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Abstract: In studying the effects of oxygen concentration and molecular structure on the morphologies
of the soot particles produced by hydrocarbon fuels, ethylene and ethane were chosen as experimental
fuels. With a Gülde laminar coaxial diffusion flame device, a soot particle device was used to sample
soot particles at different oxygen concentrations (21%, 24%, 26%, 28%, and 31%) and at different
heights above a burner (HABs = 10 mm, 20 mm, 30 mm, 40 mm, and 50 mm). High-resolution
transmission electron microscopy (HRTEM) was used to scrutinize and analyze the soot particles at
varying oxygen concentrations. The findings suggest that at the same oxygen concentration, ethylene
produces brighter and taller flames. With an increase in the oxygen concentration, ethylene flames
and ethane flames gradually decrease in height and become brighter. With an increase in the HAB,
the average primary soot particle diameter (Dp) increases initially and then decreases, the fractal
dimension (Df) increases, and the aggregates transition from strips and chains to clusters. At the
same flame height (HAB = 30 mm), the Dp decreases, the Df increases, the carbon layer torsion
resistance (Tf) and the carbon layer spacing (Ds) increase, and the carbon layer changes from a parallel
arrangement to a curved arrangement to form denser network aggregations.

Keywords: oxygen concentration; ethylene; ethane; morphology; nanostructure

Introduction
The combustion of hydrocarbon fuels generates soot particles, which serve as a primary

contributor to both air pollution and the greenhouse effect. To mitigate these kinds of
emissions, it is imperative for the energy industry to urgently address the pressing need
for efficient and cleaner combustion methodologies [1,2]. In order to lessen our reliance on
fossil fuels, significant advancements have been made in the exploration of efficient and
environmentally friendly alternative renewable fuels [3,4]. By employing laminar flame
burners as a research tool, researchers are able to eliminate the extraneous variables present
in the complex combustion processes found in internal combustion engines, gas turbines,
and other equipment. This approach enables exclusive focus on the physical and chemical
transformations that occur during the generation of soot [5].

Soot particle formation is a complex phenomenon involving gas-phase chemical reac-
tions and particle dynamics [6]. The detailed process of soot particle formation encompasses
the generation of gas-phase precursors, soot nucleation, particle surface growth, particle
coalescence and agglomeration, and soot oxidation as well as fragmentation [7]. During
the combustion of macromolecular fuels, small hydrocarbon molecules such as methane,
ethane, and ethylene are produced, from which polycyclic aromatic hydrocarbons (PAHs)
are formed through cyclization reactions and HACA (hydrogen abstraction and acety-
lene addition) mechanisms [8]. PAHs are generally considered precursors to soot particle
formation and play a crucial role in determining the morphology of soot particles [8].
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Previous studies have demonstrated that macromolecular fuels undergo pyrolysis,
resulting in the formation of small molecular components, such as C2H4, C3H6, CH4, C2H6,
and C3H8, during combustion [9–11]; however, an increase in the oxygen concentration of
fuel leads to an elevation in the concentration of soot precursors [12,13]. The presence of C2
molecules is commonly acknowledged as crucial for soot particle formation [8]; therefore,
investigating small-molecule fuels, particularly those containing C2 compounds, is essential
for understanding the mechanisms underlying soot generation processes.

In recent years, extensive research has been conducted on certain light hydrocarbons,
such as methane [14,15], ethane [16], and ethylene [17–19], as potential alternative fuels. For
example, the morphology of soot particles in flames has been investigated using a laminar
diffusion flame test bench, thermal electrophoresis sampling, and high-resolution trans-
mission electron microscopy (HRTEM), with their growth process explored. Hydrocarbon
methane, which is the most basic hydrocarbon in nature, produces soot particles character-
ized by an exceptionally low fractal dimension no greater than 1.4 [14]. Other hydrocarbons
produce soot particles with fractal dimensions greater than those of methane [16,17]. There-
fore, the soot characteristics of laminar flames are affected by many factors, such as pressure,
mixing, the oxygen concentration, etc.

