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Abstract

®

CrossMark

In this work, a novel experimental setup is described which is designed and built specifically
to study soot morphology using light scattering and extinction techniques at elevated
pressures. The experimental setup consists of a counterflow burner housed inside a pressure
vessel. A unique feature of this pressure vessel is the four curved optical windows which can
provide the required optical access for light scattering measurements in order to infer the
morphological parameters of soot. Using this setup, N,-diluted ethylene and air counterflow
flames are stabilized from 3 to 5 atm. Global strain rate (a) of 30s~! is maintained at all
conditions and all the flames studied are soot formation (SF) flames. Light scattering by soot is
measured between 15° to 165° at different locations along the axis of the burner. Ratio of total
scattering to absorption (pg,), path averaged soot volume fraction (f,), mean primary particle
size (dp), mean radius of gyration of aggregates (R,y) and fractal dimension (D) are calculated
from multi-angle light scattering and extinction data using Rayleigh-Debye—Gans theory

for fractal aggregates (RDG-FA). pg,, fv, dp, and Ry, increase as the pressure is raised. The
scattering contribution in these measurements vary from 1.3% to 16% of absorption which
suggests that wide angle optical access is essential for accurate measurements of f,. Dy equal
to 1.27 is measured near the flame at 3 atm which increases as the particles are convected

away from the flame and Dy increases to 1.98 at 5 atm.

Keywords: soot, counterflow, pressurised flame, light scattering, morphology
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(Some figures may appear in colour only in the online journal)

1. Introduction

Morphology of combustion generated soot particles has been
extensively investigated in different flame configurations at
atmospheric pressure, using intrusive and non-intrusive diag-
nostics [1-7]. Soot formation/oxidation processes in practical
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combustion devices are influenced by the environment in
which they occur. Therefore, it is important to investigate the
morphological parameters of soot at conditions relevant to
practical combustion systems. Gas turbines and diesel engines
operate at high pressure and investigating soot morphology at
elevated pressure is of practical relevance. In IC engines, an
optical cylinder can provide a wide range of optical access
and has been used to study soot at elevated pressures [8, 9].
However, in IC engines, combustion takes place in a highly
turbulent environment with large variations in pressure and
temperature throughout the cycle, making it difficult to isolate
the pressure and fluid dynamics effects in such experiments.

© 2019 IOP Publishing Ltd  Printed in the UK
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Soot measurements have also been carried out in shock tube
experiments [10-12]. However, the residence time in shock
tube experiments are much smaller compared to the diffusion
based combustion devices [ 13]. Laminar non-premixed flames
can be advantageous to study as the fluid dynamics is well
characterized in these flames and influence of pressure can
be isolated. Although, much control over the experimental
conditions can be achieved in laminar flames but the neces-
sity of wide angle optical access makes such experimental
setups complex and increases safety risks related to pres-
sure. The additional complexity of using laser diagnostics for
soot studies makes this area of research unpleasant, leading
to a knowledge gap of our understanding of the influence of
pressure on pollutant formation. Most of the sooting flames
studied at increased pressure are coflow flames and in those
experiments optical access is restricted to one angle [14-16].
With the inherent restricted access in typical pressurized
experimental apparatuses, intrusive techniques such as ther-
mophoretic sampling (TS) followed by transmission elec-
tron microscopy (TEM) are necessary to provide information
about morphological parameters of soot [17, 18]. However,
such measurements can perturb the flame resulting in varia-
tion of the flow field, which can lead to experimental uncer-
tainties [19]. Amin et al [17] used TS-TEM to investigate soot
morphology in counterflow flames up to 10 atm. However, the
soot field was not resolved along the axis of the burner due
to small spatial extent of the soot zone, necessitating that the
soot parameters be averaged over the entire soot zone.

