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Abstract

We characterize a novel imaging technique for ve-
locity measurements in particle laden flows. The tech-
nique, Particle Vaporization Velocimetry (PVV), is a
form of flow tagging based on laser vaporization of
absorbing particles at defined locations in the flow. The
locations of these tagged regions are then interrogated
after a known delay to determine the convective veloc-
ity. Results are presented for vaporization of carbona-
ceous particles in a heated, nonreacting gas jet and a
hydrocarbon-air diffusion flame. While the flame pro-
duces its own carbon particles (soot), the nonreacting
gas get is seeded with submicron-sized, carbon black
particles. Interrogation is provided by either elastic
scattering or laser-induced incandescence from the
soot. The results are similar for the two very different
flows, indicating that the PVV technique should be
applicable to a wide range of environments. The laser
fluence required to produce the tagged region for soot
is on the order of the threshold fluence required for
laser-induced incandescence measurements, though
with a somewhat lower value for scattering detection.
The tag lifetime for the current systems exceeds 10 ms,
and should be limited only by turbulent mixing in prac-
tical flows.

Introduction

Measurement of particle velocities can be of great
utility in a wide range of flows. For example in hydro-
carbon-based combustion flows, small carbonaceous
particles, commonly referred to as soot, are formed.
Soot particles result from non-oxidizing reactions of
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the fuel molecules and are destroyed if sufficient oxida-
tion occurs in the flame. Soot particles are important
due to their impact on human health, the environment,
and the performance of energy conversion devices.'™
Thus, there is an interest both in monitoring soot from
combustion devices, such as diesel and aircraft turbine
engines, and for measurements that lead to a better un-
derstanding of the processes by which soot is created
and destroyed.

Established techniques exist for measuring soot
properties, such as soot concentration and soot particle
size(s). These have included physical sampling,™® and
laser scattering and extinction.”® None of these alone,
however, possess the combined attributes of nonintru-
siveness, fine spatial resolution and weak dependence
on particle size for concentration measurements. More
recently, laser-induced incandescence (LII) has been
studied as a diagnostic tool for soot measurements in
flames,” "> engines'*'* and exhaust flows."”” """ LII
combines the best characteristics of some of the more
established optical techniques. Like elastic scattering,
LII is an imaging technique with excellent spatial reso-
lution, and it provides a strong signal. Since the signal
primarily corresponds to the amount of laser energy
absorbed, LII, like extinction, is mostly sensitive to the
soot mass concentration (or volume fraction for a
known soot density). Extensions of LII have also been
developed for particle size measurements.'®"

Combining these powerful existing techniques for
soot concentration and particle size with measurements
of soot particle velocities could then be used to deter-
mine quantities like local soot mass flux and soot



production/oxidation rates. A number of nonintrusive,
optical techniques have been developed for velocity
measurement where there is a single particle in the de-
tection volume, or in a pixel for imaging methods.
These include Laser Doppler Velocimetry®® (LDV) and
Particle Image Velocimetry’"** (PIV), with the latter
providing two-dimensional maps (planes) of velocity.
Unfortunately, these methods have limited applicability
in flows with dense particle loadings. For particles no
bigger than 100 nm and generously small measurement
volumes, both LDV and PIV are generally limited to
particle volume fractions below 0.1-1 ppb. In addition,
these techniques can not generally be used to discrimi-
nate between particles of different elemental composi-
tion; all particles that elastically scatter contribute to
the signal.

For gas velocity measurements, a number of other
optical techniques have been developed to remove the
need for particle seeding. A number of these can be
categorized as flow tagging velocimetry,” 2 in which
regions of the flow (a line, crossing lines, grids, etc.)
are marked at some initial time, and the location of the
marked regions are interrogated at some known delay,
usually by a planar imaging technique. The displace-
ment of the regions is used to determine the velocity
component(s) in the plane of the imaging sheet.

Particle Vaporization Velocimetry (PVV) extends
these flow tagging approaches to particle velocity
measurements. In this paper, we describe PVV and
report experimental results that characterize the method
for soot particle velocity measurements. Results are
obtained from two environments, a high-temperature
reacting flow and the other a low temperature (~400 K)
nonreacting flow. The experiments are intended to in-
vestigate the laser fluence required to perform PVV and
the lifetime of the tagged region in these two very dif-
ferent environments.