Pressure plays a crucial role in both soot formation and oxidation. An increase in
pressure enhances the chemical reaction within the flame, stimulates the growth of soot
particles, increases both the average particle size and the rotation radius of primary soot
particles, and enhances their degree of graphitization, maturity, and oxidation [15,16].
Mixing different fuels also significantly impacts the morphology and nanostructure of
the soot particles generated; whether the fuels added contain carbon is a key point for
discussion. When adding non-carbon fuels such as ammonia [18] or hydrogen [19] into the
fuel mixture, the carbon content is reduced, thereby inhibiting the formation of soot particles
and decreasing soot emissions. When adding carbon fuels, such as a hydrocarbon [17,18],
to another hydrocarbon, the morphology of soot particles is closely related to the fuels’
properties and the fuel mixing ratio. Non-carbon fuels and carbon-containing fuels have
been employed simultaneously in many studies; for instance, hydrogen and methane were
introduced into ethylene to investigate the impact of the mixing ratio of blended fuels on
soot morphology [19].

As the primary oxidizer in fuel combustion, oxygen plays a crucial role in accelerating
soot particle oxidation, thereby influencing their characteristics. The formation of soot
particles in flames occurs rapidly (with soot aggregates being able to form within tens of
milliseconds) and early in the combustion process [20]. If soot particles make complete
contact with an oxidant after their formation, an exothermic oxidative reaction occurs,
ultimately resulting in oxidation into H2O and CO2; if the oxygen-to-carbon ratio is insuffi-
cient, the combustion becomes inadequate, and the particles aggregate into larger chain
structures [21]. Oh et al. [22], Chunpeng et al. [23], Escudero et al. [24], and Marek et al. [25]
have all discussed the effects of oxygen concentration on the properties of soot particles.

Although the soot generation process exhibits similarities in ethylene and ethane
flames, there are notable differences in the morphologies and nanostructures of the resulting
soot particles; therefore, in this study, differences in the morphology and nanostructure of
soot particles are analyzed from the perspective of the fuel’s structure (C-C and C=C), and
the morphology and nanostructure of soot particles in ethylene and ethane laminar flames
are analyzed at various oxygen concentrations.

1. Experimental Description
1.1. The Experimental Device

This study utilized a Gülde laminar coaxial diffusion flame device, as illustrated in
Figure 1. The experimental setup primarily consisted of a laminar flame burner, an air
compressor, an air tank, an oxygen tank, a fuel gas tank, mass flowmeters, a high-speed
camera, a computer system, and a soot particle sampling device. The laminar flow flame
burner consisted of an inner tube, with a diameter of 12.7 mm, and an outer tube, with a
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diameter of 88.9 mm. The height of the laminar flow flame burner was 179 mm. The fuel
was delivered to the burner via the inner tube, while air entered through the annular space
between the inner and outer tubes. The air inlet was equipped with a layer of glass balls and
two layers of porous metal foam. Prior to entering the burner under the mass flowmeters’
control, both the fuel and air had to undergo depressurization using a pressure-reduction
valve. Fuel was introduced into the burner through duct 1, located at the bottom of the
burner, while air was supplied through duct 2, positioned on its side. The soot particle
sampling device was equipped with an adjustable base that facilitated sampling at different
flame heights. The system comprised a motor, a controller, a probe, and an ultra-thin carbon
film. The carbon film was securely attached to the probe, enabling automatic adsorption of
the soot particles on the basis of thermophoresis. Furthermore, a high-speed camera was
employed to capture variations in the flame structure at different oxygen concentrations.
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Figure 1. Schematic of the Gülde laminar coaxial diffusion flame device.

1.2. Experimental Conditions

During the experiment, the total airflow and oxygen flow rate were maintained at a
constant value of 160 L/min, while the fuel flow rate was fixed at 0.15 L/min. The oxygen
concentration in the laminar flame was adjusted by regulating the airflow and oxygen flow
rates. Five different cases were investigated, with corresponding oxygen concentrations of
21%, 24%, 26%, 28%, and 31%, as presented in Table 1. The fuels used in this experiment
include ethylene and ethane.

Table 1. The experimental conditions.

