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Soot Measurements in a Simulated Engine Exhaust
Using Laser-Induced Incandescence
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Soot mass concentrations were measured with laser-induced incandescence (LII) in a nonreacting � ow. The
behavior of the LII signal with respect to soot concentration, particle size, and temperature was isolated with the
use of a controllable soot-generating device. This device can simulate a hot, low-soot-concentration environment
similar to that of a jet engine exhaust.Reduction of interference signals and high detection sensitivity were achieved
with the use of a Nd:YAG laser at its fundamental wavelength and broadband detection from 570 to » 850 nm.
The LII signals were nearly proportional to soot concentration over 4 orders of magnitude, with a soot detection
limit of better than » 1 part per trillion ( » 2 ¹g/m3). The detection setup was designed, according to a model of
the LII process, to reduce dependence on local gas temperature and soot particle size. Experimental results agreed
with the model predictions in terms of particle size dependence, and negligible temperature dependence (beyond
gas density effects) was seen for gas temperatures from 70 to 300±C.

Introduction

S OOT produced in hydrocarboncombustion is a critical concern
for engine designers and operators, both in the combustor and

in the engine exhaust. Soot exhausts from diesel and jet engines are
of particular interest because they are seen as an important sourceof
soot emissions into the environment,especiallywhen they are oper-
ating at off-designconditions.Becausesoot is a signi� cantpollutant,
for both human health and environmental reasons there is growing
pressure for reductions in soot emissions.Also, soot measurements
are useful for analysis and possibly active control of incomplete
combustion.1 – 3

Whether for combustor monitoring or environmental impact, the
exhaust of an engine represents the most convenient location to
measure soot. Researchers have, in fact, been making measure-
ments of exhaust components, including particulate matter, for a
long time in a number of different ways. Most measurements of
combustion-generatedsoot have been based on intrusive sampling
or optical techniques, such as elastic scattering and extinction.4– 8

These methods, however, can suffer in the low-soot conditions typ-
ical of an engine exhaust. Sampling probes and gas samplers are
intrusive, can require long sampling times, and have limited spatial
resolution. Elastic scattering is sensitive to background scattering,
e.g., from surfaces, and has a strong dependenceon particle size, in-
cludingagglomerate size. Extinction is a path-integratedtechnique,
and requires approaches such as tomographic inversion to recover
soot pro� le information. Also, extinction is insensitive at low soot
concentrations because low extinction implies measurement of a
small change in a large signal. For example, a laser beam through a
meter pathlengthof exhaustwith 1 mg/m3 soot exhibits only 1% ex-
tinctionat 633nm. In jet engineexhausts,the sootconcentration,and
thus the extinction,can be much lower, and beam steeringcan make
extinctionmeasurementsdif� cult. Other methods for soot measure-
ment include photoacousticspectroscopy,9 radiometry,3 and photo-
electron emission.2
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Laser-induced incandescence (LII) has emerged as an attractive
and versatile technique for the measurement of soot concentrations
in unsteady � ows of complex geometry. LII has been shown to be a
robust technique that can produce instantaneouspoint, line, or pla-
nar measurements. Experimental studies have utilized LII for soot
volume fraction measurement in gas and droplet � ames10– 22 and
in diesel engine cylinders23 and exhaust.24 Other experiments have
generated carbon particles by means other than combustion,25 – 27

and some examples exist where LII was employed for particle
sizing.21 ;26;27 Volume fraction calibrations of the LII signal have
employed extinction measurements11– 18 or sampling methods.10

The versatility and the inherent challenges of LII are evidenced
in the various means of generating and detecting the LII signal.
Various approaches have attempted to minimize the interference
from scattering (including Mie and Raman), the atomic or molecu-
lar emissions (PAH, C2) typical of high-intensityvisible excitation,
and � ame luminance(morenoticeableat longerwavelengths). Some
researchers have suggested that the long lifetime of the LII signal
(compared to the interferences) may be exploited to avoid interfer-
ing signals by means of delayed detection.15 ;22 However, models
developed to understand the LII process have suggested that the
incandescenceat later times is more susceptibleto variations in par-
ticle size and local gas temperature.28 – 32 Alternatively, the model
used in this research has shown that a short detection gate just after
the laser pulse may be a good compromise.32 Whereas soot volume
fractions have been shown to be nearly proportional to promptly
detected LII signals in a number of � ames,10;12 – 18 some discrepan-
cies with extinction data have been noted.13– 15 Model results have
indicated that this may result from a signal dependence on primary
particle size.