Time resolved laser induced incandescence (TiRe-LII) is
a non-intrusive diagnostic for investigating primary particle
size distribution of soot and has been commonly used at
atmospheric pressure [20-22]. However, at elevated pressures
TiRe-LII has not been successfully applied for measuring
the primary particle size distribution because of difficulties
of accounting for the shielding effect in the analysis of heat
conduction rate between aggregated particles and surrounding
gas [14]. Multi-angle light scattering/extinction has also been
used for in situ measurements of soot at atmospheric pressure
[23-26] but has not been reported at high pressures. Koylu
[27] presented a methodology for the measurement of soot
concentration, primary particle size, aggregate size distri-
bution and fractal dimension of soot from multi-angle light
scattering and extinction measurements. To measure these
parameters of soot, optical access from about 10 to 160° is
required along with prior knowledge of fractal prefactor and
refractive index of soot. According to authors’ knowledge,
neither a shock tube nor an experimental setup for pressur-
ized flame studies with wide range of optical access for multi-
angle light scattering has been reported.

In this work, a novel experimental setup is described which
can provide the necessary optical access for multi-angle light
scattering for investigating soot parameters. A pressure vessel
has been designed and built in which four curved optical win-
dows are installed. A counterflow burner is also designed and
built which can produce steady, laminar and axis-symmetric
flame in pressurized environment. Counterflow flames are
1D and allow for the control of residence time, which is very
important for manipulating the soot loading in pressurized
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Figure 1. CAD drawing of burner and pressure vessel.

flames. Using this novel apparatus, moderately sooting flames
of N,-diluted ethylene and air are stabilized from 3 to 5 atm.
An Ar/Kr ion laser is used to perform light scattering and
extinction measurements. The light scattering signal is col-
lected at regular intervals between 15° to 165° along dif-
ferent axial locations of the burner, at each pressure. Using
Rayleigh-Debye—Gans theory for fractal aggregates (RDG-
FA), values of soot volume fraction, primary particle size,
mean aggregate size and fractal dimension of aggregate are
calculated at elevated pressures.

2. Experimental apparatus

2.1. Pressure vessel

A state-of-the-art apparatus is designed and built specifi-
cally for studying soot morphology at high pressure. Figure 1
shows a CAD drawing of the pressure vessel and the counter-
flow burner placed inside the vessel. A brief description of this
experimental apparatus is available in [28], however, a more
detailed description is given here. The vessel has a height of
1.25 m to accommodate this counterflow burner as well as a
laminar coflow burner. The section of the vessel is constructed
of a 6-inch (150mm) diameter, schedule 80 stainless steel
pipe welded to a spherical cap on top while the other end of
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Chamfered edge

Anti-Reflection coated surface

Figure 2. 3D sketch of the optical window.

the pipe is welded to a custom designed flange (top flange).
The lower section of the vessel consists of an 8-inch diam-
eter schedule 80 stainless steel pipe that is welded to another
custom designed flange (lower flange). The pressure vessel
has four curved windows, each providing an optical access of
60°. Optical windows were custom ground from optical grade
fused silica and have an anti-reflection (AR) coating on both
curved surfaces, (coating type: BBAR) for the wavelengths of
355-532nm, as shown in figure 2. The edges are chamfered
to promote sealing at pressure. These windows are placed in
the grooves made in customized top and lower flanges of the
vessel and both the flanges are separated by metal spacers in
such a way that optical windows can float freely between them
in a bed of silicon sealant. Once assembled, four curved win-
dows provide 0 to 180° of optical access. The exhaust line
of the pressure vessel is connected at the top of the pressure
vessel. A blind flange closes the vessel at the lower end, where
the burner is mounted. All the inlet flows are provided through
the blind flange.

To facilitate the burner movement inside the pressure
vessel for scanning the flame and fine alignment, the burner
is mounted on 3-axis translation stages and these translation
stages are mounted on the blind flange. A vertical translation
stage (EKSMA Optics: 940-0210) has a stepper motor inside
and can provide a travel range of 25mm and resolution of
0.625 pum in 1/8 step. A custom XY steel stage (Sigma-koki
TSD-802SDL-SGDC) with remote actuators is mounted on
the vertical translation stage. On the top of these XY-stages,
base of the counterflow burner is attached. Electrical feed
to these translation stages is provided through a KEMLON
multi-pin connector (16-B-04097-12) which is inserted in the
blind flange.

