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INTRODUCTION

Two-colour laser-induced incandescence (LII) is considered to be a mature optical diagnostic
that provides an accurate, highly sensitive method of determining the volume fraction of
particulate aerosols such as soot in combustion gas. LII is especially well suited for in-flame
measurements, and indeed works well for over-fire soot measured immediately above flames.
One of the advantages of two-colour LII is that the method provides a measure of soot volume
fraction (SVF) that should be relatively independent of the laser fluence used to heat the soot.
However, in practice it has been observed that when the diagnostic is applied to exhaust streams
at ambient temperature, the measured SVF is strongly dependent on the laser fluence. This poses
a problem, since many practical applications of this technology would involve sampling cooled
soot, for example from a tailpipe, rather than from within the combustion environment. It is
postulated that the fluence dependence of the LII signal may originate from variations in the
optical properties of soot as it cools in an exhaust stream.

The optical properties of soot are a much-studied topic, yet most works on the subject yield
surprisingly different results. This is perhaps due to the variation in fuels used, from solid fuels
such as plexiglass and polystyrene [1], to liquid fuels such as n-heptane and toluene [2,3], to
gaseous fuels like propane, acetylene, ethylene and ethane [2-11]. Alternatively, observed
differences could be due to the variation in methods used for the measurements, such as
reflectivity of compacted soot [5], tomographic reconstruction [12], and optical methods using
combinations of scattering, absorption, and extinction [2,4,6,8-11]. Some studies involve
calculation of theoretical properties rather than direct measurement, such as Lee and Tien [1]
who arrived at their values using dispersion model. What these studies share is that the soot
under study was obtained either within a flame or very shortly post-flame [2,4,6-8,9,11,12] or
sampled from a flame and physically altered after cooling [5,10]. The present study examines
the optical properties of combustion-generated soot, sampled far enough downstream that is has
cooled to ambient temperature. This soot will be characterized with the aid of scanning and
transmission electron microscopy (SEM/TEM) along with a multiple low-angle scattering
diagnostic.

EXPERIMENTAL SETUP

To determine soot optical properties, diagnostics will be carried out on soot of known physical
characteristics. These physical, or morphological, characteristics are found using a combination
of in- and ex-situ methods. Primary particle size and aggregate size distributions can be found
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using scanning and transmission electron microscopy (SEM/TEM) and subsequent image
analysis. A multiple low-angle scattering setup will allow for fast and direct measurement of the
average radius of gyration of the particles, with the possibility of measuring the fractal
dimension. The soot source and diagnostics are discussed in more detail below.

Soot is generated using an inverted co-flow laminar diffusion burner, designed after Stipe et al.
[13]. A schematic of the burner can be seen in Figure 1. Methane with variable nitrogen diluant
is passed through a central 15.9 mm tube, seen as Station 1 in Figure 1, and annular co-flow air is
brought in through Station 2. The flame is stabilized on an annular bluff body, and is visible
through a quartz tube. The flow continues downward through a stainless steel tube section, and
is turned through 180° at the bottom. Dilution air is used to control the particle concentration,
and is injected at Station 3. A port at Station 4 is available for sampling the exhaust stream.
Water is allowed to condense and is collected by a drain at the base of the burner, shown as
Station 5. The outlet of this drain is kept below the water level of a reservoir so that exhaust gas
cannot escape. Extractive sampling and optical diagnostics are applied at the exhaust outlet, seen
as Station 6. The burner is mounted on a levelling platform to ensure that the flame is vertical,
and thus the buoyancy forces remain axisymmetric. Methane, nitrogen, co-flow air and dilution
air are each controlled by mass flow controllers.

(a) (b)

Figure 1: (a) Schematic of burner and (b) photo of burner head

The burner is designed to be a steady and repeatable source of soot, for which the average size
and concentration can be independently adjusted by diluting the fuel and by adding secondary
dilution air. Some preliminary results for flow rates of 1.2 SLPM methane and 15 SLPM co-
flow air (global equivalence ratio of 0.76) with no fuel or exhaust dilution can been seen in
Figure 2a, which demonstrates the repeatability of the burner with a scanning mobility particle
sizer (SMPS) plot of number concentration against mobility diameter for five consecutive runs.
Figure 2b shows an SEM micrograph at 25000X magnification of soot generated at the same
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burner conditions. Figure 3 shows SMPS results for various equivalence ratio conditions,
demonstrating the ability to control the mean particle size.
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Figure 2: (a) Particle size distribution and (b) corresponding SEM image.
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Figure 3: Soot size distributions at different burner conditions