Description of PVV

In particle vaporization velocimetry, the marked
region is produced by laser vaporization of sufficiently
absorbing particles. In general, such particles are rap-
idly heated when exposed to a pulsed laser. In the case
of soot if the laser intensity is sufficiently high, the par-
ticles are heated to a point where vaporization becomes
important (~4000 K). This is the same approach used
for LII measurements, since at this threshold fluence,
the broadband incandescence from the high tempera-
ture particle is easily detected over the unheated parti-
cle incandescence and flame luminosity. For illustra-
tion, Figure 1 shows a typical dependence of the LII
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signal on laser fluence, with the peak incandescence
occurring near the point where vaporization becomes
the dominant energy loss mechanism.
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Figure 1. Variation of LII signal with laser fluence for
measurements acquired in a laminar, ethylene-air lami-
nar diffusion flame, 25 mm above the fuel-tube exit,
with laser excitation from a pulsed Nd:YAG laser
(1064 nm) and a 50 ns detection gate beginning at the
onset of the laser pulse.

For laser fluences sufficiently above this threshold
value (~0.5-0.6 J/em® for the 1064 nm laser results
shown in Figure 1), the particles can be almost com-
pletely vaporized,”® producing a region of reduced par-
ticle concentration. Once this tagged region (hole) is
produced, at least two methods amenable to planar im-
aging can be used to track its location: elastic scattering
and LII. In both, the marked area is seen as a reduced
signal. Since PVV tracks regions of vaporized particles,
it can be employed at high particle loadings. PVV
tracks the particle velocities, which for small particles
can correspond to the gas velocity under a wide range
of conditions. Also, a system designed for LII imaging
can easily be adapted for velocity measurements, even
simultaneous mass concentration (from the LII signal of
the marking pulse) and velocity measurements that
would permit determination of local soot mass flux (or
a component of the flux).

Experimental Methods

Flowfields

The PVV velocity measurements are acquired in
two axisymmetric (round) jet flows. One is a laminar
diffusion flame, and the other is an exhaust-like, nonre-
acting, heated jet. The axisymmetric diffusion flame
has been used extensively in a number of soot studies.”’
In this burner, fuel flows through a central tube of 11.1
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mm i.d., surrounded by a concentric flow of air con-
tained in a 101.6 mm i.d. honeycombed outer tube.
Ethylene (C,H,;) was chosen as the fuel for its high
sooting tendency. The flowrates for fuel and air, re-
spectively, were 3.85 cm’/s and 713.3 cm’/s, measured
by calibrated rotameters. The resulting ~80 mm tall
flame has a peak soot volume fractions of nearly 10
ppm. Measurements were obtained in the flame with
the marking laser located 10, 20, 30 and 40 mm above
the fuel tube exit. For these measurements, the flame
location was controlled with a three-axis translation
stage, while the laser and imaging locations remain
fixed.

The nonreacting flow is produced by a soot aero-
sol generator.'® The exhaust contains small, roughly
spherical agglomerates (<400 nm diameter) composed
of ~17 nm carbon black primary particles (Cabot 800).
These carbon black agglomerates do not have the same
morphology as the branchy soot particles typically
found in flames. They should, however, correspond in
many ways to aged soot particles in a flame exhaust,
since the carbon black particles are produced in a simi-
lar process. The exhaust from the soot generator pri-
marily consists of heated air (~400 K) with 4.4% water
vapor by volume, and flows at 9.5 slpm (measured by
calibrated rotameters). Measurements were acquired for
two soot volume fractions, 0.4 and 4.0 ppb, having dif-
ferent “soot” average diameters (D;, of 136 and 294
nm) for the two cases. The carbon aerosol exits a 17
mm diam., 300 mm long cylinder, with the marking
laser located 10 mm above the exit of this tube.

Optical Systems

A schematic of the optical arrangement is shown
in Figure 2. The marking (first) and readout (second)
laser pulses are produced by a dual-oscillator, Q-
switched, 10 Hz Nd:YAG system (Continuum Surelite-
I PIV). Both beam are converted into laser sheets,
which are aligned normal to one another in the flow.
They also propagate at a small relative angle, crossing
near the center of the imaged region.

