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t gases on sooting transition
process in ethylene counterflow diffusion flames

Zhiwei Su,†ab Yaoyao Ying, †*ab Chen Chen,ab Rui Zhao,ab Xuan Zhaoab

and Dong Liu*ab

The impacts of adding diluent gases (nitrogen, carbon dioxide, and helium) either to the fuel side or the

oxidizer side on the sooting transition process in ethylene counterflow diffusion flames are investigated

experimentally and numerically. A series of ethylene flames ranging from non-sooting to heavy-sooting

are studied by gradually increasing the oxygen concentration on the oxidizer side. The optical method is

used to analyze flame images, determining the sooting transition process. It is found that whether CO2 is

added to the fuel side or the oxidizer side, the sooting transition process is delayed significantly. This

process is slightly delayed when He is added to the fuel side, however, it is promoted when He is

introduced to the oxidizer side. The numerical results show that in CO2-diluted flames, the mole fraction

of the main soot precursors C2H2, C3H3, and C6H6 are reduced, which leads to the delay of soot

formation. In addition, the H radical decreases while the OH radical increases, both of them are

important for soot formation. In He-diluted flames, the concentration of C2H2, C3H3, and C6H6

decreased, as well as H and OH radicals. Moreover, adding He obviously changes the distribution area of

products.
1. Introduction

The development and progress of human society are insepa-
rable from the consumption of energy. At present, the
consumption of fossil energy accounts for about 80% of the
total global consumption.1 The energy of fossil fuels is mainly
produced through combustion, which is the main source of air
pollutants. The nanoparticles produced by combustion are
called soot,2,3 and are mainly emitted by the incomplete
combustion of fossil fuels.4 Incomplete combustion of fossil
fuels in actual equipment such as gas turbines, boilers, and
internal combustion engines will produce soot.5–7 Soot particles
will harm the human respiratory system.8 The soot particles can
also change the climate, such as changing the absorption of
solar radiation, and inuencing cloud formation and deposi-
tion on snow and ice.9,10 Therefore, reducing the emission of
soot is an important subject. Several researchers have studied
soot generation characteristics in actual equipment, providing
a strong basis for reducing soot formation.11,12

To reduce the emission of soot particles, the effects of
various diluent gas additives on soot emission in hydrocarbon
ames have attracted more and more attention. Helium (He),
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nitrogen (N2), and carbon dioxide (CO2) are currently commonly
used diluents. It is well-known that the addition of CO2 to
hydrocarbon diffusion ames can effectively suppress the
emission of soot particles. Du et al.13 studied the effect of CO2

and oxygen as additives on soot formation in the diffusion
ame, nding that CO2, whether added to the fuel or oxidizer
side, could suppress soot formation chemically. Oh et al.,14 Liu
et al.,15 and Gülder et al.16 combined experiment and numerical
simulation in laminar diffusion ames and found that the
chemical effect of CO2 would increase the production of O and
OH radicals, which were believed to be responsible for soot
precursor oxidation. Guo et al.17 conducted a numerical study
on the effect of CO2 addition on soot formation in an ethylene/
air diffusion ame. The result showed that the chemical effect
of CO2 addition was primarily introduced by the reduction of
radical H concentration, which suppressed the soot inception
and surface growth rate. Some researchers investigated the
effect of various diluents on soot production in laminar diffu-
sion ames,18–20 and they all found that when CO2 was adopted
as the diluent, there was a strong inhibition on soot formation,
but there was no virtually noticeable effect on soot suppression
when He was used. Gülder et al.21 investigated the inuence of
N2 dilution and ame temperature on soot formation in diffu-
sion ames and found that the reduction in soot formation is
due to both lowered temperature and fuel concentration in
dilution experiments. Yen et al.22 focused on modeling the
effects of hydrogen and N2 addition on soot formation in
laminar ethylene jet diffusion ames. They found the model
RSC Adv., 2022, 12, 18181–18196 | 18181
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View Article Online
was able to qualitatively predict the measured trends of
reducing soot concentration as hydrogen or N2 is added to
ethylene or substituted.

The incipient stage of soot formation is of great signicance
for understanding the nucleation of soot. Ergut et al.23,24

investigated the effect of temperature and equivalence ratio on
the soot onset chemistry in ethylbenzene ames. They deter-
mined the onset of soot with observation, measured the
concentrations of major species by GC/MS system, and vali-
dated with computations. Therrien25 studied the soot onset
threshold and ame properties of ethylbenzene–ethanol
blends, and found that the concentration of benzyl groups
dropped signicantly with ethanol addition, resulting in the
reduction of key soot precursors. Gleason et al.26 followed
quantitatively the transition from parent fuel molecule to
polycyclic aromatic hydrocarbons (PAHs) and eventually to soot.
They found that only one- and two-ring aromatic compounds
could account for soot nucleation. Zhao et al.27 systematically
Fig. 1 Schematic diagram of experimental system.