Figure 3 shows the schematic and actual photographs
of the apparatus and the entire experimental setup. This
figure has been used in [28], however, for clarity it has been
modified here. Four complete sets of scattered light collec-
tion optics are attached to a rotary stage through four arms,
allowing measurement at four angles simultaneously. This
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pressure regulator : Pressure vessel

Vertical translation

Rotary stage — stage
[ : 1 [ ; ]
Scattered light == | Optical Windows

collection optics
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Figure 3. Schematic of pressure vessel with scattered light collection
optics (top) and photograph of the experimental setup (bottom).
Reprinted from [28]. Copyright 2017, with permission from Elsevier.

rotary stage is supported on four miniature vertical translation
stages attached to the pressure vessel to allow fine alignment
of the rotary stage in the horizontal plane. The rotary stage
enables collecting the scattered light at different angles. To
prevent soot accumulation on the windows at high soot load-
ings without perturbing the flame, an evenly distributed cur-
tain of nitrogen flows around the windows inside the vessel
from a circular ring attached to the blind flange at the bottom
of the vessel.

The exhaust line from the top of the pressure vessel is
connected to a dome loaded backpressure regulator (BPR)
(Equilibar: GSD4—SS316 NR HP1500), which is controlled
by an electronic pressure regulator (GP1 series—single loop).
The desired pressure inside the pressure vessel is set through
a LABVIEW program which regulates the electronic pressure
regulator, and hence the pressure on the dome side of the BPR.
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The pressure inside the vessel is also monitored by a digital
pressure gauge. A spring loaded pressure relief valve is also
connected at the top of the pressure vessel in the event of an
over pressurization.

2.2. Counterflow burner

The counterflow burner detailed here has been used in [17],
which consists of two concentric straight tubes having an
internal diameter of 8.5 mm. The diameter (D) of the burner is
less than the ones that have been commonly used for experi-
ments at atmospheric pressures. This diameter is chosen in
order to reduce the inlet flows and hence the soot loadings. For
the counterflow flame to be adiabatic, the separation distance
(H) between two nozzles should correspond to 1 < H/D < 2
[29]. Considering this requirement, opposed tubes of the burner
are separated by 8.0mm, which is kept constant. Figure 4
shows the 2D sketch of one half of the burner. Outer tubes
surround main flow tubes to provide a coflow of nitrogen. At
the supply end of these tubes, custom-made hollow flanges
are welded and the ends are closed with blind flanges. The
blind flange and a hollow flange have a groove in which an
O-ring is placed. This O-ring not only provides sealing but
also allows centering the main flow tube with the outer tube
by adjusting the torque on the screws used to couple hollow
and blind flange.

Flow conditioners have been used to provide a top-hat
velocity profile and produce a flat flame. RECEMAT" foam
is added in the main flow tubes and five mesh screens are
added on top of this, each separated by a retaining ring of
I mm height as shown in figure 4. These retaining rings have
been made using wire EDM and have a thickness of 0.25 mm,
allowing the meshes to sit without warping. As the Reynolds
number increase, the edges of the flames become asymmetric
due to the shear layer between the inner flow and the coflow. To
overcome this, meshes are also added to the top of RECEMAT
foam in the coflow tubes to try and mitigate this shear layer.

3. Experimental procedure

Ethylene and nitrogen having a mole fraction of 0.35 and
0.65, respectively, are introduced from the bottom tube while
the air is supplied from the top tube of the burner. A global
strain rate, which is the ratio of half of the mean velocity of
air at the exit of the nozzle to separation distance between
nozzles, is maintained at 30s~! at all pressures by adjusting
the inlet fluxes [30]. A velocity-matched coflow of nitrogen is
provided to prevent the entrainment from surroundings. The
flame studied is a soot formation (SF) flame and is located on
the oxidizer side of the stagnation plane. Visual observation of
the flames showed that the flames are axisymmetric and flat;
essential for performing multi-angle light scattering measure-
ments in counterflow flames.