Most of thesepreviousLII measurementshave beenperformedin
� ame environments with relatively high soot concentrations (ppm
levels). A combusting environment is, however, complex and dif-
� cult to control. Even in a steady � ame, spatial variations in tem-
perature and chemistry are signi� cant. Also, soot concentrations
can be high enough to cause signi� cant problems due to signal trap-
ping.Thus, � amesare a challengingenvironmentfor thequantitative
understanding and calibration of the LII signal, and more signi� -
cantly, � ame conditions are not representative of the environment
of an engine exhaust. LII has also been applied in diesel engine
exhausts,24 and reasonable results were obtained for the soot con-
centrationrange observed in that environment.However, uncertain-
ties in the operating conditionsand soot loading in this environment
limit the ability to test the accuracy of standard LII models.

738



WAINNER, SEITZMAN, AND MARTIN 739

In this paper, we compare LII measurements over a large range
of soot concentrations and primary particle sizes in a controlled,
high-temperature, but noncombusting environment. There are two
primary goals. The � rst is the determination of the detection limits
for LII in conditions similar to those of engine exhausts. The sec-
ond involves testing the accuracy of current LII models, which are
basedon sphericalsoot particles.The facility that we employ allows
accuratemeasurements over a wide range of carbon concentrations,
with control over particle size. Because particle size will vary in
exhausts, it is important to be able to predict size effects both for
error estimation and for possible correction schemes.

LII Background
In general,when a soot particleabsorbsenergyfroma laser beam,

its temperature increases. With a suf� ciently high energy absorp-
tion rate, the temperature will rise to levels where signi� cant in-
candescence,essentially blackbodyemission, and vaporization can
occur. (For example, 3915 K is the approximate vaporization tem-
perature for graphite.) One interesting aspect of the LII process is
its dependence on laser energy above some threshold.12;13 ;16 ;20;30

This threshold occurs when the laser intensity is suf� cient to heat
a soot particle to a point where vaporization dominates. Any fur-
ther increase in laser intensity raises the average particle’s temper-
ature only slightly and primarily acts to vaporize more of the par-
ticle’s mass. These are counteracting effects. The temperature rise
increases the incandescence, but the mass loss reduces the signal.
Together they cause the incandescenceto be a weak functionof laser
energy above the threshold. A signi� cant fraction of the increased
average particle temperature may come from the wings of the laser
spatial pro� le. More uniform pro� les have shown a noted decrease
in signal beyond the vaporization threshold.12;16 The signal plateau
for Gaussian beams is advantageous, reducing the importance of
laser energy � uctuations or extinction across a � ow.

Soot particlesare, in general, branchyagglomeratesof nominally
spherical primary particles.4 The LII signal is nearly proportional
to volume fraction because the primary soot particles (and often
even the agglomerates) are in the Rayleigh limit, i.e., they are much
smaller than the laser excitation wavelength. The particles respond
to the laser approximately as volume absorbers and emitters. How-
ever, the energy loss mechanisms of conduction and vaporization
are expected to scale more like surface area d2 . Thus, it is predicted
that primary particle size and gas temperature would affect the vol-
umetric nature of the LII signal through these cooling mechanisms.