Table 1 Experimental conditions

Flame Fuel side

Mole fraction

C2H4 Diluent gas

Flame A C2H4 and N2 0.3 0.7
Flame B1 C2H4 and CO2 0.3 0.7
Flame C1 C2H4 and He 0.3 0.7
Flame B2 C2H4 and N2 0.3 0.7
Flame C2 C2H4 and N2 0.3 0.7

Table 2 Simulation conditions

Flames Fuel side

Mole fraction

C2H4 Diluent gas

Flame A C2H4 and N2 0.3 0.7
Flame B1 C2H4 and CO2 0.3 0.7
Flame C1 C2H4 and He 0.3 0.7
Flame B2 C2H4 and N2 0.3 0.7
Flame C2 C2H4 and N2 0.3 0.7

18182 | RSC Adv., 2022, 12, 18181–18196
investigated the sooting transition process in iso-octane ame
and performed combustion chemistry during the transition
process in details.

From the literature above, it can be concluded that the
current detailed study on the sooting transition process under
different diluents is still lacking. It is of great signicance for
deeply understanding the inuence of different diluents on the
sooting transition process of hydrocarbon ames to understand
the nucleation of soot and control soot emission. Therefore, in
this study, the diluent gas (N2, CO2, and He) was added to the
oxidizer side or the fuel side, and the changes in the sooting
transition process were analyzed by experiments and chemical
kinetic simulations, aming to investigate the effects of diluent
gases on sooting transition process in ethylene counterow
diffusion ames.
2. Experiments and simulations
2.1. Experimental procedure

The experimental setup consisted of a counterow diffusion
ame platform, a fuel/oxidizer ow-control system and a ame
image acquisition system, the architecture of this experimental
apparatus was illustrated in Fig. 1.

The counterow diffusion ame platform was designed by
Advanced Combustion Laboratory in NJUST, which had two
vertically placed nozzles with a diameter of 6.77 mm for the
inner nozzle and a diameter of 14.88 mm for the outer
surrounding nozzle. The separation distance between the two
nozzles was 8.0 mm. The oxidizer and fuel stream were con-
nected to the lower and upper nozzle, respectively. The shield
N2 could protect the ame from indoor air ow and ensure that
the fuel burned in a controlled atmosphere. N2, He, and CO2

were chosen as the diluents. The diluent gas was mixed with
oxygen and fuel before entering the combustion chamber. The
Oxidizer
side

XO

Min Increment Max

O2 and N2 0.20 0.01 0.28
O2 and N2 0.32 0.01 0.40
O2 and N2 0.23 0.01 0.30
O2 and CO2 0.32 0.01 0.40
O2 and He 0.17 0.01 0.25

Oxidizer
side XO

O2 and N2 0.21 0.23 0.24 0.27
O2 and N2 0.32 0.34 0.35 0.38
O2 and N2 0.23 0.25 0.26 0.29
O2 and CO2 0.32 0.34 0.35 0.38
O2 and He 0.18 0.20 0.21 0.24

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Profiles of the tricolor luminosity proportion for pixel points in
the flame at different O2 concentrations for Flame A, (a) before tran-
sition, (b) in transition, (c) after transition.
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gas ow rates of nitrogen, fuel gas, diluent gas and oxygen were
controlled by high precision digital mass ow controllers (Sev-
enstar, CS200A). The ow rate of the two nozzles was 18.52 cm
s�1. The image acquisition system, consisted of a digital single
lens reex camera (Nikon D7100) in manual mode, was used to
deal with ame images for distinguishing the sooting transition
process. The lens was AF-S NIKKOR 24–85mm f/3.5–4.5G ED VR
without any lter.

The detailed conditions of the ames in the experiment were
shown in Table 1. There were ve groups of ames were
investigated. In Flame A, N2 was added on both the fuel side and
the oxidizer side, which could be regarded as the standard
ames for comparison. In Flame B1, CO2 was added on the fuel
side and N2 was added on the oxidizer side. Flame C1 had a He
addition on the fuel side and N2 addition on the oxidizer side.
The compositions of Flames B2 and C2 corresponded closely to
Flames B1 and C1, respectively, but in Flames B2 and C2, the
diluent gases were added on the opposite side. Here XO was
dened as the oxygen concentration.

2.2. Kinetic modeling

The Chemkin/OPPDIF code28 was used to simulate the investi-
gated ames. The reaction mechanism used in this study was
developed by the Ranzi et al.29–31 (CRECK_2003_TOT_HT_-
SOOT), which contained 452 species and 24 041 reactions.