The fundamental infrared output of one of the la-
ser oscillators, with a maximum pulse energy of
450 mJ, is used as the marking beam. The 8 mm (full
width) diameter beam is focused by a 280 mm focal
length cylindrical lens to a horizontal laser sheet. The
focus of the 8 mm wide sheet is typically located past
the flow, such that the sheet thickness decreases slightly
from the point where it first encounters the flow. The
nominal thickness (FWHM) in the flame measurements
is 0.45 mm, and changes to 0.6 mm for the nonreacting
flow. In addition, the sheet width can be reduced from
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8 mm to 2 mm using a metallic aperture placed behind
the focusing lens (see Figure 2). The thin dimension
(thickness) of the sheet is parallel to the primary flow
direction. The marking laser energy is varied with a
half-wave plate and polarizing beam splitter.

Camera
Controller/Timing

Soot Laden Flow
(Flame or Generator)

Dual Oscillator
Nd:YAG Laser

Figure 2. Optical setup for PVV measurements in both
the flame and soot generator; L1: 280 mm cylindrical
lens; L2: 500 mm cyl.; L3: 200 mm cyl.; AP: metallic
aperture; F: filter(s).

The readout beam is produced by the frequency-
doubled (532 nm) output of the second laser head, with
a maximum pulse energy of 200 mJ. The image beam is
focused by a 500 mm focal length, cylindrical lens in
the vertical direction and spread in the horizontal direc-
tion by a 25 mm cylindrical lens. This yields an imag-
ing sheet that is ~0.4 mm thick and 100 mm high. The
fluence of the imaging beam is fixed for all measure-
ments at ~0.4 J/cm?, which is sufficient to allow either
LIl or scattering measurements of the nonvaporized
particles. The pulse-to-pulse repeatability of the energy
is less than + 5% for both lasers.

The LII and elastic scattering images are recorded
at roughly 45° to the propagation direction of the visi-
ble laser sheet (rather than the preferred 90° due to
limited optical access) by an intensified CCD camera
(Princeton Instruments ICCD, 576x384) equipped with
a standard 35mm camera lens. For the soot generator,
with its low particle concentrations, the lens f-number
is set to its minimum value for the LII measurements
(/2.8), but degraded for the brighter scattering meas-
urements. In the flame, with its higher levels of soot,
the lens aperture is increased to f/32 for both interroga-
tion methods, and neutral density filters are placed in
front of the lens for the scattering case to prevent inten-
sifier saturation. The intensifier gate duration is 50 ns,
and for the scattering data, it begins just after the onset
of the interrogation laser pulse For the LII measure-
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ments, the bright elastic scattering signal can rejected
either by placing a 532 nm holographic notch filter in
front of the lens, or delaying the intensifier gate by 32
ns. Since the total duration of the laser pulse is about
25 ns, the delayed gating rejects the prompt scattering
signal, but is sufficient to detect the longer lived LII.

Results

PVV Measurements with LIl Detection

Figure 3 shows LII images acquired in the diffu-
sion flame with the marking beam 40 mm above the
burner exit. This location corresponds to the peak soot
concentration, nearly 10 ppm occurring near the edge
of the flame. Above this point, soot production is low at
the outer regions of the flame, outpaced by oxidation.
Based on the movement of the tagged region between
the 10 us and 1 ms images, the measured velocity at 40
mm height in the peak soot region is 1.8 m/s. This
compares well to a value of 1.7 m/s from interpolated
LDV measurements.”” For the 1 ms delay and for the
image magnification used here (12.7 pixels per milli-
meter), the estimated PVV velocity resolution is 0.04-
0.08 m/s, assuming the uncertainty in locating the cen-
ter of the marked region is one-half to one pixel.
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Figure 3. Average (100 shot) LII images (21x46 mm)
of the vaporized stripe acquired in the diffusion flame
for three delays: a) 10 us, b) 1 ms, and c¢) 10 ms after
the 8 mm wide marking laser sheet pulse; which passes
40 mm above the fuel tube exit (this is the location
shown in (a)).

