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ABSTRACT

The objective of this study is to examine, by small angle X-ray scattering (SAXS), the formation of
soot from individual coal particle combustion in a methane flat flame burner. The SAXS instrument
at the Basic Energy Sciences Synchrotrons Radiation Center (BESSRC) at the Advanced Photon
Source (APS) can be used~o observe both the formation of spherules and clusters since it can access
length scales of 6-6000 A. The high X-ray flux enables rapid acquisition of scattering data of
various regions of the flame. SAXS data reveal particle size, shape, surface areas, and surface
rougtiess.

INTRODUCTION

Particulate formation in many types of combustion, such as in diesel engines and coal combustion,
is a significant problem. For example, in coal combustion, soot formation control is important
because of radiation heat transfer effects. The objective of this study is to observe in situ the
formation of particles in flames using small angle X-ray scattering (SAXS). As a result of a DOE-
BES Facilities Initiative (l), we have developed ahighresolution SAXS instrument in the BESSRC-
CAT at the Advanced Photon Source (APS). The SAXS facility offers new capabilities for
measuring atomic order within disordered media, including combustion particulate, on a leng(h
scale of 6-6000 ~. A small research, flat flame burner has been constructed. The flux of photons
from an undulator at the APS is needed to be able to observe the small number of soot particles in
combustion of single coal particles.

We propose to look at the problem of particulate formation in coal combustion from the early growth
stages to particulate agglomerate formation, all using SAXS. In an early in situ study (3) using
SAXS to probe flames, the author noted that optical techniques had a lower limit of 600 Awhile his
instrumen~ had an upper limit of 1000 ~. Typically, individual soot particles cluster to sizes starting
at - 1000A. Optical methods can readily observe the clusters, but not the smaller spherules as they
are formed. Our instrument can observe both the formation of spherules and clusters since it can
access length scales of 6-6000 ~. SAXS data can reveal particle size, shape, surface areas, surface
roughness and can provide information on the internal structure. This method provides
complementary data to that obtained by optical methods.

Presently, a number of optical techniques are used to study soot in flames. Recently,KoYlu(Q)
observed that there were large errors in determining soot particle size from light scattering. Also,
the determination of properties were suspect due to uncertainties in soot refractive indices. However,
thermophoretic sampling compiled with transmission electron spectroscopy (an ex situ method) has
provided reliable size and shape information on the soot aggregates (4,5). These data can be used
to help interpret the in situ SAXS results. Other optical techniques, such as laser induced
fluorescence (6), have been used to analyze the pyrolysis process and especially to look at the
polycyclic aromatic hydrocarbons, which are the probable precursors to soot.

A classic paper by Freltoft, Kjems, and Sinha (7) describes how power law correlations of small
angle scattering can be used to describe clusters of small particles. A parameter called the fractal
dimension (dO)can be derived from this correlation. This value, dO,relates how the mass of a cluster
changes with a linear dimension. We have used this approach to examine coal derived molecules
in pyridine with small angle neutron scattering data (8).

The experiments were conducted using a smaller version of a Hencken flat flame burner using a
methane-air flame as the heat source. The coal particles are introduced individually through the
center of the burner(5). It can be run fuel rich to observe pyrolysis or fuel lean to combust the coal
particles. Other fuels, such as hydrocarbons, have been used with this burner. The burner is
mounted on vertical and horizontal translation stages so that different parts of the flame can be
probed.
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EXPERIMENTAL

The SAXS instrument was constructed at ANL and used on the Basic Energy Sciences Synchrotrons
Radiation Center CAT undulator beamline ID-12 at the Advanced Photon Source
(http: //www.bessrc.aps. anl/), The SAXS instrument has been designed to minimize parasitic
scattering which would interfere with scattering from dilute samples such as soots in flames. An
important key to this feature of the instrument is that the beam is defined 20 m from the sample
which reduces the problem of scattering from the defining slits. A schematic of the instrument is
shown in Scheme 1.

Monochromatic X-rays (8.5 -23.0 keV) are scattered off the sample and collected on a 9-element
mosaic CCD detector (15 x 15 cm) with maximum of 3000 x 3000 pixel resolution with 10 sec
exposure times.9 The scattered intensity has been corrected for absorption, the air scattering, and
instrument background. The differential scattering cross section has been expressed as a function
of the scattering vector Q, which is defined as Q = (47c/~) sin o, where a is the wavelength of the
X-rays and @is the scattering half angle. The value of Q is proportional to the inverse of the length
scale (A-*). The instrument was ~perated with two different sample-to-detector distances, 68.5 cm
to obtain data at 0.04 c Q c 0.7 A-land 3740 cm to measure at 0.006< Q <0.1 ~-l.

