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Abstract 

The effect of combustion pressure on soot aggregate morphology and on primary soot particle diame- 
ter was investigated by thermophoretic sampling in nitrogen-diluted ethylene flames. Soot aggregate samples 
were collected using a high-pressure thermophoretic sampling system installed inside the high-pressure com- 
bustion chamber. Collected samples were imaged by transmission electron microscopy followed by an auto- 
mated image analysis process to yield aggregate morphology information. The experiments covered pressures 
from 3 to 6 bar, and samples were collected at heights of 2 and 5 mm above the burner exit in nitrogen-diluted 

ethylene (ethylene to nitrogen mole ratio 2:1) flames with nominal visible flame heights of about 20 mm. It was 
observed that average primary soot particle diameter increased with increasing pressure within the pressure 
range considered, at both measurement locations within the flame. Fractal parameters of the soot aggre- 
gates were inferred directly from the experimental data (as opposed to the usual practice of assuming a priori 
values for fractal dimension and pre-factor). Near to the soot nucleation and growth regions of the co-flow 

laminar diffusion flames, at 2 mm above the burner exit, the fractal dimension of the aggregates was not as 
high as the accepted universal value of about 1.9, in spite of the fact that number of primary particles per 
aggregate is quite high and pressure is well above atmospheric. At 5 mm above the burner exit, however, the 
fractal dimension of the soot aggregates approached the accepted universal value of 1.9, at high pressures; at 
relatively lower pressures, the fractal dimension was about 1.6 at the same location within the flame. In view 

of the inferred fractal results, caution should be exercised when applying fractal analysis to low heights in 

flames at lower pressures where soot inception and growth are relatively dominant. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Combustion generated soot, also known as par- 
ticulate matter in transportation technology and 

black carbon in atmospheric sciences, is an arte- 
fact of non-premixed and rich premixed modes of 
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ombustion of fossil and biomass derived fuels. In
ddition to its contribution to climate change, ex-
osure to soot is responsible for severe health ef-
ects on humans. The morphology and structure
f the combustion generated soot aggregates have
hown to have a significant influence on the optical
nd radiative transfer properties of these carbona-
eous particles [1–3] . The light scattering and ab-
orbtion characteristics of soot aggregates, for ex-
mple, are dependent on the aggregate morphology
4] . 

The linkages between radiative/optical proper-
ies and soot aggregate morphology have inspired
xtensive research efforts in this area for a broad
ange of applications such as optical diagnos-
ics developments for combustion and industrial
erosol processes [4,5] , to estimate the continuum
adiation and heterogeneous reaction properties of 
oot in flame environments [6] , in addition to envi-
onmental issues, remote sensing, and astrophysical
henomena involving light propagation and scat-
ering. Power laws applicable to soot aggregates can
e interpreted as being related to fractal-like struc-
ures. Fractal-like objects whose shapes vary seem-
ngly irregularly in the classical geometric sense
rom one to another, but possess certain similari-
ies statistically; they display self-similar and scale
nvariant behaviour over certain length scales. The
oncept of a soot aggregate having fractal charac-
eristics with a fractal dimension (Hausdorf dimen-
ion) makes it possible to describe the complex ge-
metry using a statistical scaling law first proposed
y Forrest and Witten [7] . For fractal clusters with
 primary soot particles of diameter d p , the radius
f gyration R g can be shown to be related to the
rimary particle diameter by 

 = k f 

(
2 R g 

d p 

)D f 

(1)

here k f is the pre-fractal factor and D f is the
ractal dimension of the subject soot aggregate.
t is argued that D f is universal for combustion
enerated soot aggregates. Near the soot inception
oint within the flames the aggregates are relatively
mall having a few primary particles, but they grow
apidly containing several hundred primary parti-
les per aggregate by the time soot concentrations
each their maximum levels [1,8] . 

Majority of the soot aggregate morphology
tudies, reported in the literature, are related to the
ver-fire soot [9,10] , soot emitted from the combus-
ion devices, or in-cylinder sampling in diesel com-
ustion [11,12] . Investigations tracking the evo-

ution of soot aggregate morphology within the
ames are limited and mostly carried out in at-
ospheric flames, see e.g. [8,13,14] . Unraveling the

ensitivity of soot processes to elevated pressures
s important because combustion devices used in
ransportation operate at high pressures and it has
een shown that the pressure has a significant in-
fluence on soot processes [15] . However, the rate
determining chemical reactions of combustion, in-
cluding those involved in soot processes, are non-
linear in nature, and as a result the sensitivity of 
combustion events to changes in pressure are not
usually monotonic. Consequently, it is a problem-
atic issue to project the results inferred from ex-
perimental measurements in atmospheric flames to
high-pressure combustion with confidence. 

