl signal was relatively insensitive the laser intensity used
in the measurements as long as sturation is reached when utili zing a 50 rs sgnal colledion gate. It will be shown
be Snelling et a. that there is more to this ohservation and that the laser fluence used is an important parameter.
They recommend using a clledion over as wide aspedral range and temporal bandpassas possble.

Vander Wal, et a. 1996 used gravimetricdly determined socot volume fradions to cdibrate the LII method and
demonstrate the lineaity of the LIl cdibration over an range of volume fradions from 0.078to 11 ppm. This
approach had the alvantage over line-of-sight extinction in that al of the uncertainties of the refradive indices are
removed. Both point and planar measurements were evaluated to examine any passible morphology bias in the LIl
signal. The authors suggest that the gravimetric sampling approach offers a cdibration means for a wide range of
soot volume fradion conditions. Given the acwrate ésolute cdibration means, the LII method can provide
information with hightemporal and spatial resolution.

An investigation of the dfects of the rapid heaing of soot which has the potential of producing chemicd and
physicd changes in the soat and raises questions as to how the LIl signal may be dfected by these changes was
conducted by Vander Wal, 1995 TEM micrographs were obtained of soot samples for soat not irradiated by the
laser and for soat colleded using thermophoretic sampling after irradiation with the pulsed laser. The latter showed
unusual shell structures. For some of the soat particles, apparent small structures within the shell were ohserved
whereas other particles appeaed to have voids or porous material in the inner core. Adjacent particles were
observed to show a more normal morphology. They demonstrated with the use of X-ray analysis that the shell
structures were soot not some contaminant material. The surmise that since preferential vaporizaion/volatili zation
of the interior of the soot particles occurs during the pyrolysis of coal and heavy fuel oils, it may also acount for the
present observations. These changes in the soot morphology could alter the hea transfer charaderistics of the heaed
soat since the voids inside the spheres will reduce their mass and allow the particle to coo more rapidly than
equivalent solid particles. They aso hypathesize that it may be the PAH’s that are driven aut of the soct learing a
more representative measure of the cabon soat volume fradion.

Severa studies have been conducted to determine whether the primary socot particle size may be determined using
LIl. The theory indicaes that the decay of the signal after excitation may be related to the primary particle size since
the @dling of the particles is primarily through conduction and convection which is dependent on the surface aea
Vander Wal, et al. (1998, proposed two methods based on a theoreticd model for obtaining the particle size
information. One method used the ratio of the signal intensity at two wavelengths integrated over the same time
delay and duration after the laser pulse. The second method used the same averaged temporal curve at a single
detedion wavelength with a gate ratio formed at two different delays after the laser pulse. The results were
compared to thermophoretic sampling with subsequent TEM microscopy observations. Concerns were expressed
over the fad that in regions of the flame, the aggregates become larger and more dense and compad. Changesin the



structure can be expeded to cause a deaease in the waling rate of the individual primary particles. Nonetheless,
good agreement was achieved in certain regions above the burner face

Vander Wal and Jensen, 1998investigated the effeds of laser fluence uponthe LII signal and the potential for the
heding to change the soot morphology and properties. The laser light fluence used is generally established
empiricaly by observing the LII signal which increases rapidly, then becmes nealy constant, and then deaeases
with increasing laser fluence The Light fluence is chosen for the plateau region observed from the signal. The
authors indicae that several physicd processes are hidden in this $gnal behavior. Their data and TEM images
suggest that dramatic changes are taking placein the soot morphology during laser light heaing. The temporal
decy rate of the signa increases while the pea intensity increases with increase in laser fluence The outcome
integrated over the detedor gate time is an nealy constant signal for a range of fluence The laser-heaed particles
have ahigher rate of coadling sincethe surface aeato solid volume ratio is greaer for hollow spheres than for solid
particles. At laser light fluence greaer than 0.5 Jcm?® the pesk signal intensity was observed to dearease since the
temporal decay rate of the incandescence @ntinues to increase due to the morphology change in the soot and
significant increase in the soat vaporization rate takes place Another fador that was not discussed is the dfed of
the Gausdan beam intensity profil e. Even whil e the light fluence d the center of the beam is causing significant soot
vaporization, a range of soot temperatures is generated by the lower light intensities on the wings of the Gausdan
beam.