The Argonne Premium Coal Samplesl” used in this study were sized to the range of 45-75 pm. The
burner used for these studies was a 1”x 1”axial symmetric flat flame burner produced by Research
Technologies. The coal and liquids were fed through a tube centered in the burner and, a 0.25”
nitrogen and helium co-flow around the perimeter was used to stabilize the methane/hydrogen flame.
The individual coal particles were fed to the flame using a technique which that has previously been
described.s Liquid samples were introduced into the flame via a 0.25 pm fused silica tube which
protruded 2 mm above the surface of the burner. Samples such as toluene and heptane were flowed
into the flame at 0.1 ml using an automated syringe.

The burner was mounted on a x-y translational stage such that the flame could be moved through the
X-ray beam both vertically and horizontally.

Small Angle X-ray Scattering

A typical plot of the scattering data for soot formation as a function of distance from the top of the
burner of the Illinois No. 6 bituminous coal (APCS 3) is shown in Figure 1. These curves can be
analyzed to determine size of features, topology, and changes in total scattering. Power law slope
from the data, such as is shown in Figure 1, are used to describe the topology of the system. Finally,
the invariant Q. is calculated and is proportional to the fluctuation of the electron density in the
system. Changes in the invariant are useful in monitoring topological changes in the

samP~e!QO = ~O-I(Q ) Q2dQ. ForexamPle! theinv~antgoes tozeroforahomogeneous sYstem

that does not have any concentration fluctuation.

RESULTS AND DISCUSSION

The scattering data were obtained as the burner was moved in 1mm steps, such that the X-ray beam
passed through the flame vertically from the bottom (O mm) to 40 mm above the bottom. In
addition, vertical sets of data were collected as the beam was positioned on center, where the coal
particles emerged, and 1 ml increments from the center. The Illinois No. 6 (APCS 3) data from a
vertical set at the center of the burner is shown in Figure 1. An initial Guinier analysis of this data
suggests that the particle sizes are polydispersed over the section of the flame where”soot is observed.
Also, there are no systematic changes in the invariant. However, as can be seen in Figure 2, the
power law slope is increasing. This suggests that there is a roughening in the soot particle surface.
Note the large amount of scatter in the data. This may mean that a wide range of soot particles are
observed, or else that there is merely a lot of scatter in the data. With combustion of the coal
particles, the scattering decreased rapidly as the X-ray beam is moved away from the center (not
shown)and becomes difficult to measure at 3 mm from the center.

Hydrocarbons, such as toluene, gave much better data in this system than coal particles. The flame
conditions and the data acquisition parameters are the same in both cases, but apparently a much
more stable soot cloud results from the direct infusion of the aromatic hydrocarbon. The power law
slope data for the toluene (Q = 0.016 to 0.04) is shown in Figure 3. For the first 5-10 mm of the
lower part of the flame, the value of dO= 2.0, strongly suggests that larger polycyclic aromatic



molecules or small clusters are being observed. For layered materials such as graphite, dO= 2.0,
while for disordered carbons dO>3.0, which is observed at longer distances from the top of the
burner. As expected, the scattering for the combustion of heptane (not shown) was much less than
that for toluene.

CONCLUSIONS

Some of the initial results look promising, but we need a low flame temperature in order to observe
the intermediate sized particles. This approach may reduce the polydispersity.
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Scheme 1. TWASAXS Instrument on the APS BESSRC ID-12-B&C Undulator Beamline



Figure 1.
above the

Figure 2.

10J

‘“’k ~..........~-
7 $9 2 3 4 5678S

0.01 0.1

Q (~j

Scattering from Illinois coal (APCS 3) taken at 1 mm intervals from Oto 40 mm
top of the burner centered.

●

● ✎
●

●
●

●
● m ●

● ● . ●*

● ● O ●

● * ●

● ●
●

●
● ●

21_lL_-
0 10 20 30 40

Distance from the Burner (mm)

Power law slope from scattering of Jllinois coal (APCS 3) soot taken along the
centerline at 1 mm intervals from Oto 40 mm above the top of the burner.

p
1 1

l_---J
● omm
O lmm

v 2mm

v 3mnl

o so 20 30 40

Figure 3. Power law slope from scattering of toluene soot taken at 1 mm intervals from Oto 40
mm above the top of the burner at 1 mm intervals from the center.


