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Chapter 8
PARTICULATE MEASUREMENT METHODS

Gregory J. Smallwood.* William D, Bachalo,” and Subramanian V. Sankar’
*National Reseavel Council, Canada, Trmivm Technolngies. Ine,

1. INTRODUCTION

The presence of soot 1s cssential in some processes: it is the produet in
carbon black; it provides the source of light radiation in pyrolechnic and
pyrophoric flares; and is the dominant source of radiant heat transfer in
boilers and furnaces, However, it is also an undesirable product in many
combustion processes where it is expelled with the exhaust, contributing to
air pollution. The focus of this chapter is on measurement of the unwanted
particulates, primatily from diesel, gasoline. and gas turbine engines,
although the techniques described in most cases are cqually effective in
meastring soot in {lames and from non-engine sources.

Particulate matter (PM) emissions from combustion processes can be
comprised of both solid and volatile matter. The solid fraction consisls
primarity of elemental carbon (soot). but may also contain ash (metal
sulfates and oxides). The occurrence of soot is the result of incomplete
oxidation of the fuel. and appears as near-spherical primary particles that
cluster to form aggregates, as shown in figure |. The ash in PM cmissions
from engines is mostly from additives in the lubricating oil, but there are
also metal oxides from engine wear and corrosion of exhaust system
componenis. The volatile matter is mostly hydrocarbon from the fuel and
lubricant, and lydrated sulfuric acid, and is found either adsorbed on the
surface of solid particles, or in the form of small dreplets no larger than the
primary soot particles, where the latter arc typicatly on the order of 20 to
50 om in diameter.
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iigae 1. SEM (scanning clectron microscope) image {feft} and TEM {transmission eleclron
microscope) image (right) ol seot coilected from g {lame by thermopharetic sampling.
A ntvie, ChSFlunreSenpling arvi lincluded on Civ) itlustrates thermophoretic sampling
ina laminar flame.

1.1 Air Quality and Health Effects

Recent studies of the health effects of air pollution show that the levels of
ool and other tiny particles found in large and midsize cities increase the
risk of premature death from cancer and heart diseasc. Breathing high
concentrations  of lung-penetrating particulates  has  been shown by
Ardenetal! 1o be an important environmental  risk  factor  for
cardiopulmonary and lung cancer mortality. Studies by the American Cancer
Socicty concluded that as the coucentration of scot particulates incrcascs, the
risk of early death rises by 4 to 8 petcent and increases the number of
agpravated asthma cases, depending on the concentration and long-term
exposure. Fortunately, soot particulates emitted by cars, trucks, power
plants, factories, aircraft, and other combustion processes have been reduced
substantially over the past decade and will drop further under pending
regalations, However  certain regions  undergoing  rapid industrial
development are producing higher levels of particulate emissions. These
emissions travel on the jet stream to produce a global rather than simply a
national or urban preblem, Not enly the mass of the particulates but also the
size and number density play a significant role in the health effects on
humans and other living organisms as well as upon the climate.

Bfforts have focused on reducing the mass of the combustion-generated
particulates in the larger PM,, size ranmge (particulates below 10 pm
acrodynamic diameter) which were visible and hence, veadily associated
with emissions al the source. [Towever, especially deleterious are the small
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instrumentation to adequately characlerize the size and namber of fine
amorphous particulates; and the general lack of medical research evidence o
define acceptable levels of PM as a function of aggregate size. However, the
recent research cited above indicates that particulaie levels existing in urban
arcas are producing significant hazards to our health. Furthermore,
instrumentation developments are progressing that will allow more reliable
and convenient means for characterizing the particulates that will lead 10
improved corrclations between particulate loading and expression of
deleterious health effects.

To develop processes and techniques for limiting the cmission of soot,
we must {irst possess suilable means for reliably measuring various soot-
related parameters. Thesc methods must have adequate measurement range
in order to monitor and characterize the pollutant emissions over a vety wide
range of concentrations, and must operate under & range of environmental
conditions from in situ exhaust to atmaspheric monitoring. In the case of
particulate maiter, information on the particle mass, size, and volume
(raction is nceded. The lack of availability of suitable diagnostics has
resulted in a degrec of uncertainty in the correlation of the particulate
loading with health effects, Improvements in the instrumentation are needed
to help in developing the 1est protocols, standards and regulations that will
preserve  the  environment and Limit risks to health. Laset-induced
incandescence (1LI1) bhas emerged as a technique for measuring soot
concentration and size, as it appears that non-soot matter is evaperated
and/or does not contribute to the signal.

1.3 Characteristics of Particulate Emissions

Particulates present challenging measurement  problems, both in
determining the appropriate quantity Lo be measured and the techinique to
perform the moasurement. Due to the aggregate morphology and often
complex composition of PM these nonspherical particles are difficult to
characterize as there are many paramelers to specify. As an example, the size
of the aggregate can be characterized by the number of primary particles in
the aggregaie, the diamcter of a sphere with equivalent bulk material
volume, the Ferct diameter, the acrodynamic diameter, and the mobility
diameter.

Onc common characieristic is that there is typically a high number
densily of particulates (107 to 10" particlcsfcmg) even when the total volume
concentration is relatively Jow so that particle counting techniques often
requite the flow to be diluted untit the number density is within the range of
the instrument. The range of loading is very wide, ranging from volume
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concentrations of <0.1 ppt for smog-free ambient atmospheric measureinents
to >10 ppm for in-flame or carbon black reactor ineasurements—greatet than
8 orders of magnitade.

Soot formalion oceurs in flames via nucleation of primary particles,
growth of the individual primary particles. and collisions leading to rapid
aggregation. The aggregation process leads to a significant reduction in the
number density of particles, The particle size changes rapidly, increasing due
to aggregation and decreasing due to oxidation of the particles. Once the
co0t exits regions with remperatures and conditions sufficient (& maintain the
sormation and oxidation reactions, the soot volume concentration is fixed.
The aggregates arc mass-fractals as the number of primary particles per
agpregale follows a tracial-like behavior.

fn enginc exhaust there can be significant tovels of unburned
hydrocarbons and othet sombustion byproducts which can condense on the
soot particles. The contribution from hydrated sulfuric acid is likely to be
significantly reduced in the near future as low sulfur Tuel regulations come
into effect. However, it will not disappear completely as the suifur content in
lubricating oil is likely to remain high for the foresceable tuture. Stimulated
by UV radiation, further changes occur after emission as the particles yeact
with other specics in the amosphere. The relaticn between particle size and
mass is unknown g priori, due 1o the variations in morphology and
composition of the particulates.