Case Oxygen Concentration
(%)

Air Flow Rate
(L/min)

Oxygen Flow Rate
(L/min)

Fuel Flow Rate
(L/min)

1 21 160 0 0.15
2 24 153.9 6.1 0.15
3 26 149.9 10.1 0.15
4 28 145.8 14.2 0.15
5 31 139.7 20.3 0.15

1.3. Sample Methods

The sampling device was utilized to precisely adjust the tweezers and position the car-
bon film parallel to the flame axis. Based on the findings of Katsufumi et al. [26], sampling
at the four locations depicted in Figure 2 not only minimized potential biases caused by
the observation positions within the statistical results but also ensured that an adequate
number of samples were obtained to meet the statistical requirements. The number of
primary soot particle samples was between 600 and 1000 at each measurement location.
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Figure 2. Detection positions on the carbon film.

While the copper network is at risk of burning if the sampling duration is excessively
long, too brief a sampling period may yield an insufficient number of samples. After
conducting numerous experiments and tests, it was determined that a sampling time of
25 milliseconds was optimal.

The time interval between sampling soot particles and conducting a TEM observation
should be strictly controlled to within 24 h in order to preserve the original morphology of
the soot particles to the maximum extent possible. Furthermore, each parameter of the soot
particles was measured and statistically analyzed by the same person in order to minimize
the potential for human error.

In this study, the sampling height was adjusted by controlling the base of the sampling
device. Samples were collected at intervals of 10 mm along the flame axis, specifically at
the distances of 10 mm, 20 mm, 30 mm, 40 mm, and 50 mm from the combustion port.

The agglomeration of the soot particles was analyzed following the methods of A.M.
Brasil [27], Jiangjun Wei [28], and Tengfei Wang [29]. Fractal parameters of the soot
particles, such as the fractal dimension (Df), the primary soot particle diameter (D), the
average primary soot particle diameter (Dp), the carbon layer torsion resistance (Tf), and
the carbon layer spacing (Ds), were calculated.

2. The Effects of Oxygen Concentration on the Structure of Ethylene and Ethane Flames

Figure 3 illustrates the flame structure of the ethylene and ethane laminar diffusion
flames at varying oxygen concentrations. Both the ethylene and ethane flames exhibited a
consistent trend, with a gradual decrease in the flame height being observed as the oxygen
concentration increased. Specifically, the heights of the ethylene flames were successively
measured to be 64 mm, 57 mm, 50 mm, 45 mm, and 39 mm, while the heights of the
ethane flames were successively measured to be 52 mm, 47 mm, 41 mm, 38 mm, and 35 mm.
Consequently, under identical oxygen concentrations, it can be inferred that ethylene flames
are taller and brighter. Considering the equivalent camera resolution parameters used
to capture the images in this study, it can be speculated that a more intense brightness
corresponds to a higher flame temperature [30].

At an oxygen concentration of 31%, the ethylene flames exhibited bifurcation at the top,
while no such phenomenon was observed for the ethane flames. The reason for this is that
the combustion reaction is more intense as the oxygen concentration increases, promoting
soot particle growth and increasing the particle concentration [31]. When the soot particles
ascend higher up the flame and are not completely oxidized, they escape from the top of
the flame and break through the smooth flame to form a “flame wing”; however, a “flame
wing” is potentially not observed in the ethane flame due to its width. The wider the flame,
the greater the volume fraction of soot particles contained in the flame per unit time, and
as the soot particles reside in the flame for longer, their oxidation is prolonged and more
complete [31].
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3. Analysis of Soot Particle Morphologies at the Same Oxygen Concentration
3.1. Flame Structure and Soot Particle Morphologies

Figure 4 shows the flame structures for ethylene and ethane at an oxygen concentration
of 21%. As this figure shows, the ethylene flame is significantly taller than the ethane flame,
at 64.34 mm and 52.11 mm, respectively. This makes the ethylene flame 12.23 mm taller
than the ethane flame. The ethylene flame is bright white, while the ethane flame is orange-
yellow, consistent with the observations of David et al. [32]. These differences are caused
by the presence of C=C double bonds in ethylene, which are unsaturated bonds that break
easily during combustion, resulting in a high rate of heat release from ethylene [33]. In
addition, the densest soot particle generation occurs in the brightest central region of the
flame, and the thermal radiation generated by an abundance of soot particles also leads to
an increase in the brightness of the flame [34].