Ar/Kr Ion laser can emit several wavelengths in the vis-
ible range simultaneously, which is why it has been chosen
with this setup. Using the multi-wavelength mode of the laser,
the refractive index of soot will be investigated in pressurized

¥
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Coflow tube
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Main flow tube RECEMAT Foa

Coflow inlets

O-ring Hollow flange
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Figure 4. Sectional view of the modified nozzle of counterflow
burner and detailed view showing wire mesh held on retaining ring.

flames. For multi-angle light scattering measurements, a
vertically polarized beam at a wavelength of 514.5nm has
been used. The beam is focused to a beam waist diameter of
100 pm, at the center of the flame, using a combination of
optics. The attenuated laser beam is focused into an inte-
grating sphere on which a laser line filter and a photo detector
are mounted. A reference laser signal is measured to take into
account any fluctuations in laser power. This reference signal
does not pass through the pressure vessel as passing the laser
beam through the vessel hinders the optical access for scat-
tering measurements at some angles. Moreover, soot accumu-
lation in the vessel or on the optical windows was negligible
and did not influence the laser extinction signal. The light
scattering measurement setup used here is same as the one
used in [28], except the pinhole is replaced with a slit and four
detectors were used simultaneously to measure the light scat-
tering from soot particles.

To perform multi-angle light scattering, the center of rota-
tion of the collection optics mounted on rotary stage must be
aligned with the center of the burner. The scattered light is
measured between 15° to 165° using four detectors at an incre-
ment of 5° and alignment of the center of burner with center
of the rotary stage is vital as it allows to correctly quantify the
signal trapping of scattered signal from soot particles. A mis-
alignment will result in mismatch of scattering trends meas-
ured by each light collection optics. These collection optics are
mounted outside the pressure vessel while the burner is inside
the vessel and this fine alignment can be a challenging and
time-consuming task. A custom designed pin is placed on the
lower part of the counterflow burner as shown in figure 5(a).
The laser beam is splitted into two and one of the beams is
then termed the incident beam and the other one is termed
second beam as shown in figure 5(b). The precise center of
the rotary stage is located by passing the two laser beams at
right angle, along the diameter of rotary stage. Incident and
second laser beams are in the same horizontal plane. The pin
tip is moved to the intersection point using the xy-translation
stages and the second laser beam is simply blocked without
removing the beam splitter. Incident laser beam hits the tip of



Meas. Sci. Technol. 30 (2019) 075902

H M F Amin and W L Roberts

Laser
beam

I ——<—Pin

Inner
nozzle

A

Outer
nozzle

(2)

Optical

Incident

beam Second

beam

(b)

Figure 5. Scattering pin positioned on burner (a), laser beams intersecting the pins (b).

the pin and scattered light by the pin is focused on the slit of
scattering light collection optics and alignment adjustments
are made until the scattered light remains in focus on the slit
while the rotary stage is rotated.

Scattered light by the soot particles is collected by a set
of four light collection optics, which can be placed at desired
angles by rotating the rotary stage. A schematic of laser diag-
nostic is shown in figure 6. A biconvex lens which acts as a
scattered light collection lens, collects the scattered light and
focuses it to a slit of 50 um width. The slit has a height of
3mm and is used to mitigate the effects of change in align-
ment of optics in vertical direction due to rotation of the rotary
stage. Depolarized light is filtered out by a polarizer mounted
in front of the slit. To minimize the effect of surrounding light
and flame radiation, a laser line filter is used in front of the
photo multiplier tube (PMT) and the signal is measured by
using a lock-in-amplifier.

4. Theory

4.1. Multi-angle light scattering

Details of RDG-FA theory for calculating soot parameters
from multi-angle light scattering measurements are given in
[24, 27, 31]. Only brief procedure is described here. From the
measured scattering intensities of soot (1,,()), the scattering
coefficients of soot K,,(0) at each angle are calculated using

I, (0
Ko (0) = e e l0) m

Ky’ is the know scattering coefficiant of calibration gas
and I3, is the measured scatteing intensity of calibration
gas at each angle. Propane is used as a calibration gas and
to account for the background signal and internal reflections
from the wall, scattering from nitrogen is also measured. The
scattering signal is measured at several angles between 15°
to 165° while scattering in forward and backward directions
are not possible to measure due to physical constraints of
the experimental setup. Ky, (0) values in forward and back-
ward directions are calculated by extrapolating the known