1.4 Associated Measurement Prohlems

Currently, in Lerms of momtoring, particulate maiter emissions from
diesel ¢cngines are defined as the mass of the matter that can be collected
from a dilute cxhaust stream on a fitter kept below 52°C. The method
excludes condensed water but includes organic compounds that condense at
this temperature or above. These measurements provide time-average PM
emissions data for the period during which the particulates are collected on
the filier. Transient PM measurements using this technigue are impractical.
Agglometation of the collected PM and ather condensed material occurs on
the filter so the measurement of particulate size and size distribution may not
be possible, Furthermore, as diesc! engines improve, the guantity of PM
generated s reduced, which pushes this gravimetric technique closer to its
reproducibility and sensitivity limits, limiting it 1o one of marginal utility for
the {uture.

Concerns regarding he influence of dilution ratio, residence time,
{emperature, preconditioning. and sampling line matetials, as well as the
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instruments T measure paticulates are heing voiced  with increasing
frequency. Many of the issucs have been recently summarized by Witze.”

The diffcrences in measured particulate size distribwtions and/or mass
due to the sampling issues are atiributed to marked variations in the quantity
of condensed aerosols. 1t 18 generally accepted that the measurement of soot
s inseusitive to the sampling conditions. Recent evidence has indicated that
soot emissions have characteristic size distributions which could be used to
distinguish them from other aerosols.”

2. MEASUREMENT METHODS

2.1 Desirable Characteristic Measurements

The parameters of most interest in characterizing particulatcs are the
mass concentration; volume concentration; number density; aggregate size;
aggregate size distribution: active surface area; and composition.

2.2 Commonly Available Characteristic Measurements

AN average mass conceniration of particulates can be determined by ihe
gravimetric filter methad, and an average volume concentration can be
determined by light extinction techniques. The number coneenlration can be
determined by particle counting fechniques up to aboul 10° to
1 pauiiclesfcm". There are instruments available (o determine the
aerodynamic and mobility diameters, and it is possible to moasure a
representative distribution of the mobility diameter.

There currently are no satisfactory in situ or online sampling methods for
determining active surface area, which has significant health impacts as it
provides the delivery mechanism for toxics, and is also finporiant in
determining  performance  of catbon  black. Similarly, methods  for
determining compasition are ex sifu and offer poor reproducibility.

2.3 Overview of Available Instruments

For mass conceniralion measurements, the standard gravimetric lilier
tcchnique is nearing its reproducibility and sensitivity limits with modem
low emission engines, and it does not offor transient measurement capability.
The tapered clement oscillating  microbalance (TEOM™) is another
gravimetric method that does have a transiem capability, but has similar
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sensitivity limits, as it is limited by the change in mass necessary to create a
measurable change in the frequency of oscillation.

Volume conceniration can be deterntined by ling-of-sight light extinction
methads, provided the rofractive index of the particles is known, the
distribution of particles along the measurement path is uniform. and the
jength of the path is known. Number density can be determined by particle
counting instruments such as the condensation nuclei counter (CNC) as long
as {he criterion of a single particie in the probe volume can be met. thus
limiting the upper concentration. Light scatlering methods are ofien
employed to determine the particle size but the interpretation applied to the
signals is greatly simplified as Mie (or Rayleigh) scattering theory assumics
gpherical particles. Unforiunately, the aggrepates have a much more complex
interaction with light than Mie theory provides. The high number density ol
particles turther complicates scatlering, as a distribution of particte sizes is
likely to be present in the probe volume at any given moment. Dilution can
be used to achieve single particle scatiering, but then issues atise with
detecting small particles due to weak signals.

There are several types of instruments available to measure size
distributions. The aerodynamic diameter distribution can be detetmined with
the clectrical low pressure cascade impactor (ELPL}. Although it sullers
anomalies due to particle bounce, the need to correct the largest sizes, and a
lack of sensitivity at low concentrations, il docs provide a relatively coarse
distribution rapidly, allowing wransient distribution  measurements. The
maobility diameter can be measuted with the scanning mobility particle sizer
(SMPS$) which provides a bigh resolution size distribution. lssues with the
SMPS for PM measurcments include that it is too slow for transient
measutements, the elfective density of the patticle is a function of the
mobility diameter,” multiple charge effects causing larger particles to appear
i1 smaller size bins, and limits on the maximum nuinber density of particles.

Active surface area can be measwed by a variety of instruments,
including the epiphaniometer, the diffusion charger, and the photoelectric
acrosol sensor. These use radioactive isotopes, corona discharge. and
nlraviolet light, respectively, to charge the particles. In all cases, the charge
is proportional to the surface area, although in the latter case it 18 also
dependent upoun the particle composition. Atomic time-of-flight mass
spectroscopy (ATOFMS) can provide greal detail om the elemental
composition ef the particles, but only a single particle at a time, and thus it is
difficult to obtain representative sarmples.

This overview of available instruments is nol comprehensive, Farther
details on these methods and others are provided in several reviews, such as
that by Witze® and references thetein. For a review of common optical
methods, such as line-of-sight fight extinetion and light scattering
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technigues, refer to Zhao and Ladommalos® and references therein. Laser-
induced incandescence (L11) is a technique that has recently been applied for
quantitative particulate measurements, and is discussed in detail in the
remainder of this chapter.

3. CONVENTIONAL LASER-INDUCED
INCANDESCENCE (L11) METHOD

3.1 Background

[aser-induced incandescence (LI is rapidly emerging as a useful
diagnostic for acquiring spatially and temporally resolved quantitative
measuremems of soot particle volume [raction over a very wide range of
soot concentrations. Recent cemparisons of the method have been made with
the gravimetric sampling technique,’ and there have been some successful
measurciients of the sool primary parlicle size,”" Since the identification of
the phenomenon by Eckbreth." laser-induced incandescence (LI1) has
undergone significant research and development as well as evaluation over a
range of conditions and different applications, This method for measuring
soot volume fraction and primary particle size produced by combustion
systems has the advantages of offering a very wide measurement and
dynamic range with a sensitivity estimated to be betier than one part per
trillion (~2 pg/m’). The measurements are made with high spatial and
temporal resolution allowing in situ measurements of the time-resolved soot
emissions.