Figure 4. Average (100 shot) LII image (21x46 mm) of
the vaporized stripe acquired in the diffusion flame
with the marking laser 10 mm above the marking laser
sheet and for a 10 s delay.
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Figure S. Instantaneous LII images (26x32 mm) of the
vaporized stripe acquired in the 4 ppb soot exhaust for

two delays after the marking laser pulse: a) 10 ps and
b) 1 ms.

Figure 6. Instantaneous elastic scattering image (26x32
mm) of the vaporized stripe acquired in the 4 ppb soot
exhaust for a 10 us delay after the marking laser pulse
and with f/11 detection.
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Figure 4 shows a similar result for an LII image
acquired with the marking sheet at the lowest height (10
mm above the fuel exit). In this lower part of the flame,
soot axial velocities can only be measured in a region
near the edge of the central fuel jet, since little soot
exists within the flame. The peak soot concentration is
near 1 ppm here, and soot production rates are expected
to be much higher than at 40 mm. The measured veloc-
ity is 0.8 m/s, as compared to a values of 0.7 m/s from
the LDV results.

Figure 5 shows example of LII images in the
4 ppb soot generator exhaust with the tagged region
visible in the lower portion of the images. The results
for the 0.4 ppb case are similar, albeit with signals
roughly 10 times lower. The velocity measured from
this LII image, 2.7 m/s, compares well with the value of
2.8 m/s calculated from the volumetric flowrate meas-
ured by the rotameters.

Scattering Detection

The results for scattering detection are similar to
the LII PVV data. Figure 6 shows a scattering counter-
part to the LII image of Figure 5a. The first thing to
note is the increased signal outside the jet, due to elas-
tic scattering by dust particles in the room air. This is
the biggest potential drawback to scattering detection,
rejection of other scattering particles or bodies. For the
flame however, with its much higher soot levels (x10°),
the dust scattering is negligible.

The main advantage of scattering detection for
PVV is its higher photon yield. In both the soot genera-
tor and the flame, the scattering signal is much stronger
than the LII signal. It should be noted, though, that the
ICCD is not optimized for detection of LII. A large
portion of the LII signal occurs at wavelengths longer
than 600 nm, where the photocathode quantum effi-
ciency of the ICCD decays rapidly.

Correcting for the added ND filter in the case of
the scattering images (ND=2.6), the scattering to LII
ratio in the flame is 100-200. In the soot generator, the
ratio decreases to 30-60. The primary difference in the
two systems is the effective particle size, with the soot
generator producing larger, more spherical agglomer-
ates. Although the larger particles found in the soot
generator should produce more scattering (per ppm of
soot), the increase in LII signal with particle size'® is
likely greater. Other differences between the two car-
bon particles, for example the level of graphitization,
may also play some role in the scattering to LII ratio.

In terms of velocity measurement, the scattering
images give essentially identical values to the LII im-
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ages. For example, the velocity in the soot generator
from the scattering results (again based on a 1 ms de-
lay) is 2.75 m/s, which is close to the 2.7 ms result from
the LII images.

Marking Laser Energy

In flow tagging techniques like PVV, the ability to
determine the location of the marked region can often
limit the accuracy of the measurement. A quantitative
measure of the detectability of the flow tagging is the
contrast between the signals from the marked (S,..+)
and unmarked (S,,..+) regions. The contrast can be
defined

Contrast = Sunmark B Smark

S unmark

)

with the optimal contrast being unity.

The images shown above were obtained with a la-
ser fluences of ~6-8 J/em’. Lower fluences are also
sufficient to produce a soot “hole.” For example, Figure
7 shows the variation in contrast with marking laser
fluence in the flame, for both LII and scattering detec-
tion. The measured contrast continues to increase with
fluence for both methods up to the maximum values
employed here (~20 J/cm?), though there is little
change beyond ~2-3 J/ecm®. It is useful to note that this
near optimum fluence is only 3-4 times the value nor-
mally employed in LII measurements. This would
therefore permit soot concentration measurements
based on the LII signal from the marking pulse.