Optical window

\’ Ar/Kr Ion Laser

Figure 6. Schematic of laser diagnostic, CL = converging lens,
DL = diverging lens, IS = integrating sphere, LLF = laser line
filter, P = polarizer, PD = photodiode, PMT = photo multiplier
tube, RB = reference beam, SLCL = Scattered light collection lens.
Reprinted from [28]. Copyright 2017 with permission from Elsevier.

scattering behaviour of soot. Total scattering contribution K¢,
is calculated by integrating scattered light over 47 solid angle
by the following relation

2 ™ 2
K = / / K.y (9) (H#W) sin 6d6d0.
P=0 J06=0 (2)

Absorption coefficients (K,ps) are calculated by subtracting
the total scattering coefficient from the measured extinction
coefficients (K.x). Where K.y can be calculated from Beer’s
Law

1 | 1

L )

I, and [ are the incident and transmitted light intensities
and L is the length of soot zone which is measured by imaging
the soot luminosity. From K.y, path averaged soot volume
fraction is measured using the following

Kexy =
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)\ Kext

F= 6mE 1+ pg’

“)

A is the wavelength of the incident light. E = Im[(m* — 1) /
(m? + 2)] where m is the refractive index of soot. Krishnan
et al [32] reported m = 1.62 + 0.66i for the wavelength used
in this study and £ = 0.29% =4 0.27% corresponding to the
chosen refractive index has been used for the current work
at all pressures. According to mass fractal relationship soot
aggregates are described by the equation

N = kf(zdig)l)f. )

N is the number of primary particles in an aggregate and k¢
is the fractal prefactor. RDG-FA relate the optical cross sec-
tions to particle/aggregate size and morphology. According to
RDG-FA theory, optical scattering cross section of an aggre-
gate is

Cy = N*C.f(qRy). (6)

Where g = 4 sin (#/2) /X and C}y is the scattering cross sec-
tion of the individual primary particle in Rayleigh limit (d, <
A). f(gR,) is the optical form factor of an aggregate. Average
form factor for fractal aggregates is
quz .. .
exp (— Tg) Guinier Regime
f(aRy) =

. 0
() "

Power-Law regime

For the analysis of soot aggregates, Guinier and Power-Law
regimes are considered for gR, < 1 and gR; > 1, respectively
[33]. In Guinier regime, variation of scattering in angular
direction is

In(0) _, R

1—

Iy (0°) 3 ®)

Ré is the mean squared radius of gyration and can be deter-
mined from the linear slope of K., (0°)/K,, (0g) versus g*
where the linear slope of the plot yields Rié /3. According
to RDG-FA theory, scattering coefficient in the power law
regime varies according to
ki
Ky (0) = n,CY,———-.
RRUPPNE ©
1, is the number density of primary particles. The striking fea-
ture of equation (9) is that it does not depend on aggregate
size but varies only due to g and slope of log—log plot of K,y
(0)/K s versus ¢ leads to the determination of fractal dimen-
sion. Using the scattering coefficient at 145° in the power-law
regime, mean particle size is calculated using the relation

1
A EKe (61) (2sin6/2)>] 7 20
dy = — 47— .
7| F  Kaps kg

(10)

ke equal to 2.0 has been used for this work as this value has
been reported under various conditions of combustion [1] and
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Figure 7. Scattering intensities of soot particles measured at an
angle of 90° at different pressures.

F = |(m2 — 1) / (m2 + 2) |2. For the chosen refractive index,
Fis 0.27% =+ 44% [32].