Although the theory and analysis associated with the method, which
involves nanosecond time response to nanoscale particles, is complex, the
application of the method is relatively straightforward, With this technique, a
pulsed laser with light pulse duration belew 20 nancscconds is used to
rapidiy heat the soot particles within the measurement volume from the local
ambient femperature to close o the soot sublimation temperaturc (>4000 K).
Tncandescence from the soot particles is sensed by a photodetector and the
signal is recorded for subsequent analysis. Complex analysis of the
nanoscale heat and mass (ransfer space and time are required in describing
the laser light energy absorption by the soot particles and the subsequent
cocling process.

LIl has a well-defined but complex response to volatile particulate
matter. It is inscnsitive to liquid particles, because they absorb a negligible
ammount of laser energy compared to carbon. For earbon particles coated with
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yolatile material, the latter are believed to vaporize carly in the laser heating
period. In general, it is reasonable to statc thal LIT measures the volume
fraction of carbonaceous material in the exhaust. Although metallic ash may
also be present at low concenirations, it has a low absorptivity and
emissivity relative to carbon and is unlikely to survive the high temperatures,
resulting in a negligible contribution to the incandescence.

The LII technigue is capable of real-time measurements during transient
vehicle operation, making it a valuable tool lor optimizing gasoline and
diesel engine soot emissions performance. The measurement frequency is
limited by the repetition rate of high-power pulsed lasers (typically 10 to
30 117, which corresponds 1o one measurement per engine cycle at 1200 to
3600 rpm). Lherefore, while it is not possible to obtain crank-angle
resolution in real-time, ensemble-averaging for many engine cycles can be
used to reconstruct cyele-resolved transient behavior, However, the real-time
measurement frequency is morc than adequate to observe engine and vehicle
transients, such as those that oceur in driviag cycles.

LIl measurements generally provide a relative measure of the soot
volume fraction and thus, a means for calibration is required lo relate the
signal to the soot concentration. Conventionally, a comparison of the LI
results to a system with a soot volume fraction measured by traditional
methods is used to calibrate the instrument. One methed frequently reported
is scating of the LIT signals to match the soot velume fraction (SYF) profile
in a laminar diffusion flame as determined by linc-of-sight extinction
measurements, as shown in figure 2.

L0

LA SIGNAL{x 10°}

RADIAL POSTTION (mm)

Fignre 2. Calibration by comparisen of the LA signal 1o the SVIF profiles oblained by laser
extinetion (Niet al.") 1 LI data: « - - - laser extinction/scallering data}
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in addition to measuring soot concentration, the LI signal can also be
interpreted 1o determine the active surface area of the particle, which in turn
can be used (0 resolve the primary particle diameter. LLil has also been used
in & semi-quantilative sense to visualize two-dimensional soat distributions
for applications in flames, in-cylinder engine measurements, microgravity
experiments, etc. An exlension of the two-dimensional measurcments has
been demanstrated, as shown in figure 3, by recording mulliple parallel
equidistant planes simulianeously, and performing tomographic analysis to
reconstruct a three-dimensional image of soot chstribution.

Figure 3. 3-I) iso-concentratiun surfaces avquired in a turbulent agn-premixed lame
representing soot volume fractions of 1, 2. and 3 ppm, respeclively’

In the following sections, the stalc-of-the-art maodel describing nanoscale
(lime and space) heai transter to and from thc soot particles will be
presented, the approach used Tor measuring soot volume fraction and
ptimary particle size will be discussed, and representative experimental
results showing the recently developed capabilities will be presented and
discussed, For a further review of prior L11 theery, experimental approaches
and practical applications, reference materia! is availahle, "

3.2 Theory

321 Heat Transfer Model

The first effort to model the nanoscale heat and mags transler processes
of soot in LIl was made by Lickbroth."" Subsequent improvemnent and
application of this model have been presented by Melton, " Dasch,’® Tait and
Greenhalgh."” Hofetdt,” and recently by Mewes and Seitzman,'” Snelling et
al.® McManus ct al,”' Will et al 2 Snelling et al.,” and Schraml et al ¥
An adequate treaiment of the sublimation term is the key to the success of 4
conventional LIT model to predict the fime-resolved soot particle size, soot
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temperature, and the excitation curve. Soot sublimation reduces the soot
particle size and provides an effective cooling mechanism that limits the
further rise of sool particlc temperature,

Soot absorbs and emits light predominantly on the scale of the primaty
particles. The laser light heating proccss in Lil is independent of particle
size, and the emitted incandescent light is nominally volumetric, when the
following assurmptions apply:

a) sool primary particles are small compared to the laser wavelenpth

(Rayleigh regime)

b} laser heating increases the temperature of all particles at the same rate,

regardless of size

¢) when the particles reach the sublimation temperature, additional

absorbed energy goes inlo sublimation rather than sensible energy, so
that the particles remain at the same temperature for the duration of
the laser heating period and

d) sublimation causes pegligible particle-size reduction, so that the

incandescent radiation from the particles is independent of laser
fluence above the sublimation threshold.

The analysis cutlined follows the work of Snelling, et al
improved upon the analyses ol Holcldt.'* Soot particles are frequently
described as aggregates of N, soot primary parlicles of diameter ), as
suggested by Dobbins and Megaridis,” that arc just touching. The heat
transfer model only considers isolated primary particles. ‘The heat transfer
syuation for the cnergy balance for a soot particle expericncing transient
heating (by a ~10 ns laser light pulse) is given as
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The first term represents the absorbed laser light energy by the soot
aggregale where g is a function deseribing the laser intensity in W/em® and
€', is the soot absorption cross section. The last term is the laser light heating
where g, is the soot densily (g/em®) and ¢, is the specific heat of the carbon
particles.

In this analysis, the soot aggregales are taken as an agglomerale of just
touching primary spheres of nearly monodisperse diameter o, that are well
within the Rayleigh limit. Furthermore, (he absorption cocfficient C, for the
sool is expressed as follows
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. nlu’;E(m)
1 w?t

For a wavelength of 1064 nm and a refractive index obtained from the
dispersion retationship from Dalzell and Sarofim,*® m = 1.63 + 0.7/ and
E(mY} = 0.30 while at 532 nm, m = 1.59 + 0.587 and Zi(m) = 0.26.

The second term in equation (1) describes the heat transfer to the
surrounding medium, where 7, is the ambient gas temperature and 7" is the
instantanecus pariicle temperature. In the expressiot, (7 is a geometry

dependent heat transfer coefficient specified as

87 ‘
(G = ——- 3
aly+1) ©)

where £ is the Eucken factor equal to 5/2 for monatomic species, o is the
accommodation coefficient now assumed to be ~0.26, v = ¢y/e, (= 1.4 for air)
is the ratio of specific heat cogfficients. Snelling ot al.* reported the work of
Leroy et al.?’ in which they made measurements indicating that the
aceommodation coetficient of nitrogen on solid graphite in the temperature
range of 300 to 1,000 K gave a value of 0.26.