As mentioned, one of the goals of the experiment was to test
the accuracy of standard LII models, especially with respect to the
particle size dependence of the LII signal. These models entail an
energyand mass balancethat includesabsorptionof energyfrom the
laser and the energy loss mechanismsof radiation,vaporization,and
conduction. Generally, the temperature and particle size histories
are calculated for an individual, homogeneous, spherical primary
soot particle with no relative motion compared to the surrounding
atmosphere and constant physical properties.32

The analysis by Melton28 shows that, in the limit of negligible
conduction and radiative losses, for a nearly constant particle tem-
perature (near the vaporizationtemperature) and for low mass loss,
the LII signal would scale as dn with n D 3 C 0:154=¸detection . This
expression has usually been interpreted as indicating that longer
detection wavelengths are preferable for accurate volume fraction
(/d3) measurements. This would also imply that the LII signal
would underpredict fv for small particles if calibrated in a � ame or
region with large soot particles.Experimentalevidenceof this parti-
cle size effect is unclear.The simple appearanceof the small � ames
used in manyLII experimentsbeliesthecomplexitiesmentionedear-
lierof measurementsin a combustingenvironment.Also, to date, the
only method available for correctingfor the signal trapping induced
by the dense soot zones is tomographic inversion, which requires
many measurements and a steady � ow� eld. Reliable data on size
dependence in a controlled soot environmentdo not appear to exist.

Experimental Methods
Soot Generator

The combination of a controlled soot � eld and simulation of an
engine exhaust was attained with the use of a soot generator25 that

Fig. 1 Soot-generating experimental
apparatus.

providedan aerosolof carbonblackparticles(Fig. 1). The dryer tube
is wrapped with heater tape to maintain approximately100±C walls.
The � ow at the output of the generator is nonreacting, has no po-
tential interferencesassociatedwith the presence of polycyclic aro-
matic hydrocarbons,and is dilute enough to avoid signal trapping. It
is also designed to be nearly uniform in temperature, concentration,
and particle size.

The aerosol was obtained in the following manner: A dispersion
of carbon black (soot) in distilledwater (5.6 g of C per liter of H2O)
was prepared with 1 ml of gum arabic (Winsor and Newton) added
per liter of water as an emulsi� er. This solution was atomized with
the use of an aspirator/impingement-typenebulizer (Inspiron), pro-
viding a carbon/water fog. The solution was aspirated with air at a
constant � ow rate of 9.2 l/min, which yielded a solution � ow rate of
0.34 ml/min. The nebulizer output was diluted by a secondary air-
� ow rate, which varied between four � ow rates: 315, 460, 770,
and 1110 cm3/s (based on standard temperature and pressure). Sep-
arate air� ow rates were measured with calibrated rotameters and
pressure gauge. The carbon black material (Cabot 800) is com-
posed of approximately 17-nm particles with low aggregate struc-
ture, i.e., an aggregate diameter »3 times the primary particle di-
ameter (private communication, C. Beckman, Cabot Corporation,
Boston, Massachusetts,Oct. 1998). Although less aggregated, this
material should be similar in morphology and internal structure to
aged (hydrocarbonsdesorbed) soot from engines.33

Each � ow was separatelydirected into an aluminumdrying cylin-
der (7.7-cm diameter, 61 cm long) held vertically. To evaporate the
water droplets, the cylinder was heated with heating tape to a nom-
inal temperature of 100±C. The resulting suspension of dry carbon
particles exited the top of the drying cylinder out a 30-cm-long alu-
minum tube. This particle-laden jet was 15 mm in diameter, and
measurements were made about 15 mm from the end of the tube.
The exit temperature of the jet was also varied by preheating the
secondary air� ow by diverting some fraction of it through a coiled-
� lament heater (Sylvania; Process Heat). Exit temperatures ranged
from 70 to 300±C, as measured by a type-K thermocouple.

Small variations (»3 times) in the carbon aerosol concentration
were obtained by changing the secondary air� ow rate. Greater re-
ductions in carbon concentrationwere achieved by further diluting
the carbon/water dispersion.This should, however, also change the
size of the carbon particles produced. As the carbon-laden water
droplet evaporates, surface tension and electrostatic forces cause
all of the small carbon black particles to form a single, compact,
nearly sphericalparticle (as evidencedby transmissionelectronmi-
croscopy data in Ref. 25) by the time the water is evaporated.Thus,
the particlesize at the exit of the generatorshouldvary with the cube
root of the concentration of the carbon solution. The nominal soot
size is determined by assuming that each droplet produces a single
soot particle.Thus, the particlesizes are simply a functionof the liq-
uid concentrationand the size of the initial water dropletsproduced
by the nebulizer. The water droplet size was constant for all con-
ditions because the nebulizer � ow was not varied, and the droplet
sizes were measured by phase Doppler particle analysis (PDPA).
Because of the similarity in carbon content between the particles
produced by this device and aged soot from engine exhausts, we
refer to the carbon aerosol as soot.
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Fig. 2 LII experimental setup.