The boundary conditions were the same as the experiments.
Four working conditions in vicinity of the sooting transition
process in each group of ames were selected, which covered by
the experimental conditions. The detailed conditions of the
investigated ames were summarized in Table 2.

3. Results and discussion
3.1. Sooting transition point identication

Fig. 2 showed Flame A images with the oxygen concentration
(XO) changing from 20% to 28%. Soot particles produced
Fig. 2 Flame A images at different oxygen concentration combustion
conditions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
blackbody radiation at high temperatures, causing the ame to
glow yellow.32 Figura et al.33 reported that the ame without soot
was blue, and the visual observation of a faint yellow luminosity
Fig. 4 Flame images at different oxygen concentration and different
diluent gases combustion conditions, (a) Flame B1, (b) Flame C1, (c)
Flame B2, (d) Flame C2.

RSC Adv., 2022, 12, 18181–18196 | 18183
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Fig. 5 Different flame profiles of the tricolor luminosity proportion for
pixel points in the flame at different O2 concentrations, (a) Flame B1, (b)
Flame C1, (c) Flame B2, (d) Flame C2.

Fig. 6 Temperature profiles and peak temperature of different flames,
(a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame C2, (f)
peak temperature.

Fig. 7 Ethylene mole fraction profiles of different flames, (a) Flame A,
(b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame C2.

18184 | RSC Adv., 2022, 12, 18181–18196
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revealed incipient sooting. It can be seen from Fig. 2, the ame
color was blue in low oxygen concentrations, which indicated
the ame was non-sooting one. As the oxygen concentration
increased, a yellow ame gradually appeared above the blue
ame, suggesting that the ame was transferring to an incipient
sooting state. As XO continued to increase, a signicant yellow
luminous sooting region could be found at the ame fuel side.
The soot formation just occurred when XO increased to a critical
value, XO,cr. The XO,cr was dened as sooting critical transition
point here. We might determine the XO,cr as XO ¼ 24% where
a faint yellow region visible to the naked eye. However, the real
XO,cr was actually smaller because human eyes cannot respond
to the ame yellow luminosity sensitively under the condition of
stronger blue luminosity. To accurately determine the sooting
transition process and critical transition point, this article used
the method following ref. 27.

All the pixel points in the central axial line throughout the
ame were taken, as shown with the yellow dotted line in Fig. 2.
The luminosities of tricolor for the target pixel points were
obtained, as shown in Fig. 3.

In Fig. 3, the three corners of the triangle represented one
color, respectively. Dening the lower le corner as blue lumi-
nous region, the lower right corner as blue luminous region,
and the top corner as green luminous region. From Fig. 3(a), it
could be found that most pixels were distributed in the blue
luminous region, which meant the ames were blue and few
soot particles were formed under these three conditions.
Therefore, these conditions could be considered as ones before
transition, which was consistent with the ame observation
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The reaction paths of ethylene, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame C2 (percentage of each path's contribution
to the consumption of the species at the beginning of the corresponding arrow was marked).
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from Fig. 2. In Fig. 3(b), there was a clear transition. The pixels
shied from blue luminous region to red region, indicating that
there were blue and yellow layers in the ames at the same time.
Thus, the two conditions could be considered as ones in the
sooting transition process which corresponded to the gradual
appearance of the yellow layer of ame in Fig. 2. More soot
particles appeared in the process of formation from XO ¼ 23%
to XO ¼ 24%. From the analyses above, we could dene the
critical sooting transition condition as XO,cr ¼ 22%. Fig. 3(c)
showed the post-transition with XO larger than 24%. In these
© 2022 The Author(s). Published by the Royal Society of Chemistry
four conditions, the distribution of pixels was highly centralized
from le to right, and less pixels were distributed in the blue
region. It could also be seen from Fig. 2, a bright yellow layer
appeared in the ame at 25–28% O2 concentrations. The soot-
ing transition process have been completed and the ame was
heavily sooting.

Fig. 4 showed ames at different oxygen concentrations
conditions with different diluent gases. Compared to Flame A,
the colors of Flames B1 in Fig. 4(a) and B2 in Fig. 4(c) had
changed signicantly. The blue layers were thicker and more
RSC Adv., 2022, 12, 18181–18196 | 18185
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Fig. 9 CH3 mole fraction profiles and peak mole fractions of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.

Fig. 10 H mole fraction profiles and peak mole fraction of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.

Fig. 11 OH mole fraction profiles and peak mole fraction of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.