The data suggest that at 2-3 J/cm® the energy in
the center of the roughly Gaussian beam profile is suf-
ficient to nearly completely vaporize the soot particles.
The similarity in contrast at the higher laser fluences
for both interrogation approaches indicates that the
particles are truly vaporized. While LII primarily
measures the mass of solid soot, scattering depends on
the soot shape and size (see discussion below). The
similar contrast response indicates that at the high flu-
ence levels, the first laser pulse is truly vaporizing par-
ticles, and not simply shattering them or changing their
morphology.

On the other hand, there is a significant difference
between scattering and LII detection at lower fluences
(<2 J/em?), where scattering detection has a higher con-
trast, and therefore is more detectable. Part of the in-
creased observability for scattering detection could be
its improved signal-to-noise ratio, due to its higher pho-
ton yield in these shot-noise limited images. This is
only a minor effect, since the scattering images were
acquired with lower detection efficiencies, so as to keep
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the average scattering and LII counts/pixel within a
factor of two.

100

[ o o ° o ]
i o ce ¢ 8 ]

80-_ o * b _-

L ° i

L o P ]

< 60 ° .
S TF° - ]
I . :
*g B ]
8 “f * ]
- ® ® 40mm, LII E

r 0 40mm, Scattering ]

20 - 4 10mm, LII —

ol i ol R | N

1 10
Fluence (J/cmz)

Figure 7. Fluence dependence of the contrast (see Eq.
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Figure 8. Fluence dependence of the contrast pro-
duced by the marking laser in the soot generator with a
1 us delay for the recording laser, comparing LII and
scattering detection.

Another possible source for the difference is the
higher sensitivity of the elastic scattering to particle
size. In the case of Rayleigh scattering, the signal per
particle scales like the particle diameter to the sixth-
power, i.e., D®. The LII signal scales more like the par-
ticle volume, i.e., D’ Therefore, small amounts of mass
loss by a particle should decrease the scattering signal
much more significantly than the LII signal.
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However, the extreme difference between the
measured contrasts at fluences below 0.6-0.7 J/em’
suggests another option. Recall that previous LII results
(for example see Figure 1) suggest fluence values be-
low 0.5-0.6 J/cm® are not likely to produce significant
soot vaporization. This is consistent with the lack of
contrast in the LII detection at 0.6 J/cm®. At this and
lower fluences, however, the scattering detection shows
a relatively large contrast (0.6-0.7). If the LII signal
indicates little vaporization by the marking laser, then
the scattering result suggests some kind of particle
fragmentation may be occurring.

Similar fluence behavior was observed in the soot
generator, as illustrated in Figure 8. Again both detec-
tion methods show a similar contrast for fluences above
~2 J/em®. For fluences of 0.6-1 J/cm®, the scattering
detection has a markedly higher contrast, due to the
higher particle size sensitivity of the scattering and the
possible shattering of the soot agglomerates, probably
after the first laser pulse ends.

Tagged Region Lifetime

Tagging-based velocimetry techniques are often
limited to high speed flow measurements, due to the
short lifetimes of the molecular tags employed. The
shorter the tag lifetime, the faster the velocity has to be
for the tagged region to move a measurable distance.
For our particle tagging approach, the ultimate tag life-
time can be longer than for molecular tags, because
particles experience less diffusion than gas molecules.
The measured tag lifetimes were measured in both
flows, by varying the time delay between the marking
and readout lasers. The measured lifetimes, again quan-
tified by the contrast, are shown in Figure 9 (flame) and
Figure 10 (soot generator exhaust).

In both environments, the lifetime of the tagged
“hole” is at least 3 ms. In the higher region (40 mm) of
the steady flame, the contrast remains essentially un-
changed (> 90%) up to 10 ms, the largest delay studied.
In the soot generator, with its more unsteady flow (see
Figure 5), the contrast degrades somewhat at the longer
delays, though it remains above 60% even at 3 ms. In
both these regions, the tag lifetime appears to be lim-
ited by flow unsteadiness and small-scale velocity fluc-
tuations, which are significantly reduced in the much
steadier, laminar flame. In these regions, there is no
indication that the vaporized soot material reforms into
solid particles in any significant amount (at least in the
millisecond time scales here). This conclusion is sup-
ported by the agreement between the LII and scattering
results in both the flame and soot generator. Even if
small particles were reforming, they should be detected
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in the LII measurement, which is not strongly sensitive
to particle size.
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Figure 9. Lifetime of the vaporized soot “hole” in the
laminar diffusion flame based on the change in contrast
with delay time between the marking and readout la-
sers, for a marking laser fluence of 7.8 J/cm’. Results
are shown for three flame heights and for both LII and
scattering detection.
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Figure 10. Lifetime of the vaporized soot “hole” in the
soot generator (0.7 ppb soot loading) for a marking
laser fluence of 7.8 J/em’.

