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A B S T R A C T

A multi-probe thermophoretic soot sampling system, installed inside a high pressure combustion chamber, was
used to collect soot samples at elevated pressures from ethylene–air laminar diffusion flames. Ethylene was
diluted with nitrogen at a ratio of 1/3 by mass, and a constant mass flow rate of ethylene-nitrogen mixture was
maintained at pressures of 5, 10, 15, and 20 bar. Selected mass flow rate of ethylene, 0.72mg/s, provided stable
and non-smoking laminar flames with a height of about 16mm at all pressures considered. Soot samples were
collected on transmission electron microscope grids at three heights above the burner rim, 3, 8, and 12mm. The
images of the soot particles were captured by transmission electron microscope and the primary soot particle
diameters were determined using an automated edge detection method. The mean primary soot particle dia-
meter increased from the sampling height of 3 mm to 8mm, which corresponds to the mid-height of the flames
where the peak soot volume fractions are observed. The soot diameters decreased from the mid-height of the
flame to the sampling location of 12mm, near the tip of the flame. The mean diameter of the primary soot
particles increased with increasing pressure up to 15 bar; at 20 bar, the mean soot diameter seemed to reach a
plateau or start decreasing. Measured soot volume fractions at sampling locations of 3 and 8mm above the
burner rim indicate that, in view of the measured mean soot diameters at the same locations, soot number
density should be increasing intensely with pressure.

1. Introduction

Combustion engines utilized to power aircraft and land-based
transportation vehicles operate at elevated pressures for reasons of
improved thermodynamic efficiencies. Soot, however, is one of the
undesired by-products of combustion in gas turbine and diesel engines,
in which the combustion mode is mostly non-premixed, and the soot
formation rate is enhanced significantly by increasing combustion
pressure. Although most of the soot is oxidized within the combustion
chamber of these engines, a small amount of soot escapes the oxidative
process and soot particles are released into the atmosphere in the form
of particulate matter (also known as smoke or black carbon) from the
engine exhaust. Damaging impacts of soot emissions on climate change
and the health of humans have been well-documented as well as its
harmful effects in combustion devices. Efforts to find solutions for the
reduction and elimination of soot particle emissions are usually held
back by a lack of sufficient comprehension of soot formation and oxi-
dation processes. Experimental and computational studies in tractable
flames could help to improve our understanding of the influences of
various parameters on soot processes at elevated pressures.

Recently, there has been a strong interest in experimental and nu-
merical high pressure soot studies, mostly using gaseous fuels, focussing
on the influence of pressure on soot production with the aim of iden-
tifying and assessing the prevalent mechanisms and processes [1,2]. As
a result, a relatively mechanistic portrayal of soot formation at elevated
pressures is emerging [2,3]. However, the utility and the use of such
depictions in dealing with practical combustion systems, either in
modelling efforts or interpretation of the exhaust soot measurements,
have yet to be demonstrated.

Soot particle size and morphology are crucial parameters in evalu-
ating and appraising the influence of soot on the well-being of the
planet and its inhabitants. Soot aggregate characteristics are essential
information in assessing the radiation forcing of atmospheric black
carbon [4] as well appraising the health effects on humans [5]. For the
purpose of unravelling the underpinnings of the soot processes, the
temporal history of primary soot particle size and soot aggregate
morphology, which carry the trails of the soot processes through the
course of combustion, could be followed [6]. These footprints, which
could be inferred from the experimental results obtained by following
the evolution of the size and morphology of the soot particles within
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tractable flames, can provide means to understand better the soot for-
mation processes. While studies regarding the effects of pressure on
global soot parameters (such as soot concentration) are more abundant,
only a few experimental studies have been conducted on the effects of
pressure on soot particle size and morphology, mainly due to difficulties
in designing experimental apparatus that will sustain tractable diffusion
flames and permit measurements using various diagnostic techniques
[1].