The soot particle morphologies In the ethylene and ethane flames were observed at
different heights above the burner using an HRTEM (JEOL company, Tokyo, Japan) at an
oxygen concentration of 21%. The images of the soot particles were magnified 50,000 times,
as shown in Figure 4.

The shaded region at the lowest flame height (height above the burner (HAB) = 10 mm)
mainly consists of the gas-phase chemical reaction zone and the soot nucleation zone, where
liquid soot particles and translucent soot particle agglomerates are visible on the carbon
film. At an HAB = 20 mm, the small soot particles continue to collide and agglomerate,
resulting in the soot particles partially overlapping and generating straight- chain-like
agglomerates with a larger particle size and a darker base color. The brightest area of the
flame is seen at an HAB = 30 mm, where the temperature is the highest and the soot particle
concentration is the greatest. Here, the soot particle agglomerates gradually change from
straight chains to ring-like structures, and the overlap of the agglomerates increases. At
an HAB = 40 mm/50 mm, the flame becomes narrow, and the gas flow rate accelerates,
which increases the chances of soot particles colliding and aggregating, thus strengthening
their agglomeration, leading to increased primary soot particle aggregation and forming
larger soot particles. The soot particle morphologies gradually change from ring-like to a
dense, fibrous mesh structure. As shown in Figure 4, with an increase in the flame height,
the soot particle generation process is divided into four stages: the gas-phase precursor,
soot nucleation, particle coalescence and agglomeration, and oxidation, which is consistent
with the results of many previous studies [35,36].
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3.2. The Fractal Dimensions of the Soot Particles

Figure 5 shows D at different heights for the ethylene and ethane flames. In both the
ethylene and ethane flames, D is predominantly distributed in the range of 5~55 nm. The
results indicate that D of the ethylene and ethane increases and then decreases with an
increase in flame height, in agreement with the findings of Chu [17]. This phenomenon
can be attributed to the complex physicochemical processes within the flames. At lower
flame heights (HAB = 10–20 mm), primary soot particles are formed, resulting in smaller
particle sizes and smaller D distribution intervals. As the flame rises (HAB = 20–30 mm),
the primary soot particles experience surface growth, causing the primary soot particles to
gradually become mature, with larger particle sizes and the widest distribution interval.
As the flame height increases further (HAB = 40–50 mm), oxygen diffusion is enhanced,
and the oxidation results in smaller particle sizes and narrower D distribution intervals.
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Figure 6 compares Dp at different flame heights for the ethylene and ethane flames. As
Figure 6 shows, Dp in the ethylene and ethane flames increases and then decreases as they
grow in height, reaching the maximum values when the HAB = 30 mm, at 30.7 nm and
28.6 nm, respectively. This trend is caused by the laminar diffusion flame structure, which
can be divided into an inner flame surface and an outer flame surface, with combustion
mainly occuring between these two surfaces [37].

In addition, at an HAB = 10 mm, there is a delay in the production of soot particles
from the ethane flame compared to that from the ethylene flame. A small number of
chain-like soot particle aggregations are observed in the ethylene flame sample, while
only unformed carbon nuclei are observed in the ethane flame sample. This is because it
mainly comprises the gas-phase chemical reaction zone and the soot nucleation zone at
this position [38]. However, ethylene has a lower ignition point than ethane, with easily
breakable carbon double bonds, making the combustion reaction rate of ethylene greater
than that of ethane. Given this, soot particles ultimately form at a higher rate in the ethylene
flame than in the ethane flame.
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Meanwhile, at the highest positions of the flame (HAB = 50 mm and 60 mm), the
flame width narrows, the gas flow rate speeds up, and the intrusive sampling method has
a greater impact on the flame’s structure, resulting in the sampling position deviating from
the center of the flame axis. Consequently, complete soot particles cannot be collected on
the carbon film for the purpose of calculating the fractal dimension statistics.