Fig. 12 O mole fraction profiles and peak mole fraction of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.
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obvious, and the yellow layers were quite weak, especially for
Flame B1. As a result, the critical sooting transition condition
was very difficult and almost impossible to determine by naked
18186 | RSC Adv., 2022, 12, 18181–18196
eyes. It can be concluded that no matter CO2 was added to the
fuel side or the oxidizer side, the sooting transition process was
delayed signicantly, which indicated that the CO2 could
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 CO mole fraction profiles and peak mole fraction of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.

Fig. 14 CO2 mole fraction profiles and peak mole fraction of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.

Fig. 15 CH4 mole fraction profiles and peak mole fraction of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.
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effectively inhibit soot formation. The weaker yellow layer of
Flame B1 meant a stronger inhibitory effect when CO2 was
added to the fuel side. Flames C1 in Fig. 4(b) and C2 in Fig. 4(d)
© 2022 The Author(s). Published by the Royal Society of Chemistry
were very similar to Flame A visually. It was interesting to note
that the sooting transition process of Flame C1 was delayed
compared to Flame A, but it was advanced in Flame C2. This
phenomenonmeant adding He to the fuel side could inhibit the
soot formation, but it had a promoting effect when He was
added to the oxidizer side.

In addition, it was interesting to see that with low O2

concentration, there was a different in the color of the ames.
Although the ames are all blue, the color in Fig. 4(a) and (c)
was more towards pure blue. This was because the blue color of
the ame was mainly due to CH* and C2* radicals.34 The
addition of CO2 and He changed the concentration and distri-
bution of the above-mentioned free radicals. In addition, the
temperature of the ames was also different. These factors led
to the difference in the energy radiated by the free radicals,
resulting in a different color in the ames.

Taking the pixel points of the above four ames and drew the
tricolor luminosity ratio proles, as shown in Fig. 5. Similarly,
the analysis method described above was used to determine the
sooting transition process. The sooting transition process of the
four ames could be concluded as follows: Flame B1: XO ¼ 34%
to XO ¼ 36%, Flame C1: XO ¼ 25% to XO ¼ 26%, Flame B2: XO ¼
34% to XO¼ 35%, Flame C2: XO¼ 20% to XO¼ 21%. The critical
sooting transition condition could be determined as XO,cr ¼
33%, 24%, 33%, and 19%, respectively. In order to deeply study
the sooting transition process, four representative conditions
(one condition before transition, two conditions in the transi-
tion process, and one condition aer transition) of these ames
were selected to perform the kinetic study.
RSC Adv., 2022, 12, 18181–18196 | 18187
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Fig. 16 C2H2 mole fraction profiles and peakmole fraction of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.
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3.2. Simulation results

3.2.1 Temperature proles. Fig. 6(a)–(e) sketched the ame
temperatures of different ame conditions. It could be observed
Fig. 17 C2H2 rate of production diagrams, (a) Flame A, (b) Flame B1, (c)
Flame C1, (d) Flame B2, (e) Flame C2.

Fig. 18 Reaction paths diagrams of C2H2 in different Flames, (a) Flame
A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame C2.

18188 | RSC Adv., 2022, 12, 18181–18196
that in sooting transition process (XO of Flame A: 21–27%,
Flame B1: 32–38%, Flame C1: 23–29%, Flame B2: 32–38%,
Flame C2: 18–24%), the temperature had an increasing trend.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 C2H6mole fraction profiles and peakmole fraction of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.

Fig. 20 C3H3mole fraction profiles and peakmole fraction of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.

Fig. 21 C3H3 rate of production diagrams, (a) Flame A, (b) Flame B1, (c)
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Regarding Flame A as the standard ame for comparison, we
could nd that the addition of diluent gases affected the
temperature distribution and change the position of the
maximum temperature. The corresponding peak temperature
was displayed in Fig. 6(f). Wang35 concluded that the rise in
temperature has two important effects: (a) facilitated the
decomposition of fuel into small-molecule soot precursors, and
(b) accelerated the oxidation of soot particles. In both of the two
rates, the oxidative rate increased faster.36 The peak tempera-
ture of Flame B1 was signicantly higher than that of Flame A,
while Flame B2 was similar to Flame A, which might be the
reason why adding CO2 to the fuel side had a stronger effect on
soot formation. However, seeing that the Flame C1 and Flame
C2, the temperature decreased compared to Flame A.

