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In order to understand the soot formation in Diesel engine, a turbulent jet flame
is used to simulate the combustion in the cylinder. The experimental study is per-
formed to investigate the evolution of soot morphology for the maturation of na-
scent particle in a turbulent lifted jet flame fueled by n-heptane/toluene mixtures.
An ultrasonic atomizer is used to evenly spread the fuel droplets to acquire single
primary particles. Transmission electron microscopy is used to study the morphol-
ogy of the particle sampled from the flame at different heights. Small soot aggre-
gates are acquired from all the samples. Particle maturation such as agglomeration
is accelerated under a high temperature by comparing the particle morphology
sampled on the centerline and the wings of the flame. The precursors of nascent
particles are depicted as dark nucleation dispersed to semitransparent polycyclic
aromatic hydrocarbons. The nanostructure of nascent particles transforms from
an amorphous state to an onion structure with the maturation of particles. Surface
growth initially dominates the maturation of nascent particles in the direction of
outside to inside for single particles. Agglomeration begins to emerge with the
increased probability of collision at the end of maturation. Surface growth and ag-
glomeration increase the mean particle diameter as the flame height increases. The
oxidability of particles that undergo surface growth and agglomeration notably
increases. The structure of nascent particles is inclined to be ordered and the mean
particle diameter decreases with oxidation dominating the combustion reaction.
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Introduction

Soot is a major pollutant in many engineering systems, especially diesel engines [1,
2] with harmful health and environmental effects [3]. Soot particles are normally considered
products formed by hydrocarbon fuels through incomplete combustion or pyrolysis. Soot for-
mation and evolution is now generally accepted to consist of three processes: fuel pyrolysis and
polycyclic aromatic hydrocarbons (PAH) formation, soot nucleation and nascent soot particle
formation, and particle surface growth, agglomeration and oxidation [4-9]. The entire complex
physical and chemical changes occur in a few milliseconds and involve a gas-phase reaction, a
phase change reaction (gas to solid), and growth of solid particles [10, 11]. The size and mor-
phology of nascent particles and mature particles reveal the transformation of PAH to solid soot
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aggregates which can be used to understand the soot evolution process [3, 12]. These two char-
acteristics are widely used in previous studies for premixed flame and diffusion flame [12-14].

The autoignition of liquid fuels in a turbulent environment is a complex phenomenon
that involves the interaction between turbulent and chemical kinetics in the cylinder of a Die-
sel engine [15]. In order to further study the formation of soot particles in Diesel engine, soot
evolution during autoignition in partly premixed turbulent flow is used to simulate the soot evo-
lution in the cylinder. During the process, a turbulent premixed flame and turbulent diffusion
flame exist simultaneously. In recent studies, a Cabra flame burner has been used to study partly
premixed turbulent combustion that occurs in diesel cylinder [16, 17]. A Cabra flame burner has
controllable co-flow combustion, which can provide co-flow thermal atmosphere temperatures,
and the temperature can be adjusted to be greater than the autoignition temperature of the se-
lected fuel. Jet flame, which are called turbulent lifted jet flame in some researches, is surround-
ed by a co-flow atmosphere [18, 19]. The combustion product of co-flow is water, which has
little influence on the combustion of jet flame. Pickett ez al. [20] reported that the soot evolution
is highly affected by the role of ignition in jet flame stabilization. Relevant experimental results
have demonstrated that a Cabra flame burner can provide a stable turbulent flame, which offers
a good platform for particle evolution of diesel engine [17, 21-23].

Thermophoretic sampling particles diagnostics (TSPD) can be used to absorb particles
in flames to a grid for observation, which was first employed by Dobbins and Megaridis [24] in
their study of a laminar co-flow ethane diffusion flame. Soot particles are driven thermophoreti-
cally to the probe and the lower probe temperature is able to freeze and quench the chemical reac-
tion of soot particles to ensure the morphology of the particle sample is consistent with that at the
moment of sampling [24]. The 2-D morphology images of soot particles from different locations
inside the flame can be obtained with transmission electron microscope (TEM) image analysis,
which can be divided into low resolution transmission electron microscopy (LRTEM) and high
resolution transmission electron microscopy (HRTEM) according to the magnification factor.
However, TEM images are not useful for analyzing liquid-like particles sampled from fuel-rich
locations inside the flame [12]. Typically, the analysis of TEM images is used to reveal the mor-
phological characteristics of a nascent soot particle and its maturity in current studies [13, 21, 25].