The dependence of the LII signal on the aggregate morphology, primary particle sizeand initial particle temperature
as well as the beam intensity profile and excitation wavelength need further attention. For example, the absorption
constant for soot at 1064 nm is lessthan half that at 532 nm with the scaling at approximately 1/01. After the
ohservation that the soot particles may form hollow spheres due to laser beam heding, the authors designed their
experiments to further examine these effeds on the LII signals. They used a two-pulse technique with each 10 rs
pulse duration separated by 10 IMs. with one laser pulse producing the changes to the soot particles and the second
pulse was used to interrogate the same particles using the LII approach. Comparisons of the signals made with one
laser pulse were used to determine if the laser heaing affeded the morphology and hence was sgnificant to the
results obtained. The laser light heated and unheaed and soot was sampled using thermophoretic sampling and
observed with a TEM. Vander Wal and Jensen found that for one pulse designated Py, fluence from 0.36 to
0.55Jcm? the relative signal intensities in the anular region of the flame were relatively constant. Profiles
generated by the second pulse, P, at lower fluence of 0.18 to 0.36J/cm?” resulted in similar intensities.  Fluence of
0.55Jcm? produced a significant deaease in the LIl intensity, which was believed to be aresult of the changesin
the opticd properties of the soot as well as mass loss caused by the P; laser pulse. The aithors found good
similarity in the profil es produced by the P1 and P2 strategies showing the robustness of the LII method. Although
different absolute intensities were produced with the P, and P,, the normalization d the signal profiles $howed self-
similarity. The profiles at 40 mm above the burner showed significant dissmil arities for the P1 and P2 cases. They
surmised that a posshble reason may be the size-dependent heaing and codling effeds related to the primary particle
and aggregate size locd temperature, and vaporization or altered soot morphology. The aithors also note that the
sphere surfaceto volume ratio scdes as 1/r where r is the radius of the sphere. So smaller particles will necessarily
cool faster than larger particles. Another explanation offered was that the soot particles became increasingly
“graphitized” with increasing laser fluence wherein the particles develop a shell structure. The processincreases the
effective surface aearelative to the solid volume. In addition, the primary particles were observed to within the
aggregates became more highly fused together and at sufficient laser light fluence, merged to produce asingle
holl ow particle.

The aithors evaluated their LIl results using extinction measurements. Over a range of laser light fluence from 0.9
to 0.73 Jem? they obtained good agreement to within 5% of the corred value & 20 mm above the burner. The
agreement held over a wide range of socat particle size, morphology, and oxidation state axd growth of the soct.
They concluded that the LII signals are strongly dependent on the ecitation laser light fluence The laser light
fluence was believed to cause significant changes in the physicd structure in both soot primary particles and
aggregates. Using the double pulsed approad, it was $own that the soot heated by a prior laser pulse aonfirmed the
change in the soot due to varying excitation laser light fluence. Despite the changes, the LII radial intensity profiles
for alaminar diffusion flame showed self-simil arity.

Filippov et a. (199) investigated the possbility of sizing very small particles using the LII approach. Their work
was unique in that they looked at ultrafine cabon, silver and TiN particles as well as aerosol particles dispersed in