3.2.2 Ethylene fraction proles and consumption paths.
Fig. 7 exhibited the distribution curves of the mole fraction of
ethylene. Starting from the upper nozzle of the burner, the mole
fraction of fuel gradually decreased in the direction of the ame
front and was eventually exhausted at the ame front. With the
increase of oxygen concentration, the ethylene was consumed
faster. Comparing the ve ames, it could be found that the
addition of diluents slightly changed the position of the ame
front. Flame C1 was the most interesting that ethylene pre-
sented a trend of rst increasing and then decreasing along the
axis. This phenomenon was caused by the high mobility of He.
When the helium was added to the fuel stream, it would
diffused away rapidly, leaving relatively high concentrations of
ethylene, so the mole fraction of ethylene had an increase trend
near the fuel nozzle.20
© 2022 The Author(s). Published by the Royal Society of Chemistry
The reaction pathway analysis of ethylene for different
ames were carried out, as shown in Fig. 8. The results showed
that the main consumption pathways of ethylene in counterow
Flame C1, (d) Flame C1, (e) Flame C2.
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Fig. 22 Reaction paths diagrams of C3H3 in different Flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame C1, (e) Flame C2.
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diffusion ame was the decomposition of fuel molecules into
small alkyl radicals, and secondly was the polymerization into
large alkyl radicals. With the increase of oxygen concentration
in the sooting transition process, the decomposition of fuel
molecules increased. The reason for this phenomenon was that
the increasing temperature would promote the scission of C–C
bonds. Furthermore, it was worth noting that the important
18190 | RSC Adv., 2022, 12, 18181–18196
soot precursor C2H2 had a signicant increase in the transition
process. Comparing the ve ames, the addition of diluents
had little effect on the main consumption paths of ethylene.
When CO2 was added, the conversion of CH3 to C2H6 was
inhibited.

3.2.3 Formation characteristics of important free radicals.
In this section, methyl (CH3), hydrogen radical (H), hydroxyl
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 C3H6mole fraction profiles and peakmole fraction of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.

Fig. 24 C6H6mole fraction profiles and peakmole fraction of different
flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame
C2, (f) peak mole fraction.

Fig. 25 C6H6 rate of production diagrams, (a) Flame A, (b) Flame B1, (c)
Flame C1, (d) Flame B2, (e) Flame C2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(OH) and oxygen free radical (O) were selected as important
representative radicals to study the sooting transition process.

The concentration proles of CH3 radical were exhibited in
Fig. 9(a)–(e). In the sooting transition process, the mole fraction
of CH3 showed an increasing trend. The addition of diluents
changed the distribution of CH3 in the ame, which was more
obvious in Flames C1 and C2. Fig. 9(f) showed the corre-
sponding CH3 peak concentrations of different Flames. The
CH3 peaks of Flames B1 and B2 were similar to Flame A.
However, the results shown in Flames C1 and C2 indicated that
the addition of He had an inhibitory effect on CH3 formation.
This phenomenon was possibly due to the reaction C2H3 + CH3

+ M / C3H6 + M.20

The HACA mechanism proposed by Frenklach et al.37 re-
ported that H free radicals could control the growth of polycyclic
aromatic hydrocarbons and were related to the surface growth
of soot. Therefore, it was necessary to study the formation
characteristics of H.

Fig. 10(a)–(e) demonstrated the H mole fraction of different
ames, from which we could see that H mole fraction increased
with the increasing XO in the sooting transition process. The
corresponding peak concentrations were shown in Fig. 10(f).
Compared to Flame A, the lower peaks of Flames B1, C1, B2, C2
suggested there was a suppression effect on the H radical
formation when adding He or CO2. In Flame B2, this effect was
the most obvious. For CO2-diluted ames, some researchers
attributed the inhibitory effect to the important reaction CO2 +
H # CO + OH.14,17,38,39 As a result, they all thought that adding
RSC Adv., 2022, 12, 18181–18196 | 18191
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Fig. 26 Reaction paths diagrams of C6H6 in different Flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2, (e) Flame C2.
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CO2 could reduce the production of H, then effectively inhibit
the soot formation.

The mole fraction of OH proles of the ames examined in
this study were presented in Fig. 11(a)–(e). The mole fraction of
OH showed a signicant increase in the sooting transition
process. The corresponding peak concentrations were implied
in Fig. 11(f). Flames B1 and B2 showed that the addition of CO2
18192 | RSC Adv., 2022, 12, 18181–18196
had a promoting effect on OH formation, and the effect became
stronger when adding to the fuel side. This was due to the
important reaction CO2 + H # CO + OH mentioned above.
Some researchers reported that the chemical mechanism of CO2

addition could promote the concentrations of O and OH,
thereby increased the soot precursor oxidation.16,40 Therefore,
the increase of the hydroxyl in Flames B1 and B2 was one of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 27 A2 (naphthalene)mole fraction profiles and peakmole fraction
of different flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d) Flame B2,
(e) Flame C2, (f) peak mole fraction.
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factors that CO2 addition could inhibit the soot formation.
More hydroxyl in Flame B1 might explain the stronger soot
suppression in the experimental results as shown in Fig. 4. In
addition, there was a decrease of OH in Flames C1 and C2.