Optical System
The LII signal is produced by the fundamental output of a

Nd:YAG laser [1064nm, 7 ns fullwidthat half-maximum(FWHM)]
operated at 10 Hz. The data employed an unfocused, nominally
Gaussian beam at 250 mJ. The beam diameter of 8 mm, measured
by a burn mark method and Rayleigh scattering, provides an ef-
fective average illuminating energy density in the observed region
between 0.5 and 1.0 J/cm2 , based on the FWHM of the beam. This
laser � uencewasbeyondthe thresholdvaluerequiredto make theLII
signal nearly independentof laser � uence (discussedsubsequently).
The repeatabilityof pulse-to-pulselaser energyand temporalpro� le
was generally good, with a worst case variation of §7%.

The LII signal was recorded at a right angle to the laser beam
by a photomultiplier tube (PMT) (Hamamatsu R928B) behind the
collection optics of 150- and 50-mm-focal-length spherical lenses
for L1 and L2, respectively,and a height/width adjustable(AP) rect-
angular aperture (Fig. 2). The collectionvolume was approximately
8 mm wide £ 3 mm high (de� ned by the aperture and centered ver-
tically on the laser beam) and 8 mm deep (de� ned by the width of
the laser beam). Optical � ltering was applied to the imaged light
just prior to the detector. Neutral density � lters (ND; Fig. 2) were
used to keep the PMT within its linear operating range. The spec-
tral limits of the detection system were »570 nm [set by OG550
and OG570 Schott glass � lters (SG; Fig. 2)] to »850 nm (the 1.0%
quantum ef� ciency point of the PMT). This broad detection band-
width, combined with a collection volume of »0.2 cm3, produced
strong LII signals and, therefore, sensitive soot measurements. In
addition, detection at longer wavelengths is predicted to reduce the
particle size dependence of the signal, as described earlier.

The output current from the PMT was input to a digital oscillo-
scope(1-GHz samplingrate) that recordedthe time-resolvedLII sig-
nalup to 350ns aftertheonsetof the laserpulseand thenstoredit on a
computer.All of thedataarebasedon signalsaveragedover128 laser
pulses (»13-s averages with our 10-Hz laser). In addition, the re-
ported LII signals were integratedover a 50-ns gate, beginningwith
the onset of the laser pulse, to isolate the LII occurring during the
high-temperature, vaporization-dominatedperiod of the incandes-
cence. Modeling results indicate that this is an ef� cient way to min-
imize the particle size and gas temperaturedependenceof the LII.32

Results
The infraredoutput of the Nd:YAG laser was chosen over the fre-

quentlyused green (532 nm) output to improve LII measurementof
low-levelsoot concentrations.Previousexperiments,performedin a
diffusion� ame, showed that infrared (IR) excitation is less likely to
produce interference associated with laser-produced C2 emission.
More signi� cantly, IR excitation can allow excellent rejection of
elastic scattering, from the soot particles themselves or from sur-
faces, by employingvisible signal detection and IR-blind detectors.
Also, the longer excitation wavelength means that even larger ag-
glomerate particles are more likely to be within the Rayleigh range
for absorption.28– 32

For LII measurements over a range of particle sizes, one must
be certain that all of the particles are being heated to their vapor-
ization temperature.Below the vaporization limit, there is a greater
range to the temperatures reached by different sized particles. This
problem is shown in Fig. 3, where model results are shown for
the dynamic range of the signal per unit volume (or mass) of soot
against energy � uence for a given particle size range. If particle size
was not important, then the dynamic range of the signal normal-

Fig. 3 Model results for the dynamic range of the mass-speci� c LII
signal for a primary particle diameter range of 4–100 nm as a function
of illuminating energy � uence (signals detected at 650 nm with 10-nm
bandwidth).