Flame temperature is a vital parameter in the study of particle evolution. For exam-
ple, after passing through the threshold temperature for soot carbonization, i.e., 1500 K, large
liquid-like particles rapidly convert to fully developed aggregates consisting of mature primary
particles according to the research of Kholghy et al. [22]. In the work of Lahaye et al. [26] PAH
gradually form mature soot from liquid-like particles in high temperature regions. In laminar
diffusion flame, particle morphology and the maturation process have visible differences in the
centerline and wings of the flame [13, 21, 22]. This is mainly because flame temperature and
its changing process are very different. The longest reaction and the minimum temperature
gradient with flame height occur at the centerline of the flame, which results that the particle
evolution has different characteristics with other regions. The centerline of the flame is the
most representative region for research of particle evolution, which is widely applied in various
particle studies [27-30].

In this paper, a Cabra burner is used to investigate the transition from liquid-like
particles to solid soot particles during the process of diesel autoignition. Commercial diesel
consists hundreds of hydrocarbons, thus, a mixture of n-heptane/toluene is selected as surrogate
fuel because the simple binary mixture has similar properties to diesel [29, 30]. An ultrasonic
atomizer is utilized to spread fuel droplets evenly in the air which can simulate the process of
mixture of air and fuel in the cylinder. Thus, the scattered nanoparticles in the flame can show
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the morphology evolution of nascent particles. The temperature, soot morphology and particle
size distributions (PSD) in the turbulent lifted jet flame of n-heptane/toluene mixtures are in-
vestigated. The TSPD is adopted to take samples at specific flame heights in the centerline and
wings of the flame. The TEM image analysis is used to study the morphology and size of the
soot particle samples. The main goal of this study is to understand the formation of nanoparti-
cles in diesel engine.

Experimental methodology
Burner and sampling system

Figure 1 shows the experimental burner and sampling system. A Cabra flame burner
is employed to produce partially premixed turbulent lifted jet flame at low co-flow thermal
atmosphere temperature for n-heptane, analytical reagent (AR), with a 10% volumetric addi-
tion of toluene (AR). In this study, the burner position is fixed, and the outer edge is a co-flow
stainless ring with an outer diameter being of 222 mm. A copper jet tube is in the center of burn-
er and has an outer diameter and wall thickness

of 12 mm and 1 mm, respectively. The tube is — Electric cylinder e 1M

70 mm higher than the inner surface of the optica Sopperiiie
burner. A temperature-controllable thermo-at- Bumer [ “ruetairjer Woter
mosphere is provided by co-flow that is blown G e

steadily around the tube with an air/hydrogen
mixture. The flame and flow conditions are
shown in tab. 1. The hydrogen and air-flow rate
are 1000 slm (at 293 K) and 126 slm (at 293 K),
respectively. The co-flow is oxygen-enriched
combustion with an F/4 ratio of 0.3. The ex-
perimental thermo-atmospheric temperature is Syringe pum|
approximately 568 K, which is greater than the A
autoignition temperature of n-heptane. Thus, the = Figure 1. Cabra burner and thermophoretic
spontaneous combustion of fuel can occur. soot sampling system
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Table 1. Flame and flow conditions

Coflow Central jet
Ow [slm] 126 Ohe [ml per hour] 80
Q.ir [sIm] 1000 Q.i; [slm] 10
Teotiow [K] 568 T [K] 273
Deotion [mm] 2222 D; [mm] 12
F/A ratio 0.3 F/A ratio ~0.6

Fuel is constantly supplied by a springe pump at a constant flow rate of 80 ml per hour.