Optical measurements will be performed with a multiple low angle scattering setup, designed
after Ferri [14]. A schematic of the optical setup can be seen in Figure 4. The light source is a
continuous 75 mW diode-pumped Nd:YAG laser operated at 532 nm, which is passed through
the sample stream at Station 6 of Figure 1. The unscattered beam is diverted and dumped, while
light scattered at angles of approximately 0.5°-10° is collected by a Fourier lens setup and
imaged onto a 1000x1000-pixel CCD camera. Use of the Fourier lens arrangement allows direct
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mapping of scattering angle to radial displacement on the CCD [14]. To maximize resolution
and detected light scatter angle, the optical axis will be aligned with a corner of the CCD so that
only one quadrant of the scattered solid angle is measured. By dividing the CCD into concentric
rings and averaging the intensities over each ring, a measure of irradiance versus scattering angle
can be obtained. With this information, one can extract the average radius of gyration of the
particles, as discussed below.

BEAM STOP

LASER 7
SAMPLE

CCO

Figure 4: Schematic of scattering optics

THEORY

Light scattering as a means to measure soot properties has been successfully used by many
researchers, including Koylu and Faeth [8,9], Krishnan et al. [2], and Chang and
Charalampopoulos [4]. In addition, Faeth and Koylu [15] provide a helpful review of soot
morphology and optical properties, and Sorensen [16] provides an excellent overview of the
theory and techniques, which is followed here.

In light scattering, the scattering wave vector, q, is of prime importance and is defined as q = k; —
ks, where k; and kg are the incident and scattered light vectors, respectively. The magnitude of q
is given by |q|:q:47ck'lsin(9/2), where O is the scattering angle and A is the wavelength [16].
The product gR, is used to determine which regime (Rayleigh, Guinier, or power-law) best
describes the scattering behaviour. For the conditions of this experiment, where A is 532 nm and
0 is 0.5 to 10 degrees, the product gR, is expected to remain slightly less than unity which falls
within the Guinier regime, as seen in Figure 5. As such, we can write [16]

1(0) |
—~ =1+-RYyq

1(q) 3

Therefore, on a plot of 1(0)/I(q) versus ¢°, the slope of the line is Rg,mz/3. This yields the
average radius of gyration of the aggregates.

)

If the gR, range extends much past unity, it enters the power law regime. Here, if one plots 1(g)
against g, the slope of the line gives the fractal dimension of the aggregates [16]. For the low-
angle experiment, the values of ¢ are limited so only very large aggregates will fall into this
region. It is expected that fractal dimension values will not be obtainable when smaller
aggregates are being produced.
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Figure 5: Light scattering regimes [16]

FUTURE WORK

The next step planned in this study is to use LII to obtain soot optical properties, in particular the
absorption function E(m). Since LII relies on E(m) to arrive at a value of SVF [17], it can also be
used in reverse to arrive at E(m) values if the SVF is known. Gravimetric analysis is a non-
optical method of acquiring SVF, used by many researchers (eg. [2]). This method requires a
measured volume of the exhaust stream to be passed through a soot-capturing filter, which is
weighed before and after sampling to obtain the mass of soot collected. Using published density
values, the volume of soot and thus the soot volume fraction of the exhaust flow can be obtained.
However, there remains the drawback that LII requires knowledge of the relative variation of the
absorption function with wavelength in order to obtain the required soot temperature values.

Two-dimensional line-of-sight attenuation (2D-LOSA) measurements can also readily be taken.
With knowledge of the soot morphology, the Rayleigh-Debye-Gans theory for polyfractal
aggregates (RDG-PFA) can be used to calculate the scattering contribution to the total
attenuation, which can be subtracted from the measured attenuation to isolate the absorption
contribution. In this manner, a measure of the relative absorption as a function of wavelength,
and thus the relative E(m), can be obtained. With accurate knowledge of the relative E(m),
absolute E(m) values can be obtained using LII as described above.

In summary, the burner conditions can be used to control variables such as aggregate size and
concentration as well as temperature and aging time. The multiple low-angle scattering setup
allows for a fast, in-situ aggregate size measurement, and thermocouples can be employed to
measure temperature. Thus, these measurements can be combined with LII and LOSA to
investigate variations in the absorption function E(m) as a function of temperature and aggregate
size.
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CONCLUSIONS

An inverted co-flow diffusion burner has been designed and constructed as a steady and
repeatable source of soot. The burner can produce soot in a range of sizes and concentrations by
independently controlling fuel, fuel dilution, co-flow air, and dilution air flows. The
morphological properties of the soot can be characterized by SEM/TEM image analysis along
with on-line size measurements taken with a multiple low-angle light scattering apparatus. This
setup provides a source of soot of controllable size, concentration, temperature and residence
time, to which various diagnostics will be applied to measure optical properties.
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