Fig. 4 LII signals measured from the soot generator plotted against
calculated carbon concentrations.

ized this way would be unity. This curve is another example of the
threshold characteristic of the LII signal with increasing laser in-
tensity. The dynamic range is calculated for particle diameters from
4 to 100 nm. (Although primary particle diameters rarely exceed
40 nm, agglomeration may increase the effective optical diameter.)
The model results show that energy � uences of at least 0.5 J/cm2 are
required (with an »8-ns IR YAG laser) to minimize the particle size
dependence.Above this � uence, there is still a particle size depen-
dence (nonunity range) but it is no longer a function of laser energy.
Therefore, this was the approximate � uence used for making soot
concentrationmeasurements in the soot generator exhaust.

Figure 4 shows measured LII signals against soot concentration
for concentrations ranging over almost 4 orders of magnitude. The
various concentrations were obtained using the four different air
dilutions and six different liquid concentrations.The initial carbon
solution was diluted, by adding distilled water, to 2, 8, 32, 320, and
3200 times lower concentrations.The temperature at the measure-
ment volume for this case is »70±C. Concentrations are corrected
for the air density (volume � ow rate) change due to heating in the
dryer. In Fig. 4, each liquid dilution (5.6, 2.7, 0.7, 0.175, 0.0175,
and 0.00175 g of C per liter of H2O) is represented by a unique
symbol. The lines represent an ideal dependence of the signal on
concentrationonly and a � t to the data with 315 cm3/s air dilution.
Note the log scaling.The soot concentrationsshown in Fig. 4 range
from about 8 ¹g/m3 to 70 mg/m3 [»4 parts per trillion (ppt) to 30
parts per billion (ppb)]. At the lowest concentration, the detection
system still included a neutral density � lter that reduced the sig-
nal by one order of magnitude. Therefore, for this system, with a
0.2-cm3 collection volume, 50-ns gate, and 128-shot averaging,we
predict a detection limit close to 1 ¹g/m3 (0.5 ppt).

Considering the very large range of carbon concentrations, the
LII signal is nearly proportional to soot loading. However, it devi-
ates from a completely linear dependence (slopeD 1) and is best
� tted by a slope of 1.07, i.e., a signal that scales with concen-
tration to the 1.07 power. Signals are detected over a range of
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Fig. 5 Particle size dependence of C for Fig. 4 data and from LII model.

approximately 570–850 nm. The signals are produced by a 250-
mJ (»0.5-J/cm2) pulse at 1064 nm. The best � t line was produced
using only measurements with a single air dilution, the maximum.
Thus with particle number density held constant, assuming all of
the carbon black particles in a droplet coalesce to form one parti-
cle as already described, this line represents the behavior of the LII
signal as a function of particle size. Using the relation concentra-
tion /Nd3 to convert this to a size dependence, we would predict
for a simple power law dependence(like that of a previous analytic
approximation28) that the LII signal scalesas d3:21. However, a more
complete numerical model shows that a power law dependence is
too simplistic.

To examine the size dependencemore closely, we � rst de� ne the
LII calibration constant C by the ratio C D signal/soot concentra-
tion. Without a size dependence, C would be a true constant. The
effect of particle size is seen in Fig. 5, where C is plotted for both
the numericalmodel (solid line) andexperimentalresults (symbols).
Values of C averaged (over air dilutions) and extrema (error bars)
are shown for each liquid dilution, and particle size is based on an
estimate of the diameter (4 ¹m) of the liquid droplets produced by
the nebulizer. For this comparison, the model signal is calculated
for 650-nm detection (10-nm bandwidth) and two energy � uences
within the range of the experimental uncertainty. Because the ex-
act spectral response of the PMT was not known, the model result
is reported for constant detector responsivity over a small range
(645–655 nm), where we expect the combination of detector re-
sponse and LII emission to peak. Similar calculations near 550 and
750 nm change the result only slightly, shifting the curve horizon-
tally by roughly 50 nm. Because there is some uncertainty in the
shape and size of the laser beam, and therefore the effectiveaverage
energy density,model results are plotted for illuminating intensities
at both 0.7 and 0.5 J/cm2 . These model curves are not intended as
best � ts to the data but simply to compare the overall trends. The
experimental values shown are averaged over the various dilution
air� ow rates for each of the liquid dilutions, with the vertical error
bars representing the maximum and minimum of each set.