Before entering the jet tube, the fuel is ultrasonic atomized to become relatively well-dispersed
small droplets with a high concentration. The atomized droplets are mixed with air at a flow rate
of 10 slm (at 273 K) to move to the jet tube outlet. The frequency of the ultrasonic atomizer is
120 kHz. The diameter of the fuel droplets is approximately 12.73 um according to eq. (1) [31],
which is similar to the size of diesel droplet in the cylinder [32]. Examples of centered formulas:
1/3

D= 0.34{811—T}

1
of )
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where D is the mean diameter of fuel, 7' — the surface tension coefficient of liquid, p — the fuel
density, and f— the ultrasonic frequency.

The sample grid is held by stainless steel self-closing tweezer with probe dimensions
of 0.10x0.06 mm, which is fixed on a linear electric cylinder (Parker EET032, USA. A linear
electric cylinder provides accurate reciprocal motion with computer control to ensure an exact
grid position in the horizontal direction and proper exposure time inside the flame. The expo-
sure time is set to 10 ms for appropriate grid coverage [24, 27]. Less transit time and suitable
exposure time are able to protect the grid from thermal damage. The linear electric cylinder is
fixed on an adjustable optical bench, and the sampling height is regulated using a platform on
the optical bench. The top of the jet tube is selected as the reference for flame height (HAB = 0).

Temperature measurements

The temperature measurement locations are similar to the sampling positions.
Temperature measurements are performed with a 50 um uncoated R-type thermocouple
(Pt/13%Rh-Pt) [28], and the data are input to a computer via a capture card. The thermocouple
is tightened and fixed on the linear electric cylinder and then rapidly inserted into the flame for
measurement, which may decrease particle deposition for reducing measurement error [33].
According to previous studies, measurement error may be produced by the thermocouple in the
flame due to particle deposition, heat conduction, surface reaction, thermal radiation and other
factors [34-36]. In the study, temperature is corrected based on relative methods documented in
the research of Botero et al. [37].

The TEM images and image analysis

Carbon-supported grids (300 mesh) and holey carbon film grids (300 mesh) are used
to collect soot particles. The former is used for general morphology research, and the latter is
used for nanostructure research. The TEM images are taken by an FEI Talos F200X microscopy
at an accelerating voltage of 200 kV. At least ten images are taken for different grids of a sam-
ple. The magnification factor for LRTEM images is 36000 while the magnification factor for
HRTEM images is 1.05 M. Image Pro Plus (IPP) is used to analyze the TEM images [38, 39].
For LRTEM images, the size of single particle is defined as the average value of the smallest di-
ameter and the largest diameter of a particle. 100 well-dispersed particles of the same sample in
different grids are selected randomly to measure the average particle diameter. The processing
procedure for HRTEM images is to select an image region; then, in terms of Fourier transform,
frequency filter, inverse Fourier transform, binary conversion and skeletonization are conduct-
ed for images using IPP. The fringe separation distance and fringe length may be determined
from the data acquired from the processed image according to IPP [38].

Results and discussion
Fvolution of soot morphology

Figure 2 shows the morphology of particles at various heights along the centerline and
wings. Figures 2(a)-2(f )represents the process of liquid-like particle transition solid particles in
the centerline. Figure 2(a) and 2(b) shows the generation of nascent particles. There is a clear
semitransparent area in fig. 2(a), in which dark nucleation area of various sizes are scattered.
These particles are obviously larger than the surrounding single particles. In fig. 2(b), the parti-
cles are scattered evenly, and their diameters are significantly larger than those in fig. 2(a). Fur-
thermore, these particles do not have a uniform shape and have some differences in diameter.
There is also no semitransparent area. All the particles in this process are nascent soot particles,
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Figure 2. The TEM pictures (36000x) of samples from different heights
in the centerline (a) and wings (b) of the flame

and are converted from PAH which are produced by combustion. Moreover, the formation
and growth of PAH involves transformation from the gas phase to solid phase. At the initial
stage of PAH formation, the main substances exist in a gas or liquid phase, which are shown as
semitransparent areas in the TEM images. PAH is the critical nutrient for particle growth. Thus,
Nascent particle size increases as the intermediate product PAH content decreases.