Recent advancements in experimental appara-
tus design have allowed for the physical collection
and analysis of soot aggregates in high-pressure
laminar diffusion flames [16–18] . While a number
of non-intrusive measurement techniques have
been popular in previous soot studies, the de-
sire for information regarding soot morphology
[19] (and, particularly, soot fractal parameters)
calls for intrusive measurement techniques. For the
measurement of primary soot particle size, soot
aggregate information, soot fractal dimension,
and soot concentration in atmospheric flames,
laser scattering and extinction techniques have
provided reliable results [20–22] . However, issues
arise as pressure is increased, as light extinction
and spectral soot emission techniques, while suc-
cessful in soot concentration and temperature
measurements [15] , have not been demonstrated
to provide reliable soot morphology and primary
soot particle size information. 

A number of thermophoretic soot sampling
studies, with subsequent TEM (transmission
electron microscopy) imaging, have been used
successfully to measure primary soot particle
size and relevant soot morphology parameters in
laminar diffusion flames at atmospheric pressure
[13,23–26] . Recently, a thermophoretic sampling
system capable of collecting physical soot samples
at high pressures was developed [17,27] . This recent
development allows for the collection and compar-
ison of soot morphology information as pressure
is varied across a number of vertical flame height
sampling positions in a laminar diffusion flame. 

Current implementations of simultaneous light
scattering and extinction techniques require that
the fractal dimension and the pre-factor should be
known a priori to infer the primary soot particle
size and aggregate properties from optical measure-
ments [28] . Assuming a set of values for D f and k f 
representative of a wide range of flame conditions
would be fine for fully developed soot aggregates,
but for those developing aggregates close to the
soot nucleation regions it is expected that the val-
ues of D f and k f would be changing along the soot
formation and aggregate growth path. Although
the laser-induced incandescence (LII) has been
used with success to measure primary soot particle
size and concentration at atmospheric conditions
[29,30] , its use at elevated pressures for primary
soot particle size (and aggregate morphology) has
encountered several challenges [16,31,32] . Due to
these uncertainties involved in optical techniques



B. Gigone et al. / Proceedings of the Combustion Institute 37 (2019) 841–848 843 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. A schematic view of the experimental setup. 

Fig. 2. Isometric view of the sampling system and the 
burner assembly along with a cut view of the high pres- 
sure chamber. 
in high pressure flames, thermophoretic sampling
combined with TEM analysis seem to be a logical
choice to study the influence of pressure on soot
aggregate morphology in tractable flames. 

The objective of this study was to investigate
the evolution of the soot aggregate morphology
in nitrogen-diluted ethylene flames at pressures up
to 6 bar. We used a thermophoretic soot sampling
system with multiple probes mounted into a high-
pressure combustion chamber, capable of stabiliz-
ing laminar diffusion flames at high pressures, for
collecting soot samples on TEM grids. Soot aggre-
gate morphology, as a function of pressure, was in-
ferred from the subsequent analysis of these TEM
images. Primary soot particle size and aggregate
morphology, including fractal dimension, at vari-
ous pressures and axial locations in the flame are
presented and discussed. 

2. Experimental methodology 

The nitrogen-diluted ethylene flames were stabi-
lized in a high-pressure combustion chamber which
had been used previously for high-pressure soot
studies and have been described in detail in our pre-
vious publications [33–40] . Only a brief account of 
the chamber and the burner will be given here em-
phasizing its main features. The cylindrical com-
bustion chamber has an internal diameter of 24 cm
and a wall thickness of 18.2 mm. The internal
height of the chamber is 60 cm. It is fitted with
three radial observation ports mounted at 0 °, 90 °,
and 180 ° that provide optical access to the cham-
ber for various non-intrusive measurements. The
high pressure chamber is installed on a transla-
tional stage which is driven by three stepper mo-
tors that can move the chamber in three dimensions
with a precision of 5 μm. A circular coflow lami-
nar diffusion flame burner with a fuel nozzle exit
diameter of 3 mm and a coflow air nozzle with a
diameter of 25 mm, installed inside the high pres-
sure combustion chamber, was used. The exit rim
of this stainless steel burner is tapered to a fine edge
to prevent the formation of any recirculation zones.
To provide uniform velocity profiles at the exit of 
the burner upstream of fuel and air nozzles are fit-
ted with porous metal inserts. A schematic view of 
the experimental set up is shown in Fig. 1 . 