The concentration proles of O were shown in Fig. 12(a)–(e).
In the sooting transition process, more oxygen atoms were
generated due to the increase in oxygen concentration. The
corresponding O peak concentrations were exhibited in
Fig. 12(f). Oxygen atoms had an oxidative effect on soot. It was
worth to note the Flame B1, the mole fraction of O was the
highest. This phenomenon also explained the experimental
results that why there was less soot in Flame B1. Moreover, the
O was slightly reduced in the Flames C1 and C2.

3.2.4 Formation characteristics of important products.
Fig. 13(a)–(e) gave the proles of CO mole fraction. With the
increase of XO in the sooting transition process, the concen-
tration of CO had a signicant increasing trend. The corre-
sponding peak concentrations could be obtained in Fig. 13(f).
The CO obviously increased in Flams B1 and B2, which was
expected as the reaction CO2 + H # CO + OH intensied with
the addition of CO2. The results of Flames C1 and C2 showed an
inhibitory effect on CO with the addition of He.

CO2 was the main product of combustion, and its mole
fraction was shown in Fig. 14(a)–(e). CO2 was added to the
Flames B1 and B2, so the two Flames were not discussed here.
In Flames A, C1, and C2, the mole fraction of CO2 increased in
the sooting transition process. This was because the increase of
temperature with the increase of XO would intensify the oxida-
tive reactions. The corresponding peak concentrations of CO2

were displayed in Fig. 14(f). The Flame C1 had a slight decrease
trend of CO2 while the Flame C2 had a small increase trend.

3.2.5 Formation characteristics of important intermedi-
ates. In this section, methane (CH4), acetylene (C2H2), ethane
(C2H6), propargyl (C3H3), propylene (C3H6), and benzene (C6H6)
were selected as important representative intermediates to
study their formation characteristics.

The study of Gleason et al.26 reported that small aromatic
hydrocarbons controlled the onset of soot nucleation, and the
growth basis of polycyclic aromatic hydrocarbons was benzene
or phenyl.6,41 Therefore, analyzing the formation characteristics
of C6H6 could promote the understanding of soot nucleation.
Furthermore, according to Naseri et al.,42 C2H2 and C3H3 played
an important role in the formation of benzene. Consequently,
in this section, the rate of production and reaction path analysis
of C2H2, C3H3, and C6H6 were carried out.

Methane (CH4) was an important single-carbon hydro-
carbon, and its concentration increased with the increasing XO

in the sooting transition process, as shown in Fig. 15(a)–(e).
Corresponding peak concentrations could be found in
Fig. 15(f). Compared to Flame A, the changes of CH4 in Flames
B1 and B2 were very small. While a signicant decrease could be
seen in Flame C1 and C2, indicating that adding He inhibited
the formation of CH4.

The nucleation rate of soot was essentially a rst-order
reaction of acetylene (C2H2) concentration.43,44 Based on the
reason, studying the formation characteristics of C2H2 was
paramount. The mole fraction of C2H2 was illustrated in
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 16(a)–(e), and the corresponding peak concentrations could
be obtained in Fig. 16(f). Its mole fraction increased with the
increase of XO. From the Flames B1 and B2, it could be
concluded that the addition of CO2 had no obvious effect on
C2H2. Instead, Flames C1 and C2 suggested that there was an
inhibitory effect on the formation of C2H2 when adding He.

Fig. 17 showed the rate of production of C2H2. The main
formation reaction of C2H2 was C2H3 (+M)¼H + C2H2 (+M), and
the primary consumption reaction of C2H2 was O + C2H2 ¼ H +
HCCO. The rate of other reactions was small and would vary
with the diluents. The rate of all reactions became faster with
increasing oxygen concentration in the sooting transition
process, and the reaction region shied to the fuel side.

Fig. 18 exhibited the reaction paths of C2H2 under different
conditions. In these diagrams, the positive value represented
the percentage of each path's contribution to the formation of
the species at the end of the corresponding arrow (solid line),
and the negative value represented the percentage of each
path's contribution to the consumption of the species at the
beginning of the corresponding arrow (dot line). With different
diluent gases, the main products from C2H2 were the same, but
their ratios were different. C2H3 and C2H4 were the main
sources of C2H2. In CO2-diluted ames, the contribution of
C2H2 to C4H2 was signicantly reduced.