The maturation process of the initial soot particles is illustrated from figs. 2(b)-2(f). In
terms of morphology, the particles in fig. 2(c) approach those in fig. 2(b), and thus the former
is similar to the overall reduction in the latter. The particle shapes are irregular flat, and the
major difference between the particles is size. Compared to nascent particles, the more mature
particles show more layering and are closer to globularity or ellipsoid, as shown in fig. 2(d). In
addition, there are some obvious large particles in fig. 2(d). Areas of these particles are dark-
er in color and more layered than other areas due to agglomeration. In fig. 2(e), particles are
manifested as the product generated by agglomeration after collision with each other, so their
appearance are not ellipsoid. There are two areas for the produced particles after agglomeration,
i.e., the area where numerous particles are overlapped and the area where they do not overlap.
Large aggregate solid particles are not expected to appear, and the particle sizes are slightly
smaller than the large particles in fig. 2(d). Particle density decreases significantly from figs.
2(d) and 2(e), which also shows the mutual collision of particles has increased. Particles after
the collision of different areas exerts various natures in oxidability. In this case, the difference of
collision angle and the size of the agglomeration area result in the larger morphology differenc-
es and diameter fluctuations among the soot particles with the development of the combustion
process. This phenomenon is apparent in fig. 2(f), in which there are larger morphology differ-
ences with a smaller particle density among particles.

Figures 2(g)-2(i) show the particle morphology at several typical positions of the
wings. Compared with samples along the centerline at the same height, particles collected from
the wings have some irregular semitransparent areas, which indicates that there are still nu-
merous particle precursors at every moment on the wings. This finding may be due to more
dispersed fuel droplets with larger diameter in certain fringe areas of the jet spray. In this case,
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a short period of violent combustion could occur in these areas, which produces plenty of PAH.
Instability of turbulent diffusion combustion is more evident in these areas.

For figs. 2(a) and 2(g), the morphology distributions are extremely similar and man-
ifest as a large semitransparent area with a small number of single particles scattered. The
particle size in fig. 2(g) is remarkably greater than that in fig. 2(a). The main reason for this
phenomenon might be the difference in flame temperature. The temperature in the axis area was
approximately 200 K greater than in the fringe area at the same height. Particles of new nu-
cleation are smaller in hot environments. Particles in fig. 2(b) and 2(h) are also similar to each
other in terms of morphology. However, the temperature of the sampling area is higher in fig.
2(b), and the particle size is slightly larger than that in fig. 2(h). This is because the fuel densi-
ty, which is obviously greater at the centerline than at the wings, offers more PAH for particle
growth. Comparing fig. 2(e) with 2(i), the flame temperature at the wings is slightly less than
the centerline temperature and the particles in both areas are ellipsoids. The difference is that
agglomeration occurs at the centerline, but this phenomenon is not clear at the wings. Particle
motion may be accelerated by higher temperature. Moreover, the particle density at the center-
line is higher, which results that collisions with each other are more possible.

The differences in the evolution of flame temperature and particle morphology at the
centerline and wings shows that temperature is an inherent motive force for particle evolution.
High temperature may enhance particle oxidative activity, which results in similar sized parti-
cles. Some reactions can only occur when the temperature reaches a certain value. According
to previous research, there is a threshold temperature for soot carbonization at 1500 K [22]. In
selected conditions, large solid aggregate particles are not collected in the samples because the
maximum flame temperature is less than 1500 K. Furthermore, fuel distribution has an import-
ant influence on particle maturation. An area with large fuel density can provide more PAH for
particle generation and growth, which increases collision probability among particles.

2 " Contorline Farticle size distributions on
g _ - Wing the centerline of the flame
< 20 .| : Figure 3 shows the variation of average
g ; Lo particle diameter with height for particles along
S 15+ L e the centerline. The variation of average parti-
g T - cle diameter is increase, followed by a decrease

- and increase again. The variation can be divided
: into two-stages based on morphology evolution.
From HAB = 10 mm to HAB = 20 mm, PAH nu-

2 I : cleation and the formation of nascent particles
. r r r r occurs. Nascent particles absorb free PAH for

10 20 30 40 50 . . . .
HAB [mm] surface growth, so the particle size increased dis-

tinctly. From HAB =20 mm to HAB = 50 mm, the
particle maturation process is carried out. There
are multiple processes involved in particle matu-
ration such as surface growth, oxidation and agglomeration. The PAH content would decrease at
higher temperature. In this case, oxidation has the dominant position so particle size decreases
gradually with height. Oxidized particles increased in order while their oxidability decreased.
The decrease in particle diameter is weakening and the particles size slowly increases with the
increase in mutual collisions. For particles with higher maturity before being aggregated, their
average diameter would be closer.