5. Results

5.1 Soot scattering intensities at 90°

Figure 7 shows the scattering intensities by soot particles
measured along the axis of the flame from 3 to 5 atm. At 1
and 2 atm, it is not possible to accurately perform multi-angle
light scattering due to low soot loading at these highly diluted
conditions. The particle stagnation plane is located on the left
of the peak scattering intensities. The flames are located near
the start of increase in scattering intensities on the right side
of the graphs. Scattering signal is measured at 90° and is seen
to increase as the particles move from the near flame region
towards the stagnation plane. Scattering intensities reach a
maximum value and then decrease sharply as the particles
are convected away radially at stagnation plane. Due to the
slight curvature effects of the flame, the location of the peak
scattering intensity seems to shift away from fuel nozzle as
the pressure is increased from 3 to 5 atm. In the following
discussion, multi-angle light scattering measurements will be
presented as a function of the distance from peak scattering
intensity at each pressure.

5.2. Multi-angle light scattering measurements

Figure 8 shows the ratio of scattering to absorption coeffi-
cients at different axial locations measured at pressures from
3 to 5 atm. Plots on the left side (a)—(c) of figure 8 show ratio
of scattering to absorption coefficients versus the scattering
angle in log-linear space at various locations from the peak
scattering signal at each pressure. This ratio is seen to increase
as the particles move towards the peak scattering location
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Figure 8. Ratio of scattering to absorption coefficients versus the scattering angle (left (a—c)) and the ratio of scattering to absorption
coefficients versus ¢ (right (d—f)) at different pressures along the flame axis. Dotted lines show the extrapolation of scattering at small and
large angles whereas the legend shows distance from peak scattering signal on the air side.

at each pressure due to changes in soot morphology. The
increase in K,y (6)/Ky,s at large angles is due to an increase
in primary particle diameter. Plots on the right side (d)—(f)
of figure 8, shows the log—log plots of the Ky, (6)/Kys versus
the modulus of the scattering vector (g) at various locations
from the peak scattering signal at each pressure. The slope of
the line at angles corresponding to power-law regime gives
the fractal dimension of the soot aggregates. Variation of scat-
tering contribution relative to absorption at different pressures
is presented here. Small irregularities exist at 50° and 130°
due to slightly restricted optical access at those angles.

The increase in area under each plot represents an increase
in scattering contribution compared to absorption. The ratio
Koo/ Kyps 18 called scattering to absorption ratio (ps,) whereas
the ratio of scattering to extinction coefficients is called albedo

(wa = psa/(1 4+ ps)) and both can be estimated through
multi-angle light scattering measurements.

The values of pg, and wy are obtained at several heights
along the axis of the burner from 3 to 5 atm as shown in
figure 9. Both pg, and wy increase at each pressure along the
burner axis as the soot particles move towards the peak scat-
tering signal location from the near flame region. Moreover,
psa and wy increase with pressure and maximum value of pg,
at 3 atm increases from 0.03 to 0.16 at 5 atm for the measure-
ments presented here. These variations can be due to change
in primary particle diameter and/or aggregate morphology. pg,
is particularly sensitive to a change in primary particle diam-
eter [15] and depending on the morphology of soot, it can be
as large as 0.9 for the wavelength in the visible range [34].
Soot particle size changes significantly with pressure [17, 18,
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Figure 9. Scattering to absorption ratio (ps,) and albedo (wy) at
different pressures along the burner axis.
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Figure 10. Radius of gyration of soot aggregates at different
pressures along the burner axis.

35]. Therefore, ps, is important parameter when light scat-
tering and extinction are used for the measurement of soot
concentration and particle size.

We obtain the measured radius of gyration of soot aggre-
gates (Rgm = Ré) by making a linear fit to the plots of K,y
(10°)/K,y (6g) versus q2 and these plots are shown in supple-
mentary material (figure 1S) (stacks.iop.org/MST/30/075902/
mmedia). 10° has been used as a smallest angle because
the value of K, (0°) is not measured but it is extrapolated
and choosing 0° as the smallest angle can add uncertainties.
Furthermore, choice of 10° as smallest angles has often been
used [24]. Figure 10 shows the quantitative values of meas-
ured radius of gyration with an uncertainty of 6%. Radius of
gyration increases as the soot particles move from the near
flame region towards the peak scattering signal and Ry, also
increases considerably with pressure.