The changes in Df with HAB for the ethylene and ethane flames are depicted in
Figure 7, where it is evident that Df increases with an increase in the HAB. The Df of
the soot particles in the ethylene flame rises from 1.33 at an HAB = 20 mm to 1.94 at an
HAB = 50 mm, while the Df of the soot particles in the ethane flame increases from 1.77 at
an HAB = 20 mm to 1.88 at an HAB = 40 mm. At identical HABs, the Df of the soot particles
in the ethylene flame is consistently smaller than that in the ethane flame.
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The variation in the fractal dimension can be explained according to Figure 4. The
variation of Df in the ethylene flame is such that at an HAB = 20 mm, most of the soot
particles in the flame are chain-like agglomerates, and Df is 1.33. As the flame height
increases, the flame becomes brighter and the temperature increases, with the most intense
brightness and temperature observed at an HAB = 30~40 mm. This also corresponds
to the location with the highest soot particle concentration [39]. The morphologies of
the soot particles change from being chain-like to ring-like, and Df increases. As the
flame height increases further (HAB = 50 mm), soot particles are more likely to collide,
condense, and aggregate, and the primary soot particles accumulate over a large area. The
soot particles gradually change from being ring-like to forming denser, fibrous network
structures, leading to an increased Df value of 1.94. For the soot particles in the ethane
flame, as the flame height increases (HAB = 40 mm), agglomerates overlap more, leading
to a further increase in Df to 1.88.
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4. Soot Particle Morphologies and Nanostructures at Different Oxygen Concentrations
4.1. Soot Particle Morphologies at Different Oxygen Concentrations

The effects of oxygen concentration on soot particle morphology and nanostructure
are investigated by adjusting the air and oxygen flow rates. As the primary soot particles
in the brightest area of the flame are mature structures, and are easy to observe, the
soot particles in the ethylene and ethane flames are sampled and observed at different
oxygen concentrations at an HAB = 30 mm, as shown in Figure 8. Increasing the oxygen
concentration is found to intensify the agglomeration, and the aggregates exhibit a cluster
or network structure. Comparing the morphologies of the soot particles in the ethylene
and ethane flames, at the same oxygen concentration, it is observed that the degree of
agglomeration of the soot particles is greater in the ethane flame than in the ethylene
flame. This may be attributed to the high temperature in the ethylene flame, inhibiting the
generation of soot precursors.
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4.2. Dp and Df at Different Oxygen Concentrations

In order to quantitatively compare the influence of oxygen concentration on soot
particle morphologies, the changes in Dp and Df at an HAB of 30 mm in the ethylene and
ethane flames at different oxygen concentrations were analyzed, as shown in Figure 9. It can
be seen from Figure 9 that Dp in the ethylene flame decreases from 30.7 nm to 18.3 nm with
an increase in the oxygen concentration, while in the ethane flame, it decreases from 28.6 nm
to 22.5 nm, corresponding to 40.4% and 21.3%, respectively. This concurs with the results
obtained by Kwang [13]. This is explained by the increase in the oxygen concentration
increasing the diffusion rate of oxygen and enhancing the surface oxidation of the primary
soot particles, leading to a decrease in Dp.
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As shown in Figure 9, as the oxygen concentration increases from 21% to 31%, Df in
the ethylene flame increases from 1.64 to 1.97, an increase of 20.1%, while in the ethane
flame, it increases from 1.81 to 1.92, an increase of 6.1%. This trend is consistent with the
trend obtained by Verma [40]. This is because with an increase in the oxygen concentration,
the combustion reaction intensifies; the flame narrows; soot particles move faster within the
flame, which increases the probability of collision and agglomeration; the fractal dimensions
of the soot particles resultantly increase; and, finally, denser network aggregates are formed.
Df increases more in the ethylene flame than in the ethane flame, because unsaturated bond
reactions occur faster in ethylene, and more oxygen in unit time is required, so the oxygen
concentration has a greater impact on the Df in the ethylene flame.