Figure 3. Average particle diameter at
different heights along the centerline
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Figure 4 shows histograms of the PSD for each stage of maturation. The PSD directly
embodies the impact of various factors on particle evolution. At H4B = 20 mm, particle size
is similar to normal distribution, which is the required distribution for fully-formed nascent
particles. However, the particle size is concentrated approximately 10-14 nm with over 60%
of the particles in this range at HAB = 25 mm. There is not a particle with diameter greater
than 22 nm, which indicates that the particle size decreased under the domination of oxidation.
Here, large particles are especially affected by oxidation. At HAB = 30 mm, the particle size
distribution is more focused than the previous distribution, nearly 70% particles are distributed
in the range of 12-16 nm. Moreover, some particles have diameters between 20-30 mm. The
sizes of some particles are approximately double 40

the most common particle sizes, which demon- &35 P
strate that the large particles are generated by 230 I“" \

small particle agglomeration combined with g2 /N I
morphology. Comparing the size distribution of & 20 71\ [ R

HAB = 25 mm and HAB = 30 mm, the parti- N V1K N

cle size is significantly influenced by oxidation. 10 A ]

When the particle size is reduced to a certain Z J \\_ ; \
degree, the maturation of particles is no longer

dominated by oxidation, as the PSD is focused :2
on a certain area with less variation. At HAB = c’g %

40 mm, the distribution size gradually approach- g _, /'\\\

es that of a normal distribution. Particle sizes £ , ¥} A

are not concentrated on a narrow interval with- s/ \ \

out the appearance of large particles, indicating o] / \ / \\

that agglomeration has basically completed and v \ ] \
the large partiCIeS are ObViously affeCted by 0X- 0 10121416 182022 24;6\;8 30 10/1214161820 22 2426 2830

idation. The variation of size distribution in the Diameter [nm] Diameter [nm]
entire process embodies the impact of oxidation  Figure 4. Histograms of the PSDFS for samples
and agglomeration on the maturation of nascent  at different heights along the centerline

soot particles.

Evolution of nanostructure on the centerline of flame

Figure 5 shows the HRTEM images of particles at different flame heights while fig. 6
shows the variation of mean fringe length and fringe separation distance with flame height cal-
culated with IPP. Overall, the mean fringe separation is obviously larger than that of graphitic
carbon (approximately 0.335 nm), which also suggests that complete carbonization does not oc-
cur under the experimental conditions. Fringe length increases and the micro-structure becomes
compact and orderly with the development of the combustion processes.

Figure 7 shows the frequency distribution of fringe separation distance. There is a
distinct characteristic when comparing fringe separation distance distribution for particles at
different heights. With the increase in flame height, the large fringe separation distances that
approach 0.5 nm decrease significantly, while the fringe separation distances close to graphitic
carbon start to appear.

Combining figs. 5 and 7, there is no recognizable fringes in fig. 5(a) and its nano-
structure presents on amorphous state. As mentioned before, these particles belong to nascent
particles. The onion structure starts to appear for particles from outside to inside in fig. 5(b)
and the fringe separation distance decreases gradually in the same direction. The mean fringe
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Figure 5. The HRTEM pictures (1.05SMx) of

particles at different flame heights along the

centerline; (a) HAB =10 mm, (b) HAB = 20 mm,

(¢) HAB =25 mm, (d) HAB = 30 mm,

(e) HAB = 40mm, and (f) HAB =50 mm
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separation distance is much larger than that of
graphitic carbon, which indicates the particle
maturity is low. Moreover, the mean fringe
separation distance for particles in fig. 5(c)
further decreases with the combustion pro-
cess. The distribution is more extensive and
there is a greater difference between the fringe
separation distances for particles of various
areas. Particles are also in varying order at
this height. Particle surface growth promotes
the maturation of soot particles via a series of
physical and chemical processes on surface of
nascent soot particles.

