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Knowledge of soot particle sizes is important for un-
derstanding soot formation and heat transfer in com-
bustion environments. Soot primary particle sizes can
be estimated by measuring the decay of time-resolved
laser-induced incandescence (TiRe-LII) signals. Exist-
ing methods for making planar TiRe-LII measurements
require either multiple cameras or time-gate sweeping
with multiple laser pulses, making these techniques
difficult to apply in turbulent or unsteady combustion
environments. Here we report a technique for planar
soot particle sizing using a single high-sensitivity, ultra-
high-speed 10 MHz camera with a 50 ns gate and no
intensifier. With this method, we demonstrate measure-
ments of background flame luminosity, prompt LII, and
TiRe-LII decay signals for particle sizing in a single
laser shot. The particle sizing technique is first vali-
dated in a laminar non-premixed ethylene flame. Then,
the method is applied to measurements in a turbulent
ethylene jet flame. © 2018 Optical Society of America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

In laser-induced incandescence (LII), soot is heated to vapor-
ization temperatures using short laser pulses. The light emission
is then measured and can be used to deduce relative soot volume
fraction, particle temperature, and primary particle size [1-3].
For soot particle sizing, time-resolved laser-induced incandes-
cence (TiRe-LII) techniques are used to obtain incandescence de-
cay over time [4]. This approach makes use of the fact that small
particles cool down faster than large ones after laser heating due
to their larger surface-to-volume ratio [2]. By solving energy and
mass balances, the primary particle size can be evaluated from
time-resolved temperature or incandescence signals [5]. This
information is key for understanding soot formation and heat
transfer properties in practical combustion environments [6-9].
Two techniques have been previously utilized to gather pla-

nar LII decay data. The time-gate sweeping technique works
well with steady flames, as it requires extended data acquisition
times. However, uncertainty is introduced when there are small
flame perturbations or shot-to-shot laser variations [7], thus mak-
ing it ill-suited for turbulent or transient flames. Multi-camera
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Fig. 1. Single-camera, single-laser-shot, TiRe-LII imaging of a
turbulent jet flame before and after laser heating at t = 0 ns
with a laser fluence of 0.15 J/cm2 for a jet with Re = 20,000 at
z/D ̂  70. (a) Six of 256 total frames and (b) the decay time
constant map are shown. High speed video of these data is
included in Visualization 1.

techniques that capture images at different timing delays using
gated intensified cameras can be applied in unsteady flames [10].
However, this technique requires field-of-view and intensity
mapping across two [4], four [10], or eight [11] cameras and
typically requires increased setup complexity with additional
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Fig. 2. Simplified experimental setup is shown.

1
lenses and beam splitters. For setups with the lowest complexity
requiring only two cameras, the limited temporal data reduces
model fitting accuracy. In addition, detecting and removing the
flame background intensity becomes challenging.

In this work, we report a new technique using a single ultra-
high-speed camera for direct measurement of the planar TiRe-LII
decay signal. A single camera reduces setup complexity and
does not require any field-of-view or intensity mapping. By
capturing the incandescence decay from a single laser pulse,
shot-to-shot variations and flame perturbation uncertainties are
avoided. Ultra-high-speed cameras are capable of operating at
up to 10 million frames per second (100 ns intervals between
exposures) and are thus well matched with the 100 to 1500 ns in-
candescence decay time constants of soot in environments near
atmospheric pressure. Finally, high photodetector sensitivity
and short gate times eliminate the need for image intensifiers.
By capturing frames before and after the laser arrival, as illus-
trated in Visualization 1 and Fig. 1, it is possible to obtain the
background flame intensity, prompt LII signal, and incandes-
cence decay from multiple delays in a single laser shot. To
illustrate the benefits of this technique, we first validate this new
method on a well-studied non-premixed laminar flame. Next,
we apply this technique to a turbulent jet flame to illustrate how
soot incandescence decay time distributions can be extracted.
A schematic of the experimental setup for the single-camera,