air. The cabon (graphite) particles, which have properties very close to soot with small primary particles and large
aggregates, were produced with a commercial spark generator. Silver particles were produced using a condensation
process The TiN agosol was dispersed by an expansion wave a@osol generator. Similar to athers, they recognized
that the particle @wadlingis grongly size-dependent so this information can be used to estimate the primary particle
size and posshle, the fused aggregates. The authors recognized the difficultiesin deding with polydisperse particles
that are illuminated by a laser pulse with spatially varying intensity in the sample volume. Heaing and codling of
the individual particles is determined by the locd laser beam pulse light intensity which is not uniform over the
measurement volume, the particle size, and the particle material properties. The authors also surmised that the larger
aggregates may be partially disintegrated by the laser pulse. The presented evidence of this by examining the raw
graphite a@osol. With increasing laser pulse energy, the size distributions were noted to become narrower and
shifted towards small er particle sizes. At high laser pulse energies (300 mJ), the size deaeased to that of the primary
particle size of approximately 5 nmin diameter. The particle sizes obtained for low pulse energy were mwmparable to
the sizes obtained with the mobili ty size distribution for raw graphite particles. UV wavelength at 335 nm generated
from the third harmonic was used for the LIl measurements of the silver particles. The results were mmpared to the
results from a Differential Mobility Analyzer (DMA). The TEM images were dso used to derive the size statistics.
The areament between the LII measurements and the TEM and DMA analysis was quite good Filippov et al.
concluded that the lower sensitivity limit of the LIl method was below 10° particles per cm™. This implies that the
method can be used for atmospheric particle studies. They also suggest that the method could be used for quality
control in processes such as ceramic particle production in chemicd readors.

Wainner, et al. (1997 investigated the LIl method for obtaining soat volume fradion and particle sizeusing a “soct
generator” which dispersed carbon blad particles in the form of an agosol. This eliminated any effeds of locd
readion and the unknown ambient gas temperature. Using a range of dilutions for the a&osol, a range of soct
concentrations panning 4 orders of magnitude was tested. They found acceptable lineaity and acairacy in the soct
volume fradion over this large dynamic range. They found the particle size dependence to scade a d*?, which may
well be mnsidered as d®, or propartional to the particle volume. The dso showed a non-monotonic size dependence
with the cdibration constant increasing for small particles, reading a pe& and then deaeasing for larger sizes. Ina
subsequent paper in which they considered such parameters as gas temperature, particle size, laser fluence, and soot
compasition and morphology, Wainner and Seitzman, (1999 showed some mnsiderable difficulty in oktaining
plausible results. They tried two approacdhes for obtaining the particle size, one based on the predicted change in
maximum temperature reatded by different sized particles and the other based on the variation in the rate of
conductive aoaling with particle size With increased laser light fluence, the temperature of the particle increases, as
does the vaporization rate urtil a balanceis obtained. When the laser light pulse ends, the vaparization rate fall s and
the dominant cooling becmes conductive to the surroundng ggs. The energy loss due to the medchanisms of
conduction and evaporation are expeded to vary as d°. Their model and that of others predicts that the particles of
different sizes will read different maximum temperatures and cod at different rates. They indicate that the LII
signals produced during the cnductive @oling should depend on the particle size temperature just after the
vaporization period, the surrounding gas temperature, and the anductive maling rate. They also recognize that the
cooling mechanisms sould be dependent upon the primary particle size espedally at longer delays wherein the gas
temperature could become afador.

A recent paper by McManus, et a. (1998) suggests the aility to make both soat volume fradion and particle size
distributions in combustion flows. The authors pose the cupled dfferential equations describing the LIl hea
balancefor a given particle size &

VppscsdT /dt = Qabsorption + Qconduction + Qvaporization + Qradiation + chermionic (1)
pdr/dt=-pU, 2

where V, is the volume of the particle, rs and ¢, are the density and spedfic heé of the soat, Q quantities represent
the hea gain or lossin W/particle by the various medanisms, and [, and U, are the density and the velocity of the
vaporized cabon. The equation may be numericaly integrated However, the aithors provide several caveats or
warn of potential sources of uncertainty such as the formulation of the hea loss terms, the effect of the radia
intensity profile of the laser beam, thermal response of the small particles to the high energy laser beam, the values



of some of the thermodynamic parameters for soot and its vapor, and the physics associated with the non-sphericd
particles. The aithors also provide the expresson for hea input by absorption of the laser beam as:

Qussorpiion (T A) = T 2Q, (1, A) = (PN [ M)V (r)a, (r,A)1,(A) (3)

where Q, is the Mie asorption efficiency for a given light wavelength and particle radius. The thermal conduction
between the soot and the surrounding ges is described by sphericd free-molecular heat transfer. Since the soat
particles are generally lessthan 100 nm in diameter and the mean free molecular path is approximately 400to 600
nm, the Knudsen number Kn > 1. The authors recognize that the radiative hed transfer is not significant as was
indicaed by Melton (1984) previoudly.