Fractal dimension (Dy) of soot aggregates are obtained by
making the linear fits to the log—log plot of Ky, (0)/K,ps versus
q (figures 8(d)—(f)) for angles between 120° to 165° which
correspond to the values of g from 21.2 to 24.2 um~" for the

2.2 L] T T T T
—6—35 atm
2t —&—4 atm
—A—3 atm
1.8F
A~ 16t
1.4F
1.2
l 1 1 L L L
0 0.1 0.2 0.3 0.4 0.5 0.6

Distance from peak scattering location [mm]

Figure 11. Fractal dimension of soot aggregates at different
pressures along the burner axis.
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Figure 12. Path averaged soot volume fraction (f,) (a) and mean
primary particle size (d,,) (b) at different pressures along the burner
axis.

wavelength of 514.5 nm. Figure 11 shows the Dy values along
the flame axis at each pressure and the reported values have
an uncertainty of 8%. Dy is small near the flame and its value
increases at each pressure as the particles move from the near
flame region towards the peak scattering signal. Values of Dy
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in figure 11 vary from 1.27 to 1.6 at 3 atm whereas fractal
dimension does not change significantly as the pressure is
increased from 4 to 5 atm and maximum value of Dy at 5
atm is 1.98. For the determination of Dy, fitting interval has
been chosen where gR, > 1 [33]. Oltmann et al [26] has dis-
cussed the criteria for fitting interval where gR, values range
between 1.6 and 5. At 3 atm, aggregates near the flame satisty
the condition of gR, > 1 but they may not fulfill the criteria
of gR, > 1.6. In a recent study by Gigone et al [18] fractal
dimension is reported to increase as a function of the height
above the burner (HAB) in coflow flames. Their reported Dy
values vary from 1.2 to 1.96 at various HAB and at different
pressures. In another study by Amin et al [17], Dy is averaged
over the entire soot zone in counterflow flames and its values
ranged between 1.61 to 1.67 without following any specific
trend with pressure.

Figures 12(a) and (b) shows the path averaged soot volume
fraction (fy) and mean primary particle size (dp) at various
pressures along the flame axis. f, increases significantly as the
pressure is increased from 3 to 5 atm whereas its value also
changes at each pressure as the particles move from the near
flame region towards the peak scattering location. Error bars
show the uncertainties due to absorption path length, detec-
tor’s response and refraction index function, E(m). d, shows
similar trends with pressure and increases as the pressure is
raised. dj, also increases at each pressure as the particles are
convected away from the near flame region. These results are
consistent with our previous study [28]. Major sources of
uncertainties for particle size measurement are E(m), F(m),
and scattering and absorption coefficients.

6. Conclusions

To investigate the morphological parameters of soot using
multi-angle light scattering and extinction measurements, a
state-of-the-art experimental setup was designed and built.
The experimental setup consists of a counterflow diffusion
flame burner inside a pressure vessel which can provide
optical access from nearly 0° to nearly 180° for the measure-
ment of laser light scattering by soot particles. As an example,
a N,-diluted ethylene and air laminar axisymmetric counter-
flow flame at elevated pressures was probed. Multi-angle light
scattering measurements are performed and the light scat-
tering signal by soot particles is collected between 15° to 165°
at an interval of 5°.

Total scattering to absorption ratio increases with pressure
and the maximum value of 0.03 at 3 atm increases to 0.16
at 5 atm. For accurately estimating the soot concentration
and primary particle size using a simple light scattering and
extinction technique, the contribution of scattering relative to
absorption needs to be estimated.

Path averaged soot volume fraction (f,), mean primary par-
ticle size (dp) and radius of gyration (R,y,) of soot aggregates
increase with pressure and these trends are consistent with the
results reported by Amin ef al [28].

Fractal dimension of soot particles has a low value of 1.27
near the flame region, however at each pressure, Dy value
increases as the soot particles move towards peak scattering
signal and maximum value of 1.98 is inferred at 5 atm which
is close to universally accepted value of 1.9 [18].

Multi-angle measurements such as these are helpful in
understanding the influence of pressure on soot morphology
and this setup can be used to study soot morphology in
counterflow and coflow flames at elevated pressures.
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