single-laser-shot, planar TiRe-LII measurements is illustrated
in Fig. 2. In this work, time-resolved LII signals were ac-
quired using an ultra-high-speed un-intensified CMOS Shi-
madzu HPV-X2 camera with spectral sensitivity from 200 nm
to just above 1000 nm [12]. This camera is capable of operation
at 5 million frames per second at full frame with 110 ns expo-
sure (250 x 400 pixels, 16,000 ISO, 32 pm pixel size, 10-bit, 256
frames max) or 10 million frames per second with zig-zag pixel
interpolation for every other frame with 50 ns exposure [12].
A 85 mm f /1.8D lens was added to the camera with a lens-
to-flame distance of approximately 400 mm. Then, a 640 nm
(75 nm FWHM) bandpass filter was added to the lens to mini-
mize detection of elastically scattered laser light, avoid the C2
Swan band, and increase the measured signal (relative to detec-
tion at shorter wavelengths) for soot temperatures near 3000 K
and below. The LII signal was generated using a ,,,12 ns FWHM
duration, 1064 nm Nd:YAG injection seeded laser (Quanta-Ray
Pro-350). The laser beam was expanded and focused into a laser
sheet that was approximately 48 mm tall. Experiments with both
laminar and turbulent flames were conducted in Albuquerque,
New Mexico with an atmospheric pressure of ,-84 kPa.

Initial calibration experiments were conducted in a co-
annular non-premixed laminar ethylene flame supported on
a Santoro burner (diameter D = 10.9 mm) with ethylene flow
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Fig. 3. (a) Measurements are shown for a laminar ethylene
flame with a laser fluence of 0.08 J/ cm2. High speed video of
these data is included in Visualization 2. (b) The measured sig-
nal decay from the flame edge at z/D = 3.7 (40 mm above the
burner) is compared with an exponential fit and a LII model fit.
(c) Prompt LII signal, (d) decay time constant, and (e) particle
size maps are illustrated.

at 0.31 standard liters per minute (SLPM) and air co-flow at
380 SLPM [9]. Laser fluences ranging from 0.03 to 0.20 J /cm2
were tested with a Gaussian laser sheet thickness of < 180 pm
over a range of ±6 mm from the centerline. Typical 10 million-
frame-per-second results are illustrated in Fig. 3 and in
Visualization 2. To better illustrate the image quality, raw image
intensities are shown with no numerical filtering and signal lev-
els are shown in terms of pixel count (total of 1024 counts). The
background from normal flame luminosity can be clearly seen
before the laser pulse arrival at -100 ns and the prompt LII signal
is visible at 0 ns showing sufficient intensity and signal-to-noise
ratio (SNR) for quantitative measurements. Over time, the LII
signal decays as illustrated in Fig. 3(b) at the flame edge for
z/D = 3.7.

At lower laser fluences, heat conduction is the dominant soot
particle cooling mechanism and the decay rate remains prac-
tically constant over time. If the soot primary particle size is
assumed to be monodisperse, the TiRe-LII signal can be ap-
proximated by a simple exponential decay [13] of the form
I = Ae-t/T B where I is the measured intensity, A is pre-
exponential factor, T is the time-constant, and B is the back-
ground intensity. Figure 3(b) compares the measured LII signal
decay with a fitted exponential decay while Fig. 3(c) and (d)
show the prompt LII signal and time constant map, respectively.
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An LII signal model that was previously validated for the San-
toro ethylene flame [7, 8, 14] was fit to the data in Fig. 3(b), yield-
ing a particle size of dp = 32 nm with a goodness of fit R2 > 0.99
(mono-disperse, free-molecular model, gas temperature 1850 K,
soot absorption function 0.4, thermal accommodation coefficient
0.37, aggregate size 60, no annealing). Figure 3(e) illustrates the
full particle size map obtained by fitting to the validated model
at 5 evenly-spaced flame heights with varying gas temperatures
and aggregate sizes obtained from [8]. These results match soot
primary particle size estimates from the literature [14, 15], includ-
ing photomultiplier tube and intensified CCD gate sweeping
measurements, and transmission electron microscopy (TEM)
analysis [8, 16] after accounting for differences resulting from
lower atmospheric pressure in our laboratory.

After validating the technique, the Santoro burner was re-
placed with a turbulent ethylene jet flame burner [17] with a
nozzle diameter of D = 3.2 mm (air co-flow 200 SLPM, ethylene
pilot 0.52 SLPM, air pilot 8.4 SLPM, and ethylene jet 13.2 SLPM
for Re = 10, 000 or 26.4 SLPM for Re = 20, 000). The flame was
interrogated at 225 mm (z / D r-z-2, 70) and 450 mm (z / D P.-2, 140)
above the burner with a laser sheet thickness of < 1.2 mm over a
range of ±45 mm from the centerline. The full video is available
in Visualization 3 and the raw measured intensity of a single
image taken after the laser pulse is illustrated in Fig. 4(a). This
image contains a mix of the background luminosity and the
prompt LII signal, making it difficult to separate the two contri-
butions. With this technique, however, it is possible to obtain
images before the laser arrival thus enabling the separation of the
background intensity (Fig. 4(b)) and prompt LII signal (Fig. 4(c)).
In addition, background subtracted signal decay time constants
can be estimated for every pixel in the video, as illustrated in
Fig. 4(d). Some radial variations are visible in these images;
these are likely due to variations in the laser sheet thickness and
absorption through the flame from left to right. Raw data and
fits for five different pixels in this image are shown in Fig. 5(a)
exhibiting roughly exponential behavior. From these data, it is
clear that there is a large variety of time constants in the flame.
In addition, the spatial resolution is greater than the motion of
the soot over the duration of LII signal decay, which enables
decay times to be evaluated pixel-wise without spatial tracking.