This second term in equation (1} considers the case of the transition
regime between free molecules and a continuum. In laboratory flame
environments the sool aggregates are gencrally smaller than the molecular
mean frce path length, k.. That is, the Knudsen number, K, = Mfd, is much
greater than 1 and hence, the heat transfer cosfficient is independent of the
particle size. It should also be noted that in the denominator, Ghy >> d, s0
the dependence of the soot particle diameter becomes insignificant i this
term. In other environments such as engine exhaust, the mean free path is
significantly shorter, and the Knudsen number is closer o 1.

The third term in equation (1) desetibes the loss of heat from the particle
duc 1o sublimation of the carbon, where AFL(T) and M(T) are the particle
temperature dependent heat of evapaoration of soot and soot vapor molecular
weight, respectively, M is the mass of soot particle, and / is time, The rate of
mass loss is given by tho analysis of Hofeldt" assuming that the particle
surface is esscutially stationary and that the vapor is lost by diffusion is
given as

! ) n cdef ;sz.-N."M.
e e )
dr 2 ot N.-w
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where N, is the molecular flux of carbon vapor for the {ree molecular
condition (K,>> 1) and Ny is Avogadro’s number.

The fourth term in equation (1} describes the radiative heat loss by a
primary particle given as

A
—

E
4, = 47 S T —-—(;;?i-)- (

where oy 1S the Stefan-Bollzman constant and the parenthetical expression
is evaluated at the wavelength of interest. Compared to the other terms. the
heat [oss due to radiation is insignificant.
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Figare 4. Mode! results fllustrating the time dependent efiter of the various heat transfer
Loy on the raie of temperature change of the particle

\dentification of ervors propagated through the literature has led to further
development of this state-of-the-art numerical model of nanoscale {time and
space) heat ftransfer to and from the particles. in order to support
understanding of the physical processes occurring during the LI event.”
This medel has been enhanced to the point where it does well in predicting
the lime-resolved behavior of the LI signals for a range of laser fluence.
Figure 4 shows the various terms of the heat transfer model as a function of

fime.
32.2 Lxcitation Curve

The relationship between the LI signal and the excitation fluence is
referred to as the cxeitation curve, The spatial distribution of iaser light
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fluence can have a significant cffect upon the measured LIl signat level. as
shown in the excitation curves presented in figure 5. Regardless of the
spatial fluence profile, as the energy of the laser light is increased there is an
initial sharp increase in LI signal. A peak lascr fluence can be reachad such
that a further increasc in encrgy produces very little increase in LIT signal.
Conventional LIl is typically operated in this “plateau” region, where the L1
signal is somewhat independent of the laser fluence,'>'®' "% The
behavior at Muence beyond the plateau region is dramatically different for
the “top-hat™ profile in comparison 10 the Gaussian profile. This is due 1o
sublimation of the carben causing a mass (and volume} loss. Tor the “top-
hat” profile. this resulis in a decrease in the LIL signal. For the Gaussian
profile, the decrease in the 111 signal due to mass loss at the center of the
laser light beam where the peak [tuence is located is offset by the increasing
contribution from the “wings™ of the spatial profile, resulting in a slight
increase in the overall L1l signal.

The variation in the spatial profile for a Gaussian light beam means that
the particles in the probe volume will be heated to different temperatures,
making theorctical interpretation of the §.11 signals much more ditticult.
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Figire 5. Fluence dependence of 1.1 signial as a function of laser heam spatial profile:
teft, Guussian profile (Shaddix and smyth*™) and right. “top-hat” protile (Witze et al.™)

3.2.3 $oot Volume Fraction (SYF)

In order to determine the soot volume fraction, the LU signal must be
scaled 1o dala obrained in a source of known volume concentration.
Frequently, the source has been a laminar flame which has heen
characterized by line-of sight extinction.

o obtain radially-resolved spatial information, the three-point Abel
algorithm of Dasch® can be applied to vert ihe line-af-sight transmission
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measurements, Dotails of an enhanced two-dimensional technique are given
by Snelling et al.** For visible wavelengths, errors of 30% and greater in 500t
concentration are expooted depending on the size and morphology of the
sool aggregates. There are significant uncortainties in the refractive index of
soot and its wavelength dependence which can mask such effects.™

L1l measurements can be performed at the same focations in the laminar
flame and then scaled by a single factor to the Abel-inverted data as shown
in figure 2, so that the integrated soot volume fraction over the 1otal flame
width is as close as possible for the extinetion and LI data at ali heights. In
general it has been observed that there is linear agreement between the soot
profiles from LI and Abel inverted transmission measurements over the
range from 0.5 to 5 ppm.'>**** Vander Wal, using gravimetric sampling
for calibration, has observed good linearity in the 0.035 to 1.5 ppm soot
concentration range.”

3.24 Primary particle diameter

tmmediately after the laser pulse, the dominant cooling mechanism for
the particles is conduction to the surrounding gas. Assuming monadisperse
primary particles, the temperature differcnce between the particles, T, and
the ambient gas, T,, decays steadily in an exponential manner during this
period. An equation of the form

T-T,=Ae" (6)

is fit to the tempetature data to determine 7, the time censtant of the
exponential decay, where 4 is a constant. This method requires a priori
knowledge of the ambient gas temperature, which may be determined by
thermocouple, The primary particle diameter can be detetmined directly
from the decay of the LIl signal, as shown in figure 6. The advantage in
fitting the decay of temperature rather than the decay of the LIl signal
(e.g. as in Schrami et al ™ %y ig that the heat transfer models which are
known to have shortcomings™ do not need to be relied upon,
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The particle diameter d, is then determined from the relation derived
k]
from McCoy and Cha

12kﬂu’r

.= {7
OGP,

where k, is the thermal conductivity of the ambient gas, « is the thermal
accommodation coefficient. G is a geomelry-dependent heat transfer
coefficient, and ¢, is the specific heat of the particle.