To take physical samples from high pressure
flames, a thermophoretic sampling apparatus was
designed and installed in the high pressure cham-
ber, Fig. 2 . The sampling apparatus has a circular
sampling disk, a motor drive, and a control unit
to program the sampling sequences. The circular
sampling disk has ten arms extending radially,
each housing a pocket to hold a 3 mm TEM grid
at the end of the probe arm. Each pocket measures
3.3 mm in diameter, has a depth of 0.5 mm, and
has 2.5 mm slot that exposes the mesh of the
TEM grid to the flame. The further details of the
thermophoretic sampling apparatus have been 

reported previously and can be found in [17,27] . 
The sampling timing is controlled by the 

programmable control system of the sampling 
unit. The residence time, i.e. the time period 

during which the TEM grid stays within the 
flame at the sampling location, and the veloc- 
ity of the sampling arm can be programmed 

as desired. For example, the probe arm can be 
programmed to decelerate as it enters the flame 
and reach a zero velocity when the TEM grid is at 
the desired sampling location. After the prescribed 

sampling time, the probe accelerates and exits the 
flame. In cases that soot aggregate information 

averaged over the flame cross-section is chosen, the 
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Fig. 3. Typical examples of TEM images of soot particles 
taken at 2 mm (top row) above the burner at 5 and 6 bar, 
and at 5 mm (lower row) at 3 and 6 bar. Solid bars on the 
images represent 100 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

robe arm can be programmed to sweep across the
ame cross-section at a constant angular velocity.
o begin the sampling sequence, the stepper motor
rives the circular sampling disk at the prescribed
elocity profile and the sampling probe arms rotate
hrough the slot in the flame enclosure. To take
amples from different heights, the flame enclosure
s vertically adjusted to the desired height or re-
laced with an enclosure with sampling slots at dif-
erent heights. After each probe arm completes the
ampling process, the sampling disk is slowed down
r brought to a complete stop to allow the flame to
ecover from the disturbance, due to physical intru-
ion into the flame, and to have a stable flame for
he next sampling process. Further details of the
ampling system and procedure are given in [17] . 

Ethylene, nitrogen, and compressed air used in
he study are of research grade purity. Thermal
ass flow controllers (Brooks SLA5850) were cal-

brated for the desired flow rates using a positive
isplacement type calibration unit (MesaLabs Bios
ryCal Definer 220). Ethylene is diluted with nitro-

en (ethylene to nitrogen mole ratio 2:1) to prevent
moking flames at elevated pressures. Mass flow
ate of ethylene was kept constant at 0.96 mg/s at all
ressures to have tractable measurements. Co-flow
ir mass flow was kept constant at 0.34 g/s at all
ressures. Keeping the fuel mass flow rate constant

nsures that the residence times of the flames do not
hange with pressure, and the measurements can be
ompared at a given flame height within the flames
t different pressures. Experiments were conducted
t pressures up to 6 bar and the sampling was con-
ned to heights at 2 mm and 5 mm above the burner
im. 

Typical examples of TEM images are shown in
ig. 3 . To retrieve the desired parameters of the col-

ected soot aggregates from TEM images, an au-
omated image detection and evaluation method,
dapted from Wang et al. [41] and Kook et al. [42] ,
as employed. The sequence of image processing,
s described by Wang et al. [41] , starts with the
pplication of median filtering, self-inversion, and
elf-subtraction schemes for the purpose of reduc-
ng image noise. The variability in the image back-
round is taken into account and it is ensured that
he details of the soot aggregates were not signif-
cantly compromised. An edge detection method,
anny Edge Detection, is then coupled with a
odified Circular Hough Transform algorithm, to
ake sure that the features from both the internal

nd peripheral regions of the soot aggregates can
e used for the identification of primary particles
ithin the aggregates. Although the modified Cir-

ular Hough Transform algorithm requires from
he user a sensitivity factor and primary particle di-
meter range, it was shown that it yields accurate
stimates and is efficient computationally. To en-
ble the automated aggregate characterization pro-
ess, morphological closing operation is carried out
uch that each of the aggregates can be identified
as a single object. Additionally, methods were in-
cluded to calculate the radius of gyration of the
projected aggregate images of the collected soot
samples. For estimation of the radius of gyration
of the aggregates the approximation proposed by
Lapuarta et al. [43] was adapted. A subset of the
TEM images was processed manually to check the
validity of the automated image processing method
we used and excellent agreement between the two
was obtained. The details of the manual TEM im-
age processing procedure used here for comparison
are documented by Vargas [44] . 