To our knowledge, Flower and Bowman [7] reported first mea-
surements of primary soot particle size in laminar diffusion flames at
pressures above atmospheric using static-light scattering. Using a
Wolfhard-Parker burner, they found that the mean particle size in-
creases with pressure from atmospheric to 2.5 bar. However, it is pro-
blematic to assign the changes in soot size to pressure only, because the
flames they probed were not tractable; the fuel mass flow rate was not
kept constant as the pressure was increased. Kim et al. [8] reported
primary soot particle size measurements by thermophoretic sampling,
and subsequent analysis by electron transmission microscopy (TEM), on
the centerline of diluted ethylene-oxygen laminar diffusion flames.
They concluded that primary soot particle size increases with pressure
in laminar diffusion flames. However, they did not keep the fuel mass
flow rate constant at all pressures in their experiments. In addition, it
should be noted that the fuel-oxygen diffusion flame structure is radi-
cally different than that of the flames using air as the oxidant at ele-
vated pressures [9].

In one of the first applications of laser induced incandescence (LII)
at elevated pressures, Thomson et al. [10] measured the primary soot
particle size in tractable laminar methane-air flames between 5 and
40 bar. Similarly to previous two studies [8,9], they observed a steep
increase in primary soot particle size from 5 to 40 bar. However, as
explained by the authors [10], what is measured with LII is the effective
primary soot particle size, due to the fact that the shielding effect on
heat conduction between aggregated particles and the surrounding gas
could not be accounted for. In a more recent work, Steinmetz et al. [11]
reported primary soot particle size measurements in nitrogen diluted
ethylene-air laminar diffusion flames at pressures up to 16 bar using
light-extinction and scattering techniques. They found that the primary

soot particle diameters increased about 40 fold from 4 bar to 16 bar.
Similar to Thomson et al. [10] results, Steinmetz et al. [11] explained
that what is measured is something in between the primary soot particle
size and soot aggregate size.

Soot aggregate morphological data and primary soot particles dia-
meter measurements performed in diesel engine combustion chambers
are generally affected by the parameters such as engine load, global
equivalence ratio, crank angle, injection pressure, and engine speed. As
a result, it is a formidable challenge to interpret the results to isolate
and ascertain the effect of pressure on the soot particles because these
competing parameters cannot be controlled independently [12–14].

It seems that the use of the current LII and the light scattering/
extinction techniques in soot size and aggregate morphology mea-
surements are not possible because of the challenges in quantifying the
uncertainties introduced at elevated pressures. As a consequence of the
present optical limitations of LII and light scattering, thermophoretic
sampling and TEM analysis, although intrusive, seem to be one of the
plausible methodologies for investigating the influence of pressure on
the primary soot size and morphology in tractable flames [15,16]. The
first thermophoretic soot sampling measurements, to the authors’
knowledge, in tractable high-pressure laminar diffusion flames of me-
thane-air were reported by Vargas and Gülder [15,16]. The mean soot
primary particle size in a methane diffusion flame, measured at a
constant height of 3mm above the burner exit at all pressures, de-
creased about 35% from 2 to 10 bar [16].

Measurements of mean primary soot particle size, soot temperature,
and soot volume fraction in nitrogen-diluted ethylene-air diffusion
flames at pressures up to 20 bar were conducted and results are re-
ported in this paper. A high pressure combustion chamber, suitable for
sustaining stable and tractable laminar diffusion flames with various
fuels, was modified to be fitted with a multi-probe thermophoretic soot
sampling system. Soot samples collected at various pressures on TEM
grids were analyzed to infer the primary soot particle size at selected
heights within the flames at a pressure range from 5 to 20 bar by pro-
cessing the soot aggregate images captured by TEM. The observed
changes in the primary soot size are discussed considering the asso-
ciated temperatures at different pressures.

Fig. 1. Cross section of the high-pressure combustion chamber with the thermophoretic sampling system and the burner assembly. The details of the sampling system and the burner
assembly are shown in the blowout view on the left.
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2. Experimental methodology

The high pressure combustion chamber, the burner, and the ther-
mophoretic soot sampling system for the collection of physical soot
samples for this work have been previously described, see, e.g. [15–20].
Only a brief description of the experimental apparatus is provided here.
A sectional cut of the high-pressure combustion chamber with the
thermophoretic sampling system and the burner assembly is shown in
Fig. 1.