In the sooting transition process, with the increasing oxygen
concentration, the change of C2H6 formation was not sensitive
in Flames A and B1, but it showed a decrease trend in Flames
C1, B2, and C2, as shown in Fig. 19(a)–(e). The peak concen-
trations of C2H6 in Fig. 19(f) showed that the addition of CO2

had a promoting effect on its formation. The C2H6 was
RSC Adv., 2022, 12, 18181–18196 | 18193
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Fig. 28 A3 (anthracene and phenanthrene) mole fraction profiles and
peak mole fraction of different flames, (a) Flame A, (b) Flame B1, (c)
Flame C1, (d) Flame B2, (e) Flame C2, (f) peak mole fraction.
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a combustion intermediate produced by the direct reaction of
ethylene with hydrogen. For Flame C1, the reason why the
concentration of C2H6 was higher than Flame A was that the
Fig. 29 A4 (pyrene and isomers) mole fraction profiles and peak mole
fraction of different flames, (a) Flame A, (b) Flame B1, (c) Flame C1, (d)
Flame B2, (e) Flame C2, (f) peak mole fraction.

18194 | RSC Adv., 2022, 12, 18181–18196
diffusion of helium from the centerline to the periphery of the
ame, resulting in an increase of C2H4.20

Based on the fact that the propargyl (C3H3) played a vital role
in the formation of the rst aromatic ring45 and polycyclic
aromatic hydrocarbons (PAHs), studying the characteristics of
C3H3 was of great signicance. Fig. 20(a)–(e) showed the
concentration of C3H3 in each diluted ame. With the increase
of XO in the sooting transition process, the concentration of
C3H3 had an obvious increasing trend. The corresponding peak
concentrations were displayed in Fig. 20(f), from which could be
found that adding CO2 and He both inhibited the C3H3

formation, and the later were more effective.
The rate of production of C3H3 was displayed in Fig. 21. In

these gures, C3H4-A and C3H4-P were isomers of each other.
The main formation reactions of C3H3 were CH2 + C2H2 ¼ H +
C3H3, and H + C3H4 ¼ H2 + C3H3. The main reactions respon-
sible for C3H3 consumption were OH + C3H3¼ C2H3CHO, andH
+ C3H3 ¼ C3H4. In Flames A and C2, a formation reaction
occurred, CH2(S) + C2H2 ¼ H + C3H3. With the increase of
oxygen concentration, the reaction rates of the above reactions
were obviously faster. The addition of different diluent gases
changed the reaction region of these reactions, which was more
signicant when He was added.

The reaction paths of C3H3 under different conditions was
shown in Fig. 22. In these diagrams, the value represented the
percentage of each path's contribution to the formation of the
species at the end of the corresponding arrow. The formation of
C3H3 was mainly due to the unimolecular C–H scission reaction
of propyne (C3H4). The main source of C3H3 is the two isomers
of C3H4 (C3H4-A and C3H4-P). And there was an isomerization
reaction between two isomers. In the case of high oxygen
concentration, it would promote the conversion of C4H6 (buta-
diene and butyne) to C3H3.

Fig. 23(a)–(e) exhibited the proles of the C3H6mole fraction,
and Fig. 23(f) was a graph of the corresponding peak concen-
trations. In He-diluted ames, the concentration of C3H6

decreased with increasing XO. However, it had no signicant
change in N2- and CO2-diluted ames. The peak mole fraction
of C3H6 was shown in Fig. 23(f). The results showed that adding
CO2 promoted the formation of C3H6, but introducing He to the
fuel side and the oxidizer side respectively had different effect.
The concentration of C3H6 increased when He was added to the
fuel side, while it decreased when He was added to the oxidizer
side.

The concentrations of benzene (C6H6) shown in Fig. 24(a)–(e)
was of great interest as it was a crucial step in the formation of
PAHs, which directly related to soot formation. The C6H6

showed an increasing trend in sooting transition process. In
CO2-diluted ames, the change of the curves was not obvious.
Fig. 24(f) exhibited corresponding peak concentrations. The
concentration of C6H6 in both the CO2-diluted ames and the
He-diluted ames was reduced, which suggested CO2 and He
both had an inhibitory effect on C6H6. In CO2-diluted ames,
the CO2 consumed CH*

2 through reaction
CH*

2 þ CO24CH2Oþ CO, and then inhibited the formation of
C6H6. The CH*

2 was activated methylene, playing an important
role in the generation of C6H6.42
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 gave the proles of C6H6 rate of production in
different conditions. H + C6H5 (+M) ¼ C6H6 (+M) was the most
important formation reaction. In Flames A, B1, and B2,
a formation reaction occurred, H2 + C6H5 ¼ H + C6H6. In
addition, the reaction C2H2 + C4H5 ¼ H + C6H6 also inuenced
the formation of C6H6 in Flames A and B2. The main
consumption reaction was H + C6H6 ¼ H2 + C6H5. In sooting
transition process, as the oxygen concentration increased, the
reaction area shied to the fuel side.