3. Results and discussion 

As the pressure is increased, the shape of the
laminar diffusion flame gets more slender and the
characteristic flame cross-sectional area at a given
location on the flame centerline scales with the in-
verse of pressure [15,36] . Still pictures of flames at
various pressures displayed shapes similar to those
observed previously at elevated pressures. 

Measured primary soot diameter distributions
at 2 mm above the burner exit at 3, 4, 5, and 6 bar
are shown as histograms in Fig. 4 . Primary particle
sizes were obtained by measuring the diameters,
by the automated method described in the Experi-
mental Methodology Section, of several thousands
of particles in high-magnification images. In this
nitrogen-diluted ethylene flame at 2 mm height
above the burner exit, the mean primary soot parti-
cle diameter increases from 17 nm at 3 bar to 24 nm
at 6 bar, Fig. 4 . This is in contrast to our previous
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Fig. 4. Primary soot particle diameter distributions at 3, 
4, 5, and 6 bar, at a height of 2 mm above the burner exit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Primary soot particle diameter distributions at 3, 
4, 5, and 6 bar, at a height of 5 mm above the burner exit. 
study of methane flames in which the primary
soot particle diameter decreased with pressure at a
height of 3 mm above the burner [27] . However, in
the methane study the carbon mass flow of the fuel
was one-half of the carbon mass flow rate in the
current study, and methane and ethylene have quite
different sooting characteristics. Further, primary
particle size distributions at 2 mm above the burner
do not display typical normal shapes at 3 and 4 bar
pressures. This can be attributed to the fact that
2 mm height above the burner is where soot in-
ception is still in progress. At the height of 5 mm
above the burner, the size distribution histogram at
pressures from 3 to 6 bar display a similar trend;
the primary soot particle diameter increases from
32 nm at 3 bar to 47 nm at 6 bar pressure, Fig. 5 .
The maximum soot volume fractions in nitrogen-
diluted ethylene flames at 2 mm height above the
burner exit measured by soot spectral emission
techniques showed a factor of about 6 increase in
soot concentration from 3 to 6 bar, whereas the
increase in mean primary soot particle diameter is
about 40% within the same pressure range. Since
soot volume fraction scales with the cube of the
soot particle diameter, soot number density should
be increasing in proportion to pressure. This im-
plies that the number of nuclei formation increases
with pressure. If the soot nucleation is mainly dom-
inated by the collision of smaller PAH molecules
(such as pyrene or higher), this process yields in- 
creasing number of nuclei as the pressure increases. 

Typical soot aggregate size distributions, de- 
termined from the TEM images, are depicted in 

Fig. 6 . At 2 mm above the burner exit at 5 bar the 
number of primary soot particles per aggregate are 
between 5 and 50 peaking at about 20 particles. At 
the same pressure but at 5 mm above the burner, 
the number of particles ranges from 10 to about 
150, Fig. 6 . At the same height within the flame 
but at 3 bar, aggregate size distribution is similar to 

the one at 5 bar. It is obvious that soot cluster sizes 
grow significantly with height above the burner 
exit from 2 mm to 5 mm. 

The number of primary particles per aggregate, 
N , determined through the automated image pro- 
cessing, is plotted against the corresponding nor- 
malized radius of gyration, 2 R g / d p , according to 

Eq. (1) in Figs. 7 and 8 at a height of 2 mm above 
the burner exit, and in Figs. 9 –11 at a height of 
5 mm above the burner exit. 

There are two important findings that are ap- 
parent in Figs. 7 –10 . First, the fractal dimensions 
of the soot aggregates in the soot formation and 

growth region of the co-flow laminar diffusion 

flames, at 2 mm above the burner exit, is not as 
high as the accepted universal value of about 1.9; 
they are relatively smaller, about 1.2, at 5 bar and 

increasing slightly with increasing pressure to 6 bar, 
Figs. 7 and 8 . Second observation is that fractal 
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Fig. 6. Soot aggregate size distributions at heights of 
2 mm (at 5 bar) and 5 mm (at 5 and 3 bar) above the burner 
exit. 

Fig. 7. Logarithmic plot of number of primary soot par- 
ticles in an aggregate versus the normalized radius of gy- 
ration of the aggregate at 5 bar pressure and HAB = 

2 mm. The slope of the best fit line yields the fractal di- 
mension, D f , per Eq. (1) . k f is the fractal prefactor. 

d  

i  

A  

b  

r  

F  

Fig. 8. Logarithmic plot of number of primary soot par- 
ticles in an aggregate versus the normalized radius of gy- 
ration of the aggregate at 6 bar pressure and HAB = 2 
mm. The slope of the best fit line yield the fractal dimen- 
sion, D f , per Eq. (1 ). k f is the fractal prefactor. 