The high pressure combustion chamber was designed to operate at
pressures up to 110 bar, with an internal height and diameter of 600
and 240mm, respectively. The optical access into the chamber is pro-
vided by three ports mounted at locations 0°, 90°, and 180° that allow
line-of-sight as well as 90° scattering measurements. The burner used in
this study is a circular co-flow laminar diffusion type burner. The inner
diameter of the fuel tube is 3mm and has a porous metal insert to
generate a uniform velocity profile at the burner exit. The inner dia-
meter of the co-flow air nozzle is 25mm, and the air nozzle is also fitted
with a porous metal insert to minimize the flow non-uniformities as the
flow exits the nozzle.

An isometric view of the thermophoretic sampling system that was
used to physically collect soot samples is depicted in Fig. 1. The sam-
pling system consists of a circular sampling disk, a motor drive, and a
programmable control system. The circular sampling disk is fitted with
ten probe arms that each extend radially outwards, as shown in Fig. 2.
Each probe arm has a pocket located at the end of the arm which holds
a 3mm TEM grid to collect the soot samples. Each pocket has a 2.5 mm
slot that exposes the mesh of the TEM grid to the flame, and has a
diameter and height of 3.3mm and 0.5mm, respectively. The pro-
grammable control system regulates the rotation of the sampling disk as
the probe arm travels through the flame cross-section at a given height
above the burner rim. After the probe arm completes sampling through
the flame, the sampling disk comes to a complete stop to allow the
flame to recover from disturbances caused by the probe arm. This
process is repeated for the next sampling probe once the flame became
stable again. The sampling time, that is the residence time of the
sampling probe within the flame varied from 4 to 10ms depending on
the sampling location.

An automated image detection method was applied to the TEM

digital images. A three-stage image processing sequence was used to
reduce noise in the image and perform Canny Edge detection whose
details are given by Wang et al. [21].

Ethylene mass flow rate was fixed at 0.72mg/s and the nitrogen
mass flow rate was fixed at 2.16mg/s for all the pressures considered,
that is, ethylene to nitrogen dilution ratio was 1 to 3 by mass. These
mass flow rates of ethylene and nitrogen provided stable and non-
smoking laminar flames with a height of about 16mm throughout the
pressure range of interest. Ethylene is not a common fuel for combus-
tion systems, but it has been used as fuel in most soot studies in la-
boratory flames and for empirical soot formation models. Further,
ethylene is one of the most common olefins observed as an intermediate
species in the diffusive combustion of larger molecule hydrocarbons.
Ethylene also could be considered as a simple and gaseous surrogate for
aviation kerosene, especially for soot related studies.

Soot samples on TEM grids were collected at heights of 3, 8 and
12mm above the burner rim at pressures of 5, 10, 15, and 20 bar. Soot
temperature and soot volume fraction at the same sampling locations
were measured using the spectral soot emission technique whose details
are given by Snelling et al. [22], therefore only a short account will be
given here.

The soot spectral emission technique, which is a method utilized
commonly in soot research, was used to measure the soot concentration
at different points in the flames as well as to estimate the temperature
profiles of the flames [1,22]. This diagnostic technique measures the
radiation emitted from soot along a given chord in an axisymmetric
laminar diffusion flame. Using this technique, the temperature and the
soot volume fraction can be inferred without the involvement of a laser
or light illumination. Information from multiple wavelengths is needed
to resolve the soot concentration and temperature radially in an ax-
isymmetric laminar diffusion flame using spectral emission. The ex-
isting spectral emission setup at this laboratory consists of a spectro-
meter attached to a CCD camera. The radiation from the flame is
focused into the spectrometer using an adjustable aperture in front of a
lens. The spectrometer produces a spectrum of the radiation which is
then recorded by the CCD camera as line-of-sight emission intensity.
The exposure time is based on the optimal intensity count registered on
the CCD. The line-of-sight intensity data then can be inverted using an
Abel-type algorithm to obtain radially resolved soot and temperature
data [23,24].