For this turbulent flame, a height of z/ D 70 corresponds to
the lower end of the soot growth zone, where soot particles are
expected to be small, while a height of z/D R-J 140 corresponds
to the start of the soot oxidation region, where soot aggregate
sizes and to some extent primary particles are expected to be
larger [18, 19]. A comparison of Visualization 1 and Visualiza-
tion 3 shows that higher in the flame, the LII signal is brighter
and contains slightly longer time constants. The probability dis-
tributions of particle time constants at these two different heights
are compared in Fig. 5(b). Results indicate that the lower height
z /D 70 contains faster time constants with a most likely value
of T r-z.-1 150 ns while the higher region z / D ̂  140 contains
longer time constants with a most likely value of T 350 ns.
Assuming that flame temperatures are comparable in the two
regions [20], this would indicate that soot primary particles are
larger in the start of the soot oxidation region than the start of
the soot growth region, which aligns with expectations and TEM
results from a similar turbulent flame [19]. The distribution of
LII decay time constants observed in the turbulent flame is sim-
ilar to that in the laminar co-annular flame, with a slight bias
towards shorter decay times in the turbulent flame. Due to the
shorter timescales for soot formation and growth in turbulent
flames, smaller primary particles are expected, on average.
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Fig. 4. Turbulent jet flame measurements are captured for a
laser fluence of 0.15 J/cm2 at z / D 140 showing (a) a single
raw frame, (b) the background intensity, (c) the prompt LII sig-
nal, and (d) the signal decay time constant for particle sizing.
High speed video of these data is included in Visualization 3.

To translate TiRe-LII decay time constants to primary parti-
cle sizes, accurate information about instantaneous local con-
ditions are required. This includes information on local tem-
peratures, gas compositions, pressures, soot morphologies and
soot optical properties. Previous studies in this flame utilizing
single-point pyrometry [18] and coherent anti-Stokes Raman
scattering spectroscopy [21, 22] show significant temporal and
spatial variation in temperatures, with a centerline temperature
of 1630 250 K. Although flame temperature probability distri-
butions, soot volume fraction distributions [9, 21] and average
soot aggregate morphologies [19] are known, the instantaneous
two-dimensional data are not known for any given TiRe-LII
laser-shot. Thus, unlike the steady laminar flame, accurate es-
timation of instantaneous particle sizes in a turbulent flame is
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Fig. 5. (a) Measured signal decays from different locations
in the turbulent jet flame from Fig. 4 are compared with best-
fit time constants. (b) The probability density of decay time
constants are compared to show the increase in time constants
(and indirectly growth of soot primary particle sizes) from
lower in the flame at z/D 70 up to z/D 140.

more difficult. This highlights a limitation of this technique for
unsteady flames; LII signal decay times alone are insufficient for
determining particle sizes accurately. If average values are used
to estimate particle size, potential errors and biases would be
noted from shot-to-shot and as a function of radial distance r / D
and height z /D. However, if simultaneous local temperature
data are obtained, models that vary gas or peak particle temper-
ature can be used to fit for particle size in each pixel of the decay
map. Further work is needed to characterize the soot and gas
properties in this turbulent flame and to develop particle sizing
models that can fully take advantage of these single-camera,
single-laser-shot TiRe-LII measurements.

Although this technique opens up many new possibilities,
additional improvements in imaging speed and measurement
methods are required in order to apply this technique to other
combustion regimes, such as high pressure combustion systems
where the incandescence decay time constants are significantly
shorter [23] or in high-speed flows at magnifications where the
soot motion is on the same time-scale as the LII decay. However,
compared to alternative time-gate sweeping and multi-camera
strategies, this new method requires no pixel registration, re-
duces setup complexity, and can be applied to unsteady combus-
tion environments. In the future, this technique has the potential
to be combined with existing methods for multi-kHz [24] and
tomographic [25] laser-induced incandescence to provide addi-
tional insight into soot particle sizes and properties in a variety
of practical combustion environments.
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