3.3 Issues With Conventional LI1

Although the LI process is essentially poninirusive, it is not completely
non-perturbing as the laser light heating can be expected to affect th? soot
nwrpholaug_zy40 and cause some sublimation during the shgrl pulse of IEIISEI'
light. Tt is anticipated that the particulates undergo OPtlcal andl .physu:al
property changes as a lunction ol time, flucoce, ifu”}d their compesition. The
particles may become more structured (graphitized), and may become
ollow shelis as the sublimation occurs from the core outwards,
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For particle sizing, the parameter of greatest interest is the aggregate size,
which cannot be determined by LI [n determining the primary particle size,
there is uncertainty in the value of the accommodation coefficient. Also, due
to the signiticant sublimation which occurs, the particles may be smaller
than before the measurement, and they are surrounded by a cloud of hot
carbon vapor (Stephan flow), which will reduce the diffusion to the particle
and affect the heat conduction t¢ the surrounding medium and therefore the
cooling rate of the particles. This is what causes the higher than expected
particle temperatures after a high fluence laser light pulse.”* Thesc issucs
make it very difficult to model the physics of the transient sublimation and
cooling of the parficle, as it is unclear what the appropriate gas properties are
as a fuaction of temperature and time. Finally, the assumption of
monodisperse primary particles ts unlikely to hold true [or most practical
combustion syslems.

For determining the soot velume fraction, as long as nothing changes
between the calibration and the LIT measurements of particulates, the
volume concentration should be accurate, ITowever, all particulates are not
created equal. Calibrating in a flame at high temperature and then measuring
at lower lemperatures can introduce inaccuracies due to different peak
temperatures. Furthermore, variation in the ambient pressure can also have
an cffect, as it impacts upon the sublimation temperature of elemental
carbon. Ewven calibrafion in engine exhaust will result in crrors, as the
composition of the particulates can change as the engine conditions change,
again resulting in different peak temperatures. The spatial light beam profile
will also affect the sensitivity of the LI signal to these variations in other
parameters,

s dense particulate ficlds, or thosc with exceptionally long optical path
lengths, there will be issucs with attenuation of the laser light beam and
trapping of the LI} signal generated in the probe volume. Tn simple two-
dimensional laminar flows these effects may be corrected for. However, in
practical environments with turbulent flows, it is valikely that an accurate
correction could be applied.

4, SELF CALIBRATING LII (SC-LIT) METHOD

4.1 Innovations

The standard practice for measuring soot volume fractions is to calibrate
the LIl systems in a steady-statc flame using cxtinction measurements.
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Recently, however, a novel technique for performing absolute light intensity
measurements in LIl has been presented, thus avoiding the need for a
calibraiion in a souree of soot parliculates with a known congcentration, 1,42
and thus extending the capabilities of TIT for making practical quantitative
measurements of soot. 'The use of the absolute intensity approach provides
for continuous x siry self-calibration of the L1I technique, and allows use of
lower laser fluence and lower maximum soot temperatures, This low fluence
approach simplifics interpretation of the data and eliminates most of the
uncertaintics, with the exception of the optical properties. Thus, issucs
associated with sublimation of a significant portion of the soot are avoided.
The absolufe intensity method is a time-resolved approach that applies two-
color pyrometry principles to determine the particle temperatures, relating
the measured signals to the absolute sensitivity of the sysiem as determined
with a traceable source. The time-resolution and temperaturc data arc
important for understanding the LIl process and improving the associated
nonequilibrium heat and mass transfer model.

4.1.1 Se¥f Calibration

The spectral scnsitivity of the detection system is determined by
calibrating with an extcnded source of known radiance, such as a strip
filament lamp.*' This sensitivity is then used fo interpret the measured LI
signals, which provides thu, required soot particle temperatute, and results in
absolute intensities (W/m™ar). This method offers advantages in that it is:

a) NiST-traceable

b) not susceptible to; fluciuations in laser fluence; laser beam altenuation

by the soot; or condensed volatiles on the particles and

¢) knowledge of the ambient temperature is not needed 1o determine soot

concentration.

4.1.2 Two-Color Pyrometry

Two-color pyrometry is applied 1o measure primary particic temperature
history, which can be used with the absclute lIltE)H‘slti&S of the LI signal fc
determing time-resolved soot volume fraction,” as shown in figure 7. Note
that there is no evidence of the rapid drop in LI signals common with
sublimation, and that peak temperalures are less than 4000 K. More
information about pyrometry is available in Chapter 10.
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4.1.3 Laser Beam Profile

As the intensity of LA signals depends upon the particle temperature.
acenrate measurements demand uniform heating of all particles in the probe
volume. To achieve this, a true top-hat laser spatial profile is required. Two
technigues can be employed to optimize the uniformity of the laser beam at
the probe volume:

a) cxpand the beam into a sheet in the plane normal 1o the axis of signal
colleetion, and use an iris in the detection optics to restrict the field-of-
view to the central portion of the beam (the iris allows us (o vary the
probe volume size, and thus signal intensity), and

b) usc a vertical-slit aperture to pass just the eentral portion of the beam
in the depth-of-field direction of the receiver lens, and relay image the
slit plane to the probe volume.

The resulting near-top-hat spatial profile is shown in figure 8"

4.1.4 Low Laser Fluence

Conventional 1.1F is performed using laser light fluence high enough o
assure that the particles are healed to temperatures grealer than required for
the sublimation of carbon (~4000 K). This is done so that the LI signal is
“independent™ of the laser fluence. llence particle temperature does not need
to be measured.

Typically. a laser light {luence considerably greater than 0.2 Jem® is
used. bascd on the assumption that mass loss [tom sublimation is
insignificant. However, as shown in figure 9. mass loss from laser heating
can be significant, With the low-fluence L1 technigue, the particles are kept
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below the sublimation temperature. Quantitative low fluence L1 can only be
performed n conjunction with the absclute intensity calibration, as the
absolute intensity method provides a direct measure of the particle
lempetature.
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4.2 Theory

Sel{-calibrating LIl (SC-LIY) is based upon knowledge of the particulate
surface temperature, determined by optical pyrometry. If two or more¢
independent wavelengths A are recorded, an average soot particle surface
temperature across the laser sheet can be caleulated by using the ratio of the
obsetved signals (corrected for detection sensitivity) and the knowrn soot
particle absorption cross sections. A single point calibration is made with a
source of known radiance, which provides calibration factors n(A) 0 relate
the n;leasured signals to the absolute spectral intensities of the source (in
W/im'sr)

q(k) = V‘“"(l) (8)

R(%.T)

where Feg(h) is the observed signal from the calibration lamp and Ry x, T} is
the spectral radiance of the jamp. The calibration factor 1| accounts for the
collection efficiency of the receiver and the detector responsivity at the
detection wavelength A.