3. Results and discussion

Still photographic images of the nitrogen-diluted ethylene-air dif-
fusion flames at pressures from 1 bar to 20 bar are shown in Fig. 3.
Nitrogen-diluted ethylene flames, with the fixed mass flow rate of the
fuel, displayed a fully buoyancy-dominated behaviour at all pressures.
The flames maintained a constant flame height for all of the pressures
which is consistent with other works [25–27]. Constancy of the flame
height indicates that all the species in the flame envelop have the same
residence time, and thus the measurements made at the same vertical
position in the flame at different pressures could be compared.

Representative transmission electron microscope images showing
the soot aggregates at 8mm above the burner at various pressures are
depicted in Fig. 4. The soot particles observed in the TEM images were
clustered together in small groups, but most were observed in large
aggregates that were linked together in chain-like forms with many
overlapping soot particles. Primary soot particle diameters evaluated
from TEM images acquired at 3 sampling locations along the flame
height are presented in Fig. 5 as 3 panels, one for each sampling height
at 5–20 bar pressure. To show an overall picture of the primary soot
diameter change with pressure and sampling location within the flame,
mean primary particle sizes are plotted in Fig. 6.

The primary soot particle diameters show an increasing trend with
increasing pressure at all measured locations in the flame except at
20 bar. At 12mm vertical location in the flame there was no effective

Fig. 2. Top view of the sampling system and the burner with respect to the combustion
chamber inner wall. The TEM grid at the end of one of the sampling probe arms is shown
concentric with the flame axis.
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change in the soot particle diameters from 5 to 10 bar. The mean par-
ticle diameters at 5 and 10 bar are 33 and 32 nm, respectively. At
15 bar, however, the primary soot particle diameters increased by over
10 nm, but then at 20 bar the particle diameters decreased by about the
same amount. It should be noted that at this sampling position and at
elevated pressures, the flame narrows to a slender cone so any small

misalignment in the sampling system could affect the measurement
significantly. However, the soot particle diameters at 12mm position
for each pressure are consistently smaller than the particles at 8mm
position. It should be noted that the axial locations from about the mid-
height to the flame tip are considered as the soot oxidation dominated
region in laminar diffusion flames, and at the flame tip soot

Fig. 3. Nitrogen diluted ethylene-air laminar diffusion flame from 1 to 20 bar. Nitrogen flow rate is 2.16mg/s and ethylene flow rate is 0.72mg/s, and kept constant at all pressures.

Fig. 4. Representative TEM images showing aggregated soot particles at various pressures at a height of 8mm above the burner rim. Note that the scale bar size is not the same in all
images.

P.H. Joo et al. Fuel 220 (2018) 464–470

467



concentration becomes zero in non-smoking flames.
Radial soot concentration and temperature profiles at 3 and 8mm

above the burner rim for all pressures considered are shown in Figs. 7
and 8, respectively. The peak soot concentrations are observed at the
annulus of the flame and increased with increasing pressure. Near the
mid-point of the flame, the soot concentration is the highest and the
diameters of the primary soot particles are the largest, Figs. 6–8. As the
soot particles are transported to higher vertical locations in the flame,
surface growth of the soot particles slows down and the oxidation be-
comes the dominant mechanism in the upper half of the flame. Near the

tip of the flame, soot concentration is lower and the diameters of the
primary soot particles are smaller.

Lower in the flame at 3mm height, soot concentrations are rela-
tively low as compared to those at 8mm height. An increase in pressure
from 5 to 20 bar resulted in a factor of about 90 increase in soot con-
centration while the soot temperatures decreased due to increased ra-
diative heat loss with increasing soot concentrations, Figs. 7 and 8. The
decrease in mean temperatures from 5 bar to 20 bar is about 200 K at
3mm with similar decrease at 8mm. In various soot modelling ap-
proaches, the rate of soot nucleation is assumed to scale with the square
root of temperature, whereas it scales with the square of pressure. With
increasing pressure, the soot inception rate is increased due to the

Fig. 5. Distribution of primary soot particle diameters at 3, 8 and 12mm above the burner rim at pressures 5, 10, 15, and 20 bar. HAB=height above the burner rim.

Fig. 6. Mean primary soot particle diameters at 3, 8, and 12mm height above the burner
rim at different pressures. Dashed lines are given as guides to the eye. Error bars indicate
the total uncertainty.