Fig. 9. Logarithmic plot of number of primary soot par- 
ticles in an aggregate versus the normalized radius of gy- 
ration of the aggregate at 3 bar pressure and HAB = 

5 mm. The slope of the best fit line yields the fractal di- 
mension, D f , per Eq. (1) . k f is the fractal prefactor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

imension does not attain the universal value lower
n the flame unless the pressure is high, Figs. 9–11 .
t 3 and 5 bar, at the axial height of 5 mm above the
urner exit, fractal dimension is about 1.6, and it
eaches 1.96 when the pressure is increased to 6 bar.
urther at the height of 2 mm above the burner exit,
the number of primary soot particles per aggregate
is from about 6 to 80 at 5 and 6 bar, Figs. 7 and 8 . On
the other hand, N ranges from about 10 to several
hundreds at a height of 5 mm above the burner exit,
Figs. 9 –11 . It should be noted that TEM images
of soot, sampled at 2 mm height and at pressures
lower than 4 bar, displayed aggregates with mostly
single digit number of primary particles. These
images yielded fractal dimensions smaller than 1.2.

It is convenient for non-intrusive measurements
of soot aggregate morphology to assume constant
fractal parameters, see e.g. [28] . However, our cur-
rent results strongly suggest that, in high pressure
flames, the fractal analysis may not be meaningful
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Fig. 10. Logarithmic plot of number of primary soot par- 
ticles in an aggregate versus the normalized radius of gy- 
ration of the aggregate at 5 bar pressure and HAB = 

5 mm. The slope of the best fit line yield the fractal di- 
mension, D f , per Eq. (1) . k f is the fractal prefactor. 

Fig. 11. Logarithmic plot of number of primary soot par- 
ticles in an aggregate versus the normalized radius of gy- 
ration of the aggregate at 6 bar pressure and HAB = 

5 mm. The slope of the best fit line yield the fractal di- 
mension, D f , per Eq. (1) . k f is the fractal prefactor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

at lower pressures and at flame locations near to
soot inception and growth. 

Insertion of the sampling probe into the flame
creates an interference and changes the flow field of 
the gases within the flame envelope. This aspect is
one of the major drawbacks of the thermophoretic
sampling in flames and quantification of the
uncertainty introduced is not a trivial matter.
As discussed by Lee et al. [45] , the disturbance
imposed by the sampling probe would be expected
to be mostly hydrodynamic and the resulting
change in the flow field will have some influence
on the sampling process. The interference created
by the sampling apparatus used in this study is
documented with high-speed photographs during
the sampling process and reported recently [17,27] . 
Similar to those reported previously for TEM 

imaging to measure primary soot particle size [24] , 
the experimental and image analysis based uncer- 
tainty was estimated to be within 10% (95% con- 
fidence interval). It was further assumed that, to a 
first approximation, the thermophoretic force and 

velocity do not change significantly with the Knud- 
sen number in the transition regime [46] ; therefore 
any sampling bias that may be introduced due to 

changes in Knudsen number with pressure is ne- 
glected. The axial distribution of the temperature 
decreases with increasing pressure due to enhanced 

radiation heat loss. Any affect this change may have 
on thermophoresis and aggregation is neglected. 

4. Conclusions 

Soot aggregate morphology, including primary 
soot particle size, number of primary particles in an 

aggregate, radius of gyration of the aggregates, and 

fractal parameters, was inferred from the analysis 
of thermophoreticly collected samples in high pres- 
sure laminar diffusion flames of ethylene diluted 

with nitrogen. The analysis method included TEM 

imaging and processing the images through an au- 
tomated procedure. The sampling was done at two 

heights above the burner exit; at 2 and 5 mm. Pres- 
sure range was from 3 to 6 bar. The experimental 
results conclude that: (1) Average primary soot par- 
ticle diameter increases with increasing pressure; 
(2) Soot number density increase is proportional 
to pressure; (3) At 2 mm above the burner exit, the 
fractal dimension of the aggregates is much smaller 
than the accepted universal value, in spite of the 
fact that number of primary particles per aggre- 
gate is quite high; (4) At 5 mm above the burner 
exit, the fractal dimension of the soot aggregates 
approaches the accepted universal value of 1.9 at 
6 bar; and (5) Fractal dimension of the soot aggre- 
gates increases with pressure and with axial height 
above the burner exit. Considering the variation of 
the fractal dimension with sampling location and 

pressure, one must be careful not to apply mature 
soot TEM analysis near the soot inception and 

growth regions at relatively lower pressures. 
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