The power radiated by a single particle of diametes d, into 47 steradians
is given by““”

1.2
gn'cth ( he_

-1
PN =75 e;:;\,‘_]) d) E(m,) (%)

where & and k are Planck and Boltzmann constants, respectively, and ¢ is the
velocity of light. The spectral radiance of the soot is dependent upon the
power radiated by a single pasticle P,(».T) and the number of particles in the
probe volume, Ny = mfwpdp), where n, represents the concentration of
primary partickes in the probe volume, and the quantity in parenthcses
represents the volume interrogated, with wy as the equivalent width of the
laser light sheet and 4, is the cross-sectional area of the probe volume as
viewed by the detection system. The equivalent width of the faser light sheet
must be measured experimentally. Since this area is the same for both the
calibration and the particle measurement, an equivalent spoctral radiance for
the particles in the probe volume K, can be defined as

P (M)nw
R, (:«)=_—————”( L (10)
dn
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which can be related to the observed signal from the particies V,.x(h) by the
calibration factor {3}, such that

- An Vi (‘A’)

= (I
‘| AF:II (}») Yipwh

The obscrved signal ratio at the twa wavelengths Vigr(da ) Vigp(Ar) can
be converted 10 relative pasticle radiance using the calibration factors

Pp(}"]) — Vr.:\‘r'(?‘w) n(}“z) “2)
P.u(}“z) Vﬁ:xw (7»3) n(}‘w)

The ratio ef the powers at IWo wavelengths radiated by a single particle is
given by

he
¢ Jﬁ.ﬁﬁ) (i
ry a0 {87 i) 2oy )

N H_-n_ B o
Pr) h (em_]) Em, )

Using the experimentally detormined power ralio from equation (12), the
known values of £(m;), and assuming all the particles in the probe volume
are heated to the same temperaturc. equation {13) can bo solved for T% 1t is
the relative, not the absolute, magnitude of the particle abserption function at
the two wavelengths that is important in determining soot particle surface
temperature, For the work presented here, the values for E(n,) were those
determined by Krishnan €t al™

The particle (soot) volume fraction is given by

zd:
‘f‘_:—_ ."1!"—61‘“ (14}

Expressing equation (9) in Lerms of d,’, and equation (11) in terms of 7,
and substituting into equation (14), the scol volume fraction is then

fie
) V;g;ﬁ» (?“‘L ?“ﬁ- ((—.”“J _ l) {] 5)

7 n{(x)w, 127c%h E(m,)

The sool volume fraction has an inverse dependence on Lhe absolute
magnitude of the particle absorption function,
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4.3 Limitations and Sources of Error

Differences between the volume concentration of soot measured with
SC-LII and the total PM measured with other techniques can be attributed 1o
several factors. These factors include: uncertainty in relating soot velume
fraction to the relevant propetty of the PM measuted by the other techniques;
uncertainties in the SC-LIT technique; and uncertainty and etrors introduced
by the other techniques,

The uncertainties in the absolute intensity approach to LI are primarily
due to uncertainty ip the soot refractive index at clevated temperatures. In
particular, one must know the relative value of £(m;) at the two wavelengths
to corrcetly determine the ternperaturc, and (he absolute value of E(m,) to
determine the concentration once the lemperature has been determined. The
celative valve of E(m,) at the two wavelengihs based on the best available
data of Krishnan et al* increases ~20% with wavelength over the range
400 1o $00 nm, However, recenl results from Snelling ct al.*? indjcate thal
over the visible to near-intrared range the relative value of E(m,) is constant.
Sensitivity analysis indicates that a change in the refative value of Eim;)of
this magnitude will resuit in an increase in the soot volume fraction of the
arder of 50%. Similarly, sensitivily analysis on the absolute value of E(m}
indicates a 1:1 carrespondence, such that a 20% uncettainty in the magnitnde
of E(m;) leads to a 20% unccriainty in the soot volume fraction.
Furthesmore, E(mz) may vary wilh temperature as the soot structure may be
altercd as it is heated by LI1, and it present, condensed crganic species may
also affect the soot absorption function.

A minot uncertainty which also affects the accuracy in a systemalic
manner is in the knowledge of the effective center wavelength of the light
detection system for each of the two wavelengths. As the temperalure of the
source changes, whether it is the calibration lamp or the heated soot
particles, the effective center light wavelength of the combination of the
dichroic mirror, interference filter, and detector response variss in a
nonlinear vel prediciable manner. This systematic inaccuracy is oreatest for
short wavelengths, low temperatures, and large bandwidths, reducing
monotonically with increasing temperature. The error is lass than 5%, and
could be corrected for with an iterative approach to the data analysis.

In arder to compare with mass concentration, the bulk density of the
particilates is required to convert ihe volume fraction measured with LI An
average density for dry seot (1.9 plem’) is often used, although there (s a
wide range in the densities reported in the literature, up lo that for graphite
(2.26 g/om™).

As the primary particle diameter delormined {rom the cooling rate 18
proportional to the surface area per unit volume (spesific surface arca)
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avaiiable for conduction, it is an “effective™ or “apparent” size. In addition,
the current SC-LII approach freats the particles as individual monosized
primary particles, without accounting for the efTects of size distribution and
aggregation. Due to shielding (dense clusters) and bridging (greater than
point contact) of particles in an aggregate, the available specific surface area
is substantially reduced, resulting in an apparent primary particle size that is
significantly larger than the size one would measure with techniques such as
transmission electron microscopy (TEM). Also, the size distributions of both
primary particles and aggrepates will have an impact upon ihe primary
pariicle size mcasurements, as current models assume monodisperse
individual primary particles.

Another significant uncertainty is the thermal accommodation coefficient
e, which is often ignored (i.e., assigned a value of 1) or assigned a textbook
value of 0.9, which may be suitable for cquilibrium conditions af room
temperature. The thermal accommodation coefficient is the efficiency of
heat transfar between gas molecules and a condensed body when gas-surface
collisions occur in the free-molecular regime. The value of 0.26 determined
by Leroy et al?" for carbon under nonequilibrium conditions at elevated
temperatures is the current preferred value, However, it is unknown whether
this value is valid for the full range of temperatures encountered. This
uncertainty may affect the accuracy of the primary particle sizing, but
neither the precision, nor the relative comparison of the primary particle
sizes obtained for different engine conditions.