Fig. 7. Radially resolved soot volume fractions and temperatures at 3 mm at pressures 5,
10, 15, and 20 bar. Maximum soot volume fraction at 5 bar is about 0.6 ppm and it is close
to the detection limit of the current measurement system.
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increased collision rate of PAH molecules and results in higher soot
particle size and higher concentrations.

Considering the changes in soot volume fraction and primary soot
particle diameter with pressure at 8mm sampling location, it is seen
that the increase in maximum soot volume fraction from 5 to 20 bar is
about a factor of 50 (Fig. 8), whereas the increase in mean primary soot
particle diameter is about 30% (Fig. 6) within the same pressure range.
Although the soot volume fraction scales with the cube of the soot
particle diameter, a very high increase in soot volume fraction can be
explained only if the soot number density has a strong dependence on
pressure. This means that the number of nuclei formation must have a
strong sensitivity to pressure. If we assume that the soot nucleation is
mainly dominated by the collision of smaller PAH molecules (such as
pyrene or higher), this process yields increasing number of nuclei as the
pressure increases. Coalescence of small soot particles and surface
growth are believed to contribute to the final primary soot particle size.
In soot surface growth, HACA is believed to be the prevailing me-
chanism in which the hydrogen radical plays a major role. On the other
hand, hydrogen radical concentrations have shown to be decreasing
with increasing pressure, via the enhanced third-body recombination
reactions [27]. It is expected that this would lead to a reduced soot
surface growth as the pressure increases, although Guo et al. [28],
based on their numerical simulation of ethylene flames at 1–7 bar, ar-
gued that surface growth by HACA increases with pressure albeit at a
very slow rate as compared to inception and PAH condensation. Ob-
served increases in the primary soot particle size, although relatively
small, in the current work with pressure could be attributed to the
enhanced coalescence of smaller soot particles.

It should be mentioned here that the rate of coalescence might de-
pend on the Knudsen number, defined as the ratio of the mean free path
of the gas to the diameter of the soot particle, which would be changing
as the pressure increases. If the size of the small soot particles, which go
through coalescence, is in the order of few nanometers, then the
Knudsen number would change from about 50 to 10 for going from 5 to
20 bar for a 2 nm particle. For a particle of 10 nm, the Knudsen number
range would be about from 10 to 2. These Knudsen numbers are within
the transition regime [29]. In molecular and continuum regimes, coa-
lescence rate of particles can be formulated using basic theoretical
principles; however, in the transition regime, usually depicted as
1 < Kn < 10, the practice is to use the Fuchs coagulation kernel or
harmonic mean of the free-molecular and slip-flow regimes kernels, see
e.g. [30]. In their formulation of the harmonic mean coagulation kernel
and subsequent analysis, Park et al. [29] show that coagulation rate
increases from Kn number 40 to about 5 where it changes direction and
decrease with decreasing Kn number.

The experimental results of Flower and Bowman [7] with pure

ethylene diffusion flames indicated that the primary soot particle dia-
meters and soot number density increase with pressure and with height
along the flame centerline. They attributed these observations to in-
creased surface growth and particle nucleation rates with increasing
pressure. Current results cannot be compared to those of Flower and
Bowman [7] because of their experimental protocol that permitted the
fuel mass flow rate be increased linearly with pressure. Then, the
growth of the particles and the increase in the soot number density are
not only affected by the pressure, but also from the increased supply of
fuel molecules. As discussed in the Introduction briefly, the measure-
ments of Kim et al. [8] suffers from the same deficiency that the mass
flow rate of the fuel was not kept constant, but increased, as the pres-
sure went up.

Although the experiments of Thomson et al. [10] and Steinmetz
et al. [11] were conducted on tractable laminar diffusion flames with
fixed fuel mass flow rates, their measurements suffer from the in-
adequacy of the optical techniques used at elevated pressures. As re-
cognized by the authors of both studies [10,11], what is measured is
most probably an intermediate size between primary soot diameter and
the soot aggregate size. Therefore it is not possible to know if the in-
crease in the particle diameter measurements is caused by pressure,
aggregate characteristics, or both.