McManus et al. also examined the dfed of the laser intensity (more acarately, the light fluence) on the LII signal.
As others, they found that the LIl signal increases with increasing laser fluence until a plateau in the LII signal is
reated. Thisis believed to be due to the socot having readed the vaporization temperature of approximately 4500K.
They investigated the signal sensitivity on the soat properties at various heights in the flame. The soat volume
fradion and primary and aggregate particle sizes will change by a factor of five dong the axis of the flame. The
observed results at three xial locaions $owed similar saturation curves with laser energy. Their observation led
them to believe that the saturation processcausing the plateau in the LIl intensity was only weakly dependent upon
the locd soot properties. At high laser light intensities, they suggested that the soot properties including the particle
mass, structure of the aggregates, and optica properties sich as the cmmplex refradive index were modified during
the heding, which resulted in adeaease in the LIl signal before the end of the light pulse.

Soat primary particle size measurements were dso attempted by McManus, et a. using the LII method and SEM
micrographs for comparison. Two flames were used with equivalence ratios of 1.5 and 1.8. A set gate width was
used to measure the incandescence signal at delays from O to 1.1 (s from the trailing edge of the laser light pulse.
The moling rates predicted using the hea transfer model were used to oktain primary particle size from the LII
signal decay rate. The model predicted particles in the size range of 30 and 40nm in diameter for the equivalence
ratios of 1.5 and 1.8. The SEM micrographs sowed primary particle sizes to be gproximately 20 and 40 mm in
diameter. At higher particle temperatures, they found a discrepancy in the vaporization-dominated regime. The
authors conclude that there may be a dange in the soat properties due to excessive heding.

In a paper by Appel, et al. (1994), LIl measurements were made for alaminar premixed soating flame with the goal
of evaluating the influence of particle properties on the LIl signals. The experimentally obtained LII signals were
compared with the theoreticd caculations of the L1l signals. The LIl signals were detected with a gate-delay time of
90 ns and a gate width of 250 ns. They found that detedion at different wavelengths did not significantly influence
the LIl signal profiles. Comparisons between the soot volume fradions obtained from the measured and cdculated
LIl signals were made after cdibration with the crresponding soot volume fradion obtained by extinction
measurements. They found that the soot volume fradions obtained via the cdculations were gproximately a facor
of two larger than the values obtained experimentally The authors surmised that the discrepancies could be due to
change in the refradive indices. However, they found that changes in the refradive index influenced the ésorption
efficiency, the mean particle size, and the number density in a manner such that the effeds were gproximately
compensated. They then explored the dfeds of a change in shape of the particles from spheres to elli psoids with
varying eccentricity. It was found that a variation in the particle shape had a strong influence on the temperature and
the spedral response which serioudly affect the L1l signals and hence, the corresponding soot volume fradion. Even
a small variation in the particle shape was recmgnized to produce large deviations between the cdculated and the
measured LII signals.

Mewes and Seitzman (1997 attempted to oltain particle size information using a pyrometric technique involving
theratio of LIl signals obtained at two wavelengths (400and 700 nm). This method wses the temperature decay as a
function of particle size The method was claimed to be relatively independent of the flame temperature but
unfortunately, was also relatively independent of the particle size At longer decay times, the temperature decay
bemmes more sensitive to particle size but it is aso more dependent upon the generally unknown ambient
temperature in the flame. The laser fluence used was much higher than that used by others © a good ced of
vaporization could be expeded. Additional problems arise from the fad that the two-wavelength method requires
knowledge of the spedral variation of the refradive index of soat, the wavelength dependence of the &sorption, and



the detedor spedral sensitivity. An aacurate model for the soot temperature & any given time after laser light
excitation is also required.