Comparing figs. 5(a)-5(c), the particles
transform from a disordered amorphous struc-
ture to an ordered onion structure, and the
growth direction is from outside to inside. The
direction of newly generated microcrystalline is
in a state of chaos without a clear center and the
fringe separation distance distribution has large
fluctuations. It because that the reactivity and
reaction speed of surface growth for particles
are different in different areas due to environ-
mental asymmetry. A messy micro-structure at
the particle edges and a large fringe separation
distance are beneficial for oxidation. However,
with oxidation of the edges and disordered mi-
crocrystalline layer, an obvious center begins
to emerge at the microcrystalline layer. Growth
and merging occur among the fringes so the
length of fringe increases, which is shown from
figs. 5(c) and 5(d). There is a microcrystalline
layer in different directions in fig. 5(c), which
is especially reflected in the edges of particles.
The particle shape is closer to globularity and
the microcrystalline layer is uniformly distrib-
uted along the center of the sphere in fig. 5(d).
The mean fringe separation distances for both
are 0.773 nm and 0.815 nm, respectively, but
there is an obvious increase for the latter figure.
With the progress of collision, the morpholo-
gy of soot particles with onion structure in fig.
5(e) and 5(f) transitions from a single core to
multicore, and the latter microcrystalline layer

is more orderly than the former, which may be due to particle agglomeration. The agglomera-
tion is the process of collision growth for the particles. With the increase in matured particles,
the probability of collision increases accordingly. The arrangement of fringes at the edge of
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newly collided particles are destroyed, which pro-
mote the development of oxidization. These par-
ticles gradually become larger solid agglomerated
particles after the irregular fringes being oxidized.

From the aforementioned description, sur-
face growth and agglomeration play vital role in
particle growth in the process of particle matura-
tion, which is mainly determined by external fac-
tors. Surface growth requires free radical and active
molecules which should exist in the flame, so it is
mainly controlled by flame status. In contrast, ag-
glomeration is affected by the number and space
distribution of particles, which is primarily found
at the end of combustion. Furthermore, surface
growth and agglomeration are both beneficial for
size growth. Particle oxidation not only depends on
burning status, but also relies on surface growth and
agglomeration. They may disorder the micro-struc-
ture at the edge of particles, and oxidative activity
may increase, which enhances oxidability from an-
other perspective. Oxidation promotes the decrease
in particle size, which is beneficial for merging and
growth among fringes in the nanostructure.

Conclusions
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The study mainly focuses on the evolution of particle morphology and size in transi-
tion of liquid-like particles to solid soot particles to understand the soot formation in the diesel

engine. The specific conclusions are as follows.

¢ Flame temperature is the driving force for particle maturation, which has a significant effect

on particle oxidation. Particle maturation is accelerated under high temperature, as both
complete generation of nascent particles and carbonization have to reach a certain tempera-
ture.

Nascent soot particulates are transferred from PAH, and their nanostructure presents on
amorphous state. As the particle micro-structure becomes ordered, the morphology of the
particles tends to be globular or ellipsoid. The collision of particles leads to morphologic
differentiation for single mature particles.

During the series process of soot nucleation and the formation of nascent particles, surface
growth mainly continues from outside to inside and the mean size increases accordingly.
With the development of the reaction, the reactivity of the surface increases, and particle
oxidability increases, whereas the mean size gradually decreases. As particles are mostly
oxidized, a more ordered micro-structure is formed. As a result, particle oxidation is dimin-
ished, and the probability of collision increases. Then, the agglomeration of particles begins
to emerge. Finally, the mean size increases again. The oxidability of particles after collision
strengthens and the increase in the particle size slows.

The formation of carbonaceous soot must reach the threshold temperature and long com-
bustion duration. Thereby, the diesel engine can reduce carbonaceous soot particles with the
low temperature combustion mode and rapid combustion.
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