Vargas and Gülder [16] reported measurements of primary soot
particle diameters in methane diffusion flames at 3mm above the
burner rim at various pressures. The fuel flow rate was lower than the
current fuel rate and the resulting flames were about 10mm long at
pressures from 2 to 10 bar. At 3mm sampling location, the mean pri-
mary soot diameter decreased steadily with increasing pressure from 2
to 10 bar. This contradicts the current findings that at 3mm above the
burner rim, the mean primary soot particle diameter increases with
pressure in ethylene diffusion flames. This apparent disagreement
points to the non-trivial dependence of soot formation and growth
processes on fuel chemistry, mass flow rate of the fuel, dilution rate,
and pressure in laminar diffusion flames.

It was shown that, at atmospheric conditions, the primary soot
particle sizes could differ from the flame wings to the flame centerline
[31]. However, using the current experimental setup it is not possible to
resolve the primary soot size radially. The diameters of the cross sec-
tions of the flames at sampling locations at 5 bar are smaller than 3mm,
and they decrease with increasing pressure, Fig. 3. Due to restraints
imposed by the size of the TEM sampling grids and the diameter of the
laminar diffusion flames at elevated pressures, the primary soot dia-
meter data reported here represent diameters averaged over the flame
cross-sectional area at the sampling height above the burner rim.

It is a challenging task to evaluate potential influences of the vari-
ables such as particle number density, soot aggregate size, temperature
at the sampling location, and the Knudsen number on sampling and
their contribution to the total uncertainty involved in the sampling
process. Potential dependence of the thermophoretic force, and velo-
city, on Knudsen number, Kn, could lead to preferential sampling be-
cause of the change in Kn number with changing pressure and different
average sizes of the soot aggregates. Assuming an average gas tem-
perature of about 1500 K at the sampling location, the Kn number of the
soot aggregates would be changing from 0.85 to 0.2 when the pressure
is increased from 5 to 20 bar, for a soot aggregate size of about 100 nm.
For a typical soot aggregate size of 200 nm, the Kn number would vary
from 0.42 to 0.1 for the same pressure range. These Kn numbers are
almost in the continuum regime, and it could be assumed that for large
enough soot aggregates, the sampling would not be biased by the Kn
number change at pressures of interest, to a first approximation [32].
Other potential uncertainties introduced by the physical intrusion of the
sampling probe into the flame are discussed in detail in [15,16].

The experimental uncertainty in evaluating the primary soot par-
ticle diameters was estimated to be within 15% with confidence in-
terval of 95%. This uncertainty is similar to previous measurements of
the primary soot particle size by TEM imaging [33].

Fig. 8. Radially resolved soot volume fractions and temperatures at 8 mm at pressures 5,
10, 15, and 20 bar.
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4. Conclusions

Due to the limited capability of existing optical techniques in
measuring the primary soot particle size at pressures above atmo-
spheric, soot aggregates from laminar nitrogen diluted ethylene-air
diffusion flames were collected by thermophoretic sampling at pres-
sures up to 20 bar. The samples were collected on transmission electron
microscope grids at several axial locations within the flames and the
images were captured using the transmission electron microscope. The
images were processed using an automated edge detection method and
the primary soot particle diameters were determined for the purpose of
assessing the dependence of primary soot particle diameter on pressure.
At the same sampling locations, the temperatures and soot volume
fractions were measured by using the spectral soot emission technique.
At mid-heights of the flames, it was found that the increase in maximum
soot volume fraction from 5 to 20 bar is a factor of about 50, whereas
the increase in mean primary soot particle diameter is about 30%
within the same pressure range. It was argued that to achieve drastic
increases in soot volume fractions with pressure, the number of soot
nuclei generated must be increasing with increasing pressure in view of
the observed changes in primary soot particle diameter with pressure.
Dependence of soot nuclei formation and coalescence of small soot
particles on pressure is discussed in relation to the Knudsen number. It
can be concluded that the observed behavior of the primary soot par-
ticle size with pressure is a manifestation of enhanced coalescence of
smaller soot particles with increasing pressure (decreasing Knudsen
number in the range 20 to 5) in spite of the suspected reduction in
surface growth by HACA mechanism. The increase in the soot volume
fraction with pressure seems to be mainly dominated by the increased
particle number density as the pressure is increased.
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