Will et a. (1998) had the goal of providing an analysis of the fadors affeding the performance of the LIl method for
particle sizing. An attempt is made to show how the ratio of the LIl signal at two delay times can be used to
determine the primary particle size They begin with the recognition that the LIl signal is dependent upon the
particle size and temperature with the expedation that the size will change due to vaporization. The asumption is
made that the primary particles are sphericd and form aggregates of varying and urknown size Absorption of light
and emission of radiation is assumed to be from independent primary particles snce the soot aggregates have been
ohserved to be loosely structured aggregates with fradal dimensions in the range of 1.5 to 18. The aithors
numericdly integrate the power balance ejuation to show that the vaporization hea loss is dominant to
approximately 100 ns after excitation and then the cnduction mechanism is dominant and determines the
temperature decay rate, figure 3. When setting up the relationship for predicting the L1l signal, the assumptions were
made that the particles were nearly monodisperse and had a uniform temperature over the sample volume. This latter
assumption is not met due to the Gaussian beam intensity profile. They claim that the overall effect on the particle
sizing will be negligible. It was also pdnted out that the knowing the laser beam intensity profile, they could
cdculate the integral signal from the various regions of illumination. The issue of the signal-to-noise ratio (SNR)
was considered and it was recognized that for time-averaged measurements wherein an ensemble of measurements
could be aded together, good SNR can be adieved. In turbulent flows where single shot measurements are
required, the SNR can be aproblem espedally if a high spatial resolutionis also required. If alarger sample volume
isused, stronger signals can be obtained.

The aithors argue that the laser Gaussian intensity profile does not present a significant problem since the aror in
the determination of the particle sizeis aimost linealy dependent on the deviation from the nominal laser irradiance
over afairly wide range. They state that the size determined from the mean value that is due to larger and smaller
values of irradiance nealy cancd each other. Hence, the results for a Gaussian profile beam should be the same as
that for an equivalent redangular intensity profile. They do reaognize that there is a residual effect due to the faa
that the intensity on the wings of the Gausdan beam is insufficient to bring the particles to the vaporizaion
temperature but claim that there is little cntribution to the signal due to the lower temperatures. In general, we do
not agree with this latter assumption and the point will be aldressed further in a later sedion. The aithors also
comment on the effed of the refradive index on the measurements. They seled avalue of m= 1.57 - 0.56i which is
not adually based on any measurement. The imaginary component (which determines the absorption) is most
important and they indicate that even for arange from 0.37 to 0.8, the aror in the sizedeterminationis only +/-10%
from if the assumed value of 0.56 is used.
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Figure 3. Plot showing the theoreticd description of the relative magnitudes of the heat loss mechanisms for laser
light heated soat particles (from Will, et al, 1998.

An argument is made by Will et a. (1998 regarding the effeds of the particle vaporizaion to addressthe fad that
the hea of vaporization and the vaporizaion temperature are subjed to large uncertainties. They indicae that these
parameters do not affed the cooling mechanisms for the LI1 time scdes used but determine only the shrinkage of the
soot particles. This small shrinkage was ac@unted for in the model and if an error was made it was expeded to be
small since asmall change in size is asciated with a high amount of energy transferred. If the energy transferred
due to vaporization were modeled incorredly, only a small error in measured size would result. The aithors claim
that since the hea conduction is propationa to the difference between the particle and the surrounding gas
temperature, there must be a significant influence of the gas temperature, T, on the acuracy of the particle size
determination. The mnclusion would be to use ealier detedion times but in this region, the size dependence
requires adequate separation in detedion times for reasonable size dependence

Some cncern was expressed regarding the shape and contact areaof touching neighboring particles. The shape of
the primary particles was shown previously to have a significant effed on the signals. It was also recognized that the
particle hea conduction surface is reduced by approximately 10% from that of an isolated sphere due to touching
neighboring particles. The hea losswill also depend on where the sphere is within the aggregate. Concern was also
expressed about the mutual interference of the heat loss of individual particles. The authors showed rather
impresdgve results for particle size profiles acoss the flame dong with the relative independence of the size
information onthe laser fluence, figure 4 and detedion wavelength, figure 5. Since the particle size measurements
are obtained from the ratio of signals, the technique is relatively insensitive to interfering effeds such as sgnal
absorption. The authors
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Figure 4 Radia profiles at 20 mm above the burner faceof the primary soct particles szes for various
laser light irradiance values (from Will et al., Applied Optics,1998).
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Figure 5 Radia profiles at 20 mm above the burner face of the soot primary particle size foe different
spedral filters on the detectors (from Will et al., Applied Optics,1998.

claimed good consistent qualitative agreement but admitted that improvements to the quantitative measurements wil |
require extensive work on both the models of hea transfer and the input data.