As uncerainties in E(m), accommodation cosflicient, and particle density
only affect the analysis of SC-LIT data (and do not require changes to the
experimental configuration), proviously obtained results can easily be
updated as new information becomes available for these quantitics.™

4.4 Implementation of SC-LII

A fully-integrated, portable system has been developed for socot
particulate characterization in various applications, utilizing the key
innovations of SC-LII. A schematic layout of the system i prescnted in
figure 10. This system consists of a pulsed Nd:YAG laser, operating with
60 ml/pulse at 20 Hz and 1064 nm. A half-wave piate {to ratate the plane of
polarization) in combination with a thin film polarizer (angle-tuned to
transmit horizontally pelarizad radiation) is used to adjust the laser encrgy as
required. A second half-wave plate is used 1o return the plane of polarization
to vertical. True top-hat profiles are used for all measurements to
deliberately ensure that the soot particles are heated 1o a uniform temperature
throughout the sample volume. As a result, there is no direct need to apply
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the numerical model described carlier in the analysis of LI signals, Low
fluence LII, ~0.1 Jem?, is comployed to limit the peak soot temperatures (o
<4000 K, ensuring that negligible soot sublimation ocours. A photodetector
is used to neasure the Uansmitted laser energy and the potarizer is
automatically adjusted to maintain the desired fluence from pulse-to-pulse.
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Fiure 10, Schematic layoul and photograph of an SC-LI1 sysiem.

The LI signal (rom the center of the laser beam is imaged onto an
aperture, which is coupled to @ two-channel ¢olur separation and detection
unit, The coilected L signal is color separated and independently recorded
by two photomultipliers, equipped with narrowband interference filters
centered at 400 and 780 nm, respectively. An automatic light attenuation
system is incorporated to provide for wide dynamic range detection. The
transient signals from the photomultipliers are recorded by a high speed data
acquisition board and subsequently transferred to a computer for further
analysis.

4.5 Applications

In addition to the applications described in detail below, namely diesel,
gasolinc, and gas turbine engines, and carbon black production, SC-LI1 may
find application for measurements oft

a) ambient atmospheric elemental carbon concentration

b) soot in pool fires, furnaces, and botlers

¢) metal and metal oxide nanoparticles, and

d)y material synthesis

The range of volume concentration measurements thal have been
demonstrated in a variety of applications is illustrated in figure 11,
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concentrations measwred o a wide range of applications,

4.5.1 Diesel Engines
rg“’e ¢

Conventional LIl has been applied by many to determine the mass E L
concentration of particulates produced by diesel engines. ***" Figure 12 5 >
illustrates the agreement beiween conventional LIT and the AV filier smoke g &
number (FSN) over a wide range of particulate concentrations,” This good g b /‘;
agreement is expected, as 111 measures the soot concentration, and the FSN = “ap
is related to the black smoke level. comparable quantilies. = ’ £ 5

Comparison of the particulate concentration data obtained from SC-LII [ £ ’
was in good agreement with gravimetric data acquired simultaneously as ' oy -
shown in figure 13, The AVL. sleady-state simulation of the LPA transient Gravimetric Concenirati
1est procedure was used in this example. Under this pretocel, engine
emissions were measured at sieady speed/load conditions. The engine was Figare 13 Sool particle cone
varied from a low idle speed (600 RPM/O percent load) to the engine’s rated ‘”“"Cf““‘:“‘”-“_: for four differey
specd and load (1800 RPM/100 percent load). el concentration oo

A woighting scheme was designed to produce composite brake specific mrE
emissions to accurately predict the gaseous omissions obtained using the Comparisens were also
IiPA transient tesi procedure, Since steady-state simulation does not smoke meter for the eight «
accurately simulate transient engine behavior, these composite PM shown in figure 13 indi
emissions can only be expected to show the current frends due to cngine measurements over 2,5 ord
fransients. Some of the discrepancics between the gravimetric and FI1 results The solid line in figure 13
may be attributed to the fact that gravimetric sampling includes an organic dashed line represents petfe
fraction that does not contribute 1o the signal measured by L1 and that the on the graph indicate the
density of the particulates is required to convert the mass determined by the simulation.

aravimetric filter methods to volume fraction for comparison with LIT.

\
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Figure 3. Soot partivle conceniration detzrmined by the LIL and gravimetiic methods

conctrrenty, for four different fucls (left. Smallwood ct al.*®y sod compartisons of the

sool concentration measured with the L1 insteument and he AVL smoke meter for the
AV, sicadv-state simulation (right; Neill ef al )

Comparisons were also made between the LI instrumeni and the AVL
smoke meter for the eight engine modes in the EPA simulation. The results
shown in ligure 13 indicates very good correlation between the two
measurements over 2,5 orders of magnitude variation in soot conceniration.
The solid line in figute |3 represents the regression fit to the data and the
dashed line represents perfect agreement between the two methods. Numbers
on the graph indicate the data points for each mode of the AVL 8-mode
simulation.
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4352 Gasoline Engines

Data were reported that demonstrate the 111 technique’s capability (or
measuring lransient emissions, applied to the exhaust from a state-of-the-art
production direct injection spark ignition engine.*’ The unmodified engine
used a lean bum stratified charge combustion concept for some ol its
operating modes, Measurements wore acquired over a series of transient
driving cycles, Concurrent ELPL measurements wete acquired for direct
comparison. Dilution was unnecessary for the LTI method sinee it responds
o only the soot component of the particulates. Any condensed maierial
including the organic fraction of the particulates and watet do not contribute
to the measured L11 signal, The high-chergy laser is anticipated 1o evaporate
(hese volatile materials well before the significant portion of the LIT signal is
detected,

Measurements using the ELPL ingtrument were made post difution so the
sampled stream cxperienced some cooling and consequently, the measured
particulates are composed of soot and condensable organic specics and trace
clements. The LLPI instrument produces measurements at one-second
intervals but appears to have a lower iemporal response than the LI
instrument, as shown in figure 14, ln this experiment LI was demonstrated
to have sensitivity te concentrations as low as 5 ppt.”
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Figure 14, Relative temporal response and sensitivity of L1L and ELPY (Smaliwood ¢t al’™
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4.3.3 3as Turbine Engines

Recently, there has been heightened interest in the application of L1 to
measure soot concentirations in the exhaust of aviation gas turbines. These
have been reported by Schifer et al. > Allen et al.™ and Jenkins et al> All
have indicated that a measurcment across a plume that is of the order of T m
in diameter in a decidedly hostile environment iz difficult, However,
successfu} demonstrations of spatially resolved, real-time, in-situ L1l
measurements in a tesi cell environment have been reported.s3

The spatial and temporal resolution of L1l measyrements in the plume of
a gas turbine are shown in figure 15, which illustrates 1he significant changes
in the soot inass concentration that occur with rapid changes in cngine powet
settings. Detailed measurements of the patticulate concentrations in the
plume will assist designers in reducing particulalc emissions, improving
efficiency, and of significance to the military, minimizing the infrared
radiation signaturc.