The behavior in the lower regions of the flame (10
and 20 mm) is quite different. There the contrast begins
to degrade after ~100 ps, although it remains above
20% even at 10 ms. These lower locations in the flame
are within the region where new soot particles are
formed from large hydrocarbon molecules.”” Thus the
vaporized soot particles can be (slowly) replaced with
new particles. In these regions, the scattering contrast
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falls less rapidly than the LII contrast. In other words,
the LII signal returns faster than the scattering signal.
This is consistent with the formation of new, small soot
particles or growth of the very small particles that
likely remain after the marking laser pulse. LII is a
more sensitive method for detecting these small parti-
cles, and should therefore be influenced first.

For short time delays (< 1 ps), the scattering re-
sults produce high contrast levels, while the LII detec-
tion shows a reduction in contrast (compared to the
intermediate time delays). This is seen in both the flame
and soot generator results. The LII contrast loss is as-
sociated with interference from the marking laser pulse.
While the central part of the marking laser vaporizes
the soot particles in its path, the lower energy wings are
not sufficient to remove the soot. They can, however,
heat the soot particles sufficiently to induce a strong LII
signal, which has a lifetime between 100 ns and 1 us
(limited by the cooling rate of the heated particles). The
LIT produced by the marking laser from these particles
in the side edges and vertical wings of the horizontal
sheet can therefore be detected in LII images acquired
with delays of ~1 us or less. The LII interference is
negligible compared to the much strong scattering sig-
nal.

Summary

We have described an approach for particle veloc-
ity measurements that can be applied to absorbing par-
ticles, even at high particle loading. The technique re-
quirements are relatively simple, requiring at least one
pulsed (but not tunable) laser for marking. Scattering
interrogation could be carried out with a bright pulsed
light source, or even a continuous wave laser and a fast,
gated detector. Scattering detection provides a higher
signal, though it may be susceptible to interferences
from scattering, nonabsorbing particles (or other scat-
tering surfaces). In addition, the technique can easily be
adapted for appropriate particles, to achieve local parti-
cle mass flux measurements by monitoring LII from the
marking pulse.

The laser fluence required to produce the tagged
region for soot is on the order of the LII threshold flu-
ence. For both scattering and LII detection, maximum
tag contrast is attained for a fluence 3-4 times the LII
threshold level (~1.5-2 J/cm® compared to a threshold
of 0.6 J/em® for a 1064 nm Nd:YAG laser). While LII
detection requires a fluence above the threshold value
to produce a measurable contrast, scattering detection
gives easily detectable contrasts at fluences below the
threshold. Scattering from the soot is more sensitive to
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particle size reductions (or other changes in the soot
structure) compared to LII.

The lifetime of the marked region for soot parti-
cles is generally quite long. In the slightly unsteady,
nonreacting jet, the lifetime is well in excess of 3 ms.
As expected, particle diffusivity is quite slow and does
not limit the tag lifetime. In the lower regions of the
flame, where soot inception is rapid, the lifetime also
exceeds 3 ms. This suggests that in most practical, soot-
containing flows (reacting and nonreacting), the tag
lifetime will be limited by turbulent mixing. Since tur-
bulence levels typically scale with the mean velocity,
i.e., lower mean velocities correspond to smaller veloc-
ity fluctuations, the tag lifetime will scale with the ve-
locity of the flow (faster flows=shorter lifetimes).
However, the required tag lifetime (which is deter-
mined by the time needed for the tag to move some
number of pixels) is inversely proportional to the flow
velocity. Therefore PVV should be applicable over a
wide range of flow velocities.
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