PDPA measurementsof the nebulizerdropletdiameteryielded an
average value D10 of 4 ¹m, with a 2-¹m FWHM for the measured
size distributionand 95% of the dropletsbeing less than 10 ¹m. The
best comparison to the modeling results (to the nearest micrometer)
is also for a roughly4-¹m water droplet,which yieldsa soot particle
size range of »35–550 nm. The horizontal error bars represent the
particlesizes basedon 3.5- and 4.5-¹m waterdroplets.Althoughthe
upper part of this soot particle size range is big compared to typical
primary particle sizes in engine exhausts (generally <50 nm), it is
useful for analyzing the accuracy of the model predictions.

As seen in Fig. 5, both the model and experiments indicate a non-
monotonic size dependence for the LII signal over the large size
range studied. The calibration constant increases for small particle
sizesand thenreachesa peakbeforefallingat largersizes.The results
can be explained as follows: For particles below the Rayleigh limit
(¼d=¸ < »1), absorptionheating and radiationemission scales like
volume, but the cooling mechanisms scale closer to surface area.
Therefore, larger particles reach higher temperaturesand emit more
signal per unit volume. As particles exceed the Rayleigh limit for

Fig. 6 Signals for the smallest two and largest two particle diameters,
corrected by the average calibration constants (from Fig. 5) and nor-
malized by their corresponding solution concentrations (lowest value
scaled to 1).

emission, the signal per volume ratio will drop. At even larger parti-
cle sizes, nonvolumetricabsorptionwill result in lower particle tem-
peraturesand, therefore,a furtherreducedsignalper volume ratio. In
addition,the quantitativecomparisonbetween the model and the ex-
periments is reasonablygood, based on the measured water droplet
size. Both predict a maximum variation in C of roughly 2.5 times
for the particle size range considered here. Returning to the simple
power law � t for particle diameters below the peak of the curve
(»250 nm), the experimentaldata scale like d3:45 and the model like
d3:41 . For comparison, Melton’s approximation28 suggests a d3:24

scaling. However, note that the model may not be predicting the
behavior of the smaller particles very well. Alternatively, we may
be seeing the result of a limiting effect on the smallest attainable
particle sizes.

There is also some variation, »10%, in C for a given liquid con-
centration but for the different air� ow rates. Because each air� ow
rate results in a differentparticle number density and soot residence
time in the heater, there is a possibility of agglomeration or sim-
ilar effect on the LII results that might in� uence the comparison
to the model. For example, low � ow rates mean high soot num-
ber densities and long residence times and thus more likelihood
of agglomeration.Such agglomeration would affect LII from large
particles (near or above the Rayleigh limit) more than from small
particles. Agglomerationdoes little to change particle surface area,
and therefore particle cooling rates, but could signi� cantly increase
the effective optical size of the particle, reducing the heating rate.
Such possibilities are examined in Fig. 6, which shows normalized
LII signals from the two smallest and two largest particle sizes (or
liquid concentrations). The rest of the data yield roughly the same
information but, for clarity, are not included.

In Fig. 6, the LII signals for each liquid dilution are corrected
for particle size effects using the average C values from Fig. 5. In
addition, each point is normalized by its liquid carbon concentra-
tion and plotted against the inverse of the total air� ow rate for that
case. Ideally, this normalizationshould producean identicalLII sig-
nal for all points at a given total air� ow rate, and the signal would
scale linearly with air dilution. Thus, Fig. 6 represents the variation
in the (nominally) size-corrected LII signals as a function only of
soot concentrationchange associatedwith air dilution.Again, if ag-
glomeration was occurring, we would expect the largest particles
to be more likely to fall below the linear � t as the air� ow rate de-
creases (less heating of agglomerated large particles and, therefore,
less signal). The variation with air dilution is clearly linear, and the
scatter about the best � t line is similar for large and small particles.
Although the data do show increased scatter for lower air� ow rates,
this is most likely a problem associatedwith repeatability in setting
the rotameter at low � ow rates. Thus, we conclude that possible
residence time and agglomeration effects are negligible under the
current operating conditions.