s (nm)

Figure |5, Transverse profiles of s001 mass concentration in the exhaust plume of &
gas turhine engine Hlustrating the cfizet of both low-te-intermediate and
intermediate-to-low engine power changes (Tenkins et al.™

4.5.4 Carbon Black Reactor

The surface area of aggregated nanoparticles, related to the primary
parlicle size, is a key parameter in the production of carbon black. As LI
only measures the elemental carbon portion of the particulates, it has been
recognized as a potential method for measuring carbon black in a process
control application. A comparison of samples drawn from a carbon black
reactor and analyzed with LII to those simultaneously acquired for
subsequent analysis with standard laboratory methods has been recently
reported.”
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The carbon black specific surlace area, S, can be expressed as

3 surface arca 3

. i e[ d'p(d,) dd, B
mass pﬂ[g) .[)hdlp(d},) dd, Pl

(16)

where Ds; is the Sauter Mean Diameter (SMD) and p(d,} is a probability
distribution function. As the size determined by LII is proportional to the
surface atea per unil volume, it should be related to £;; as

6000
S,y =—— 17
18d o

Pin

where d),; is the apparent primary particle diameter, 1.8 glem® is a typical
density for carbon black particles, and S, is expressed in mlz'g. LI specitic
surface area distributions were measured for two carbon black reactor
conditions, and were normalized by setting them equal to the independently
measured statistical thickness surface arca (STSA) value at 100,
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iigyre 16. NSSA distributions for (wo different carbon black reactor cenditions™

Thess normalized specilic surface arca distributions (NSSA) are shown
in figure 16, where it can be scen that the 953% confidence intervals on the
mean of the NSSA is approximately 0.1%. The width of the distributions of
NSSA, as measured by a single standard deviation, is approximately 1% of
the mean value. In all cases the LIl data correlated well with the standard
sutface arca measureinent techniques, exhibiting the correct trends with
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changes in reactor operating conditions and a high degree of correlation with
STSA (an established physical measure of specific surface arca) as
illustrated in figure 17. Vaciation in the LI data was significantly less than
the STSA data over the range studied,
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Figure 17. NSSA (as determined by LIT) is highly correlaied with §T5A™

4.6 Future Developments

A suite of high cnergy laser diagnostics promises to offer derailed
information about combustion generated particulate matter.™ Currently the
techniques other than LI are i their infancy in rclation to making
quantitative measurements of the properties of particulate cmissions.
Summaries of a number of these are presented below.

By performing LIl and complementary elastic light scattering
measurcments® interpreted with Rayleigh-Debys-Gans polydisperse fiactal
aggregate theory,” characteristics of the aggregate size may be determined,
including size distributions and other morphology-related properties of
interest, assuming that the particles follow a log-normal distribution

The volatile fraction of M can be mcasured in situ, in real-time with
laser-induced desorption/elastic light scattering, a new optical diagnostic.®
This technique uses two light pulses. The first pulse heats the particulatss,
stimulates laser-induced desorption of the volatile fraction without initiating
sublimation of the soot, and scatters light from the particulates. ‘This clastic
light scattering is proportional to the total PM volume. The second laser light
pulse, of comparable energy to the first, scatlers light from the soot that
remaing, providing an clastically scattered signal that is proportional ta the
volume of the remaining solid portion of the PM. The ratio of the sceend to
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the first measurements is then the quantitative solid volume fraction.
Independent calibration would be required fo obtain guantitative data for the
volatile, 50)id, and total PM concentrations,

Laser-induced breakdown spectroscopy is a technique devcloped over the
last two decades that has recently been applied to detect trace metal
congentration in particulate matter.”*® A focused high Nuence laser beam
produces a spark at the probe volume, creates a plasma, dissociates
molccules to elemental aoms, and excites the atoms. Atomic cmission is
produced as the atoms relax from the excited states, and spectra can be
collected. The intensity of the atomic cmission lines can be related to the
concentration ol the alomic species.

‘The combination of these techniques can provide In-sifu real-time
transient information about most aspects of particulate matier. Currently
there is no complementary technique to provide information sbout the
composition of the volatile organic fraction, which may be significant in
terms of adverse health effects. However, encouraging developments may
load to success with the diagnostics discussed below.

Excimer laser fragmentation fluorcscence spectroscopy can measure 4
number of chemical species at clevaied temperatures with good sensitivity,
selectivity, and time response, by focusing a UY pulsed laser beam to
produce atoms or small fragments from larper compounds or particles that
are normally nen-fluorescing. It is showing promise in quantifying the
relative concenirations of elemental carbon and volatile organic carbon.”’ 1t
requires higher laser fluence than typically used with conventional LIF (and
much higher than with low fluence SC-LIT), yet less than the fluence applied
to gencrate a plasma in laser-induced breakdown spectroscopy.

Small-angle X-ray scattering has been applied to study the formation of
soot spherules during tuel pyrolysis. These results have measured the meusn
diameters and dispersion of primary particles for a polydisperse distribution
in the range from 1.6 to 35.0 nm. A complementary technique is small-
angle neutron scattering, which uses contrast variation to preferentially
highlight or mask speeific molcevles, allowing identiftcation of specific
spccies-m

5. SUMMARY

Particulate characterization is extending beyond mere mass, cuivalent
sphere diameter, and qualitalive measuroments available in the past. With
the emergence of these now optical diagunostic techniques, detailed in-sify
transient real-lime characterization of particulates is becoming possible, This
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detatled characterization includes measurements of soot volume and mass
concentration, soot temperaturc, total particulate concentration, solid-to-
volatile fraction, active surface area, primary particle diameter and
distribution, and aggregate size and distribution. Furthermore, developments
to provide particulate composition appear protnising.

These new capabilities are leading to: enhanced knowledge of particulate
formation, growth, and oxidation; strategies fotr reducing particulate
emissions at the source; evaluation of particulate filters and traps; improved
understanding of the rolc of particulates in air gnality and health; and new
opportunitics for process control in nanoparticle production. With the
additional information provided by these laser-based techniques, regulators
arc now considering a broader range of measures than simply limiting the
mass of particuiates.

This new cra of laser-based diagnostics has highlighted the fongstanding
need for better characterization of the optical and heat transfer properties of
nanoscale particles such as soot and particulate matter, and it is anticipated
that hovel methods, also bascd on optical diagnostics, will arise to meet this
challenge.
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