Description of M ethod

Significant work has been devoted to the theoreticd modeling of the transient soat heating and codling
charaderistics going back to the work of Melton, (1984 and cthers. The analysis outlined follows the work of
Snelling, et al. (1997 who improved upon the analyses of Hofeldt (1993. Soot particles are described as aggregates
of N, soot primary particles of diameter dy, as suggested by Doblins and Megaridis, (1987 that are just touching.
The agregate volume is the sum of the volumes of the individual primary particles and since the primary particles

are mnsidered to be of nealy uniform size, the volume may be stated as N pd;’ and D, = N Fl,/sN o - The hea
transfer equation for the energy balancefor atransient heaed (by 10 ns laser light pulse) soct particleis given as
2k (T-T,)TN d® H dM N _d® dT
Cl-— o g T m PG =0 &
(Des +GA)) M, dt 6

sVs -

dt

The first term represents the absorbed laser light energy by the soat aggregate where g is a function

describing the laser intensity in W/cm? and C, is the soot absorption cross dion. The last term is the laser heaing
where [, is the soot density (kg/m®) and c is the spedfic hea of cabon. Thus, in the present analysis, the
aggregates are taken as an agglomerate of just touching primary spheres of nealy monodisperse diameter d, thet are
well within the Rayleigh limit. The absorption coefficient C, for the aggregate is now assumed to be that of the N,
primary particles given as
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d,E(m)

P A
where the mmplex refradive index isgivenas m = n +ik and
E(m) = - Im[(m? = 1)/ m? +2)] ©
and so

C,=N,C, =N @



E(m) = 6nk
(m) (n2_k2+2)2+4n2k2 (4)
For a wavelength of 1064 nm and a refradive index obtained from the dispersion relationship from Dalzdl and
Sarofimis m = 1.63 + 0.7i and E(m) = 0.30 while & 532 rm, m = 1.59 + 0.58i and E(m) = 0.26.
The second term describes the hed transfer to the surrounding medium, spedfied in terms of the aggregates
of primary particles. In the expresson, G is a geometry dependent hed transfer coefficient spedfied as
8 f

© v+ ®

where f is the Eucken fador equal to 52 for monatomic spedes,[ is the accommodation coefficient normally
assumed to be ~0.9, Y = Cp/Cv (=1.4 for air) is the ratio of spedfic hea coefficients. Snelling, et a. (1997 have

recently discovered the work of Leroy, et a. (1997) in which they made measurements indicaing that the
acommodation coefficient of nitrogen on solid graphite in the temperature range of 300to 1,000 °K gave avalue of
0.26. Snelling et a. found that the analysis with an acommodation coefficient of 0.9 incorredly predicted the very
fast decay inthe LIl signal whereas the value of 0.26 gave goodagreement with the experiment.

The expresson describes the hea transfer to the surrounding medium in the case of the transition regime
between free molecular and a continuum. However, the soot aggregates are generaly smaller than the molecular
mean free path length in the typica flame ewironments. That is, the Knudsen number, K, =1/ D is much
greder than 1 and hence, the hea transfer coefficient is independent of the particle size It should also be noted that
in the denominator, G| >> D, so the dependence of the soot particle diameter becomesinsignificant in this term.

The third term in the expression describes the loss of heat from the particle due to evaporation of the
cabon. The rate of massloss is given by the analysis of Hofeldt (1993 asauming that the particle surfaceis
essentially stationary and that the vapor islost by diffusionisgiven as
dM  p, dzddp N,md N M, o

dt ~ 2 P dt N .,

where N, is the molecular flux of evaporating carbon vapor for the freemolecular condition (K, >>1), M, is the soct
vapor molecular weight and NAV is Avogadro’s number.
The forth term describes the radiative hee lossby N, primary particles given as

_ QE(m)
qrad - 4T[2N po-SBT4 A Qsz (7)

where the parentheticd expresson is evaluated at the wavelength of interest. Compared to the other heat loss
medhanisms, the hea loss due to radiation is insignificant.
The last term which is

TN d} dT
6 S dt
describes the particle heaing where [ is the soat density and ¢ is the spedfic hea of carbon.