4.3. The Nanostructure of Primary Soot Particles at Different Oxygen Concentrations

The HRTEM images of the primary soot particles, at an HAB = 30 mm, were mag-
nified 500,000 times in order to investigate the influence of oxygen concentration on the
nanostructure of primary soot particles, as illustrated in Figures 10 and 11. As can be seen
from Figures 10 and 11, the primary soot particles at an HAB = 30 mm exhibit maturity,
characterized by a typical core-shell structure, wherein a carbon layer is concentrically
arranged around a carbon core. The flame temperature increases with the rise in the oxygen
concentration, while the carbon layer exhibits a highly stable concentric configuration.

In order to quantitatively compare the effects of different oxygen concentrations on
the nanostructure of primary soot particles, the Tf and Ds of the primary soot particles at
this location were analyzed and counted, as shown in Figures 12 and 13, respectively.
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Figure 10. Soot particle nanostructures at different oxygen concentrations at an HAB = 30 mm in the
ethylene flame.
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Figure 11. Soot particle nanostructures at different oxygen concentrations at an HAB = 30 mm in the
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Figure 12 shows that Ds increases as the oxygen concentration increases from 21%
to 31%. Specifically, the Ds in the ethylene flame increases from 0.367 nm to 0.374 nm,
while the Ds in the ethane flame increases from 0.36 nm to 0.367 nm. An increase in
the oxygen concentration reduces the temperature and energy required for soot particle
oxidation [41]. Consequently, a higher oxygen concentration increases the surface oxidation
activity on the soot particles, resulting in the oxidation of the outer carbon layer of numerous
mature soot particles [42]. This alteration causes a shift in the carbon layer from a parallel
arrangement to a curved arrangement, ultimately leading to larger Ds values and a looser
soot particle structure.

Figure 13 shows the changes in Tf in the ethylene and ethane flames with the oxygen
concentration. Specifically, the Tf in the ethylene flame increases from 1.089 to 1.2, while the
Tf in the ethane flame increases from 1.108 to 1.139. On the one hand, as the oxygen concen-
tration increases, the outer carbon layer becomes more susceptible to oxidation, resulting
in a decrease in both the soot particle size and the length of the carbon layer. On the other
hand, with an elevated oxygen concentration, the combustion reaction intensifies, leading
to a reduction in the flame height and a shorter residence time for soot particles within
the flame. The duration of soot particle residence significantly impacts graphitization [34],
whereby a shorter residence time corresponds the soot particles having a more disordered
structure and an increased Tf.

5. Conclusions

Soot particles were sampled at different HABs from ethylene and ethane flames, and
morphologies and nanostructures of the soot particles were observed using HRTEM to
study their growth in a coaxial laminar diffusion flame and to analyze the effects of double
bonds on the structures of soot particles. The conclusions are as follows:

(1) At an oxygen concentration of 21%, ethylene laminar flames are taller and brighter
due to the presence of double bonds in ethylene. The ethylene laminar flame was 64.34 mm
tall, while ethane was 52.11 mm tall.

(2) As the oxygen concentration increases from 21% to 31%, the ethylene and ethane
flames gradually become less tall and brighter, as the increase in oxygen accelerates the
fuels’ chemical reaction.

(3) At the same oxygen concentration, the Dp of the primary soot particles along the
flame axis shows a trend of first increasing and then decreasing. At an HAB = 25–30 mm,
Dp is the largest. The Df of the soot particles increases with an increase in the flame height,
and the morphologies of the soot particles evolve from strips and chains into clusters.

(4) At the same flame height (HAB = 30 mm), with an increase in the oxygen concen-
tration, the Dp of the primary soot particles decreases, the Df of the soot particles increases,
and the soot particles aggregate more densely. This is because the flame height decreases
with an increase in the oxygen concentration, which means the soot particles are sampled
at a position closer to the region where a high concentration of soot particles is generated.

(5) At the same flame height (HAB = 30 mm), the higher the oxygen concentration, the
higher the oxidation activity, and the Ds and Tf of the primary soot particles increase; this
causes the primary soot particles to become looser, and the carbon layer changes from a
parallel arrangement to a curved arrangement.
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