In addition to size dependence,another issue in making quantita-
tive LII measurements is the temperature dependenceof the signal.
This is importantfor � ows with temperaturegradients.Additionally,
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Fig. 7 LII signals, corrected from particle size using the average C
values from Fig. 5, for the 70±C data of Fig. 4 and for preheated dilution
air at three liquidconcentrationswith aconstantair dilution(770cm3/s).

it is useful to know whether temperaturemust be matched when cal-
ibrating an LII system for an engine exhaust measurement. There-
fore, further measurements were made with the secondary air pre-
heated before it was mixed with the carbon-loaded� ow (see Fig. 1).
LII signals were acquiredat a jet exit temperatureof 300±C for three
liquid dilutions (1, 1

20
, and 1

400
strength) and a single air dilution of

770 cm3/s. Figure 7 shows all the earlier results, at 70±C, along with
the higher-temperature data. The plotted carbon concentrations at
the jet exit were again corrected for the gas density change at the
elevated temperatures. (Recorded temperatures are at the jet exit.)
In addition, all of the data were corrected for the size dependence,
using a single value of C (the average from the 70±C data) for each
liquid dilution set. The high-temperaturedata fall on the same line
as the 70±C data. Generally, we would expect the change in gas
temperature to lower the conductive cooling rate. Thus, particles
would have higher average temperatures and higher signals in the
hotter � ow. However, because the particles are laser heated to much
higher temperatures (>3000 K) than the gas and because of the
prompt gating employed, we do not see a signi� cant temperature
effect.

Conclusions
In � ame experiments, problems have been encountered in at-

tempting to compare the LII signal from soot with the local soot
volume fraction because of the in� uence of other parameters in the
combusting environment.Soot concentrationlevels here were mea-
sured using LII in a controllableenvironmentthat is also con� gured
to simulateconditionsmore representativeof theexhaustof a typical
jet engine. Control over particle size and shape makes the current
results more amenable to comparison with the results of standard
models. A broadband LII signal has been shown to provide a rea-
sonable measurement of the volume fraction of soot in air over a
range of 4 orders of magnitude. The detection limit of the system
was estimated to be a soot concentration of »1 ¹g/m3 (»0.5 ppt).
This sensitivity is well below the ability of other practical, nonin-
trusive approaches such as extinction measurements and has many
advantages, including real-time response and reduced engine run
times, compared with those of intrusive sampling.

Pulsed IR excitation (between 0.5 and 1.0 J/cm2 ) and prompt,
gated (50-ns) broadband detection were chosen both to produce
good sensitivity and to reduce particle size dependence. For a par-
ticle size range of »35–250 nm, the remaining particle depen-
dence results in a variation of about 2.5 times in the LII calibra-
tion constant. A similar variation is predicted by a standard LII
model, which is based on energy and mass balances for a single
spherical primary soot particle, though some deviation is noted
for smaller particles. Both model and experiments show a non-
monotonic variation of the calibration constant as particles exceed
the Rayleigh limit for emission/absorption. The relative accuracy

of the LII model suggests that it can be used to estimate po-
tential systematic errors in � ows with variations in soot particle
size. Additionally, it may be useful for correcting LII soot con-
centration measurements if particle sizes can be independently
determined.

Except for simple gas density changes, variations of a few hun-
dred Kelvin do not have a signi� cant effect on the LII signal for
detection temporally gated near the laser pulse, where the particle
temperaturesare much higher than the gas temperature and particle
cooling is dominated by vaporization. This suggests that tempera-
ture variations across an engine exhaust, or between operating con-
ditions, will not affect the LII measurement. Similarly, calibration
of an LII system can be performed at a temperature well below that
of the exhaust.

In summary, LII shows promise as a relatively simple, sensitive,
and accurate method for measuring soot concentrations in engine
exhausts over a wide range of conditions. Within the limiting as-
sumption that the LII signal depends only on primary particle size,
the standard LII model appears to reasonably predict LII signal
variations.
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