The hea transfer equations derived represent a set of two coupled differential equations that needed to be
solved numericély for the soot particle diameter (dd,/dt) and soot temperature, dT/dt. Rearanging the heat transfer
energy balance euations and making the gpropriate substitutions, the relationships for a single primary soct
particle ae expressed as

(T)

ddp — _mew(T)

fo
- 2 13
dt psRT 1§2T[fmw(-r)g/ +dp NP
B RT 2D 5
where f,,(T) is an empiricd fador for the vapor pressure and f,,(T) for the molecular weight, and Dg is the inter-

diffusion coefficient for soat vapor into the surrounding ges. Snelling et a. solved the eguations numericaly to
obtain an expression for the time history of the LIl signal as

(8)
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and his the mnvedion coefficient. The equation shows the dependence of the LII signa n the primary particle
diameter, d,, the particle temperature, T(t), the emission wavelength, [, and the thermal conductivity, k..
Results:
Snelling, et al. reagnized that the Gaussan beam intensity profil e of the laser light shee should be acounted for in
the analysis. The cdculated signal intensities, 1(17,t) must be integrated over the Gaussian range of fluence acoss
the thickness of the laser light shee described as
F (0 = F. expi- 2

X) = ex — 11

0 pD Wi D ( )

where w, is the 1/€* half width shee thicknessand F, is the pe& fluence in the probe volume & the center of the
shed. Although it has been argued that the fluence and hence the Gaussian been intensity or fluence profil e does not
affect the results, the experimental data show this not to be true. The results indicae that the excitation curve is
strongly dependent on the spatial laser intensity distribution, figure 1. Experimentally, the strong effed of the spatial
laser intensity distribution on the excitation has been olserved by Ni et al. (1995. A similar finding has a'so been
demonstrated theoreticdly by Tait and Greenhalgh (1992, 1993 for redangular and Gaussian laser beams. The
physica reason behind this grong dependence has been discussed by Snelling et al. (1997).

Figure 1. Examples of the theoreticd soot temperature decay curves compared to the recorded experimental results.

1.[":“3 " T T T T 1 1 1 T T T T B
¢ I ——— r=2.4 mm =390 ns 1
g - — =21 mm =375 ns max soot concentration ]
Pl Theoretical decay curve top-hat profile -
A\ . Theoretical decay Gaussian sheet profile
28
© i
= ;
% 0.100 |
—_ a
3 E T,
1
o e TNy
3 I ~~~~~~~~
2 |
i
i ]
ﬂ.‘]"] i 1 1 1 | I 1 I | 1 'JI 1
0 200 400 600 800 1000 1200

Time ns

The dfeds of the Gaussian beam intensity profile ae mmpared with the smple asumption of uniform beam
intensity.

The LII method was evaluated using soot measurements in laminar and turbulent flames by comparing the
measurements to line-of-sight light beam extinction measurements, figure 2. Using the Abel inversion, the spatial
variation of the soot volume fradion was extraded from the line-of-sight extinction measurements and compared



with the approximate point measurements obtained with the LIl system. With cdibration, the agreement is shown to

be very good Soct volume fradion measurements were dso oltained in a diesel exhaust and compared with

simultaneous gravimetric results. Figure 3 shows the comparison of the LIl soot volume fradion results compared
with the gravimetric results. The results were in good agreement over two orders of magnitude. It was found that the
gravimetric results tended to have greaer uncertainty than the LI results.

In the proposed peper, details of the LIl analyses will be presented to demonstrate the validity of the
theoreticd LIl hea transfer model, the dfea of the laser fluence, and the effeds of the laser beam light intensity
distribution. Additional results and analysis of the soot volume fradion measurements wil | be provided.
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Figure 3. Comparisdn of the L1l and filter data obtained in the exhaust of areseach diesel engine.