Fig. 26 showed the reaction paths of C6H6 under different
conditions. The main source of C6H6 was C6H5, CYC6H8, C3H3,
fulvene, and the reaction between C2H2 and C4H5. The
consumption reaction of C6H6 was mainly the conversion of
C6H6 to C6H5. As the oxygen concentration increased, the
contribution of C6H5 and C3H3 to C6H6 increased, and the
CYC6H8, C4H5 and C2H2 contributed less to C6H6.

3.2.6 Formation characteristics of small molecular PAHs.
PAHs (Polycyclic Aromatic Hydrocarbons) were regarded as soot
precursors, we studied some small molecular PAHs, A2 (naph-
thalene), A3 (anthracene and phenanthrene), A4 (pyrene and
isomers).

Gleason et al.26 reported that one-ring and two-ring aromatic
played an important part in soot nucleation. Therefore, inves-
tigating the formation of A2 (naphthalene) could advance the
understanding of the sooting transition process. The simula-
tion results of A2 were exhibited in Fig. 1. It could be seen from
Fig. 27(a)–(e) that with the increase of XO, except for Flame B1,
the concentration of A2 had an obvious upward trend. This
result indicated that in sooting transition process, the increase
of A2 promoted the formation of soot. From the distribution
area of A2, it could be inferred that the generation of soot is
closer to the fuel side. The peak mole fraction of A2 was
exhibited in Fig. 27(f). Both He and CO2 additions reduced the
mole fraction of naphthalene, which was more obvious in CO2-
diluted ames. This phenomenon also proved that the addition
of CO2 can inhibit the formation of soot.

Fig. 28(a)–(e) showed the concentrations of A3 (anthracene
and phenanthrene). Similar to A2, the mole fraction of A3 had
an obvious upward trend with the increase of oxygen concen-
tration during the transition process. It could be concluded
from Fig. 2(f) that adding CO2 and He could inhibit the
formation of A3, and the effect was more signicant when
adding CO2. A3 was also mainly formed in the region biased
towards the fuel side.

Fig. 29(a)–(f) showed the simulation results of A4 (pyrene and
isomers). In the sooting transition process, the concentration of
A4 has an obvious increasing trend, which was similar to A2 and
A3. Combining the curves of A2, A3 and A4, it could be
concluded that the changes in the sooting transition process
were mainly reected in the promotion of PAHs growth. Both
CO2 and He could inhibit the formation of PAHs, and the
inhibition effect of CO2 was more signicant. Flame B1 was the
most interesting because in Flame B1 there was a very slow
increase in PAHs as XO increases. Zhang et al.46 reported that
gaseous PAHs may also be responsible for the yellow color
emissions. This phenomenon was consistent with the experi-
mental results described above: (1) the yellow light of Flame B1
© 2022 The Author(s). Published by the Royal Society of Chemistry
is the weakest (2) the transition process of Flame B1 is the
longest.

4. Conclusions

The sooting transition process was studied in the ethylene
counterow diffusion ames with different diluents (N2, He,
and CO2). In each diluted ame, the sooting transition process
was determined by optical method. The concentrations of
major hydrocarbon species and important radicals were inves-
tigated by kinetical modeling. The N2-diluted ames were
regarded as the standard ames for comparison. The results
were summarized as follows:

(1) The CO2-diluted ames signicantly delayed the sooting
transition process, indicating that the CO2 had an inhibitory
effect on soot formation. When CO2 was added to the fuel side,
the weaker yellow luminous sooting region meant a stronger
soot suppression effect.

(2) He-diluted ames were the most interesting. When He
was added to the fuel side, the sooting transition process was
delayed, while to the oxidizer side, the transition process was
advanced.

(3) The simulation results showed that adding CO2 inhibited
the formation of H radical and promoted the OH radical
formation, which contributed to suppress the soot formation.
When CO2 was added to the fuel side, the concentration of O
atom and OH radical increased more signicantly, which may
explain why less soot was generated in this case.

(4) The concentration of H, OH, and O radicals reduced in
He-diluted ames, as well as the important soot precursors
C2H2, C3H3, and C6H6. In addition, adding helium signicantly
changed the reaction region.

(5) In the sooting transition process, the small molecular
PAHs (A2, A3, and A4) increased signicantly with the increase
of oxygen concentration. The addition of carbon dioxide could
effectively inhibit the formation of PAHs.

This research could be expected to provide a deep under-
standing on the effect of different diluent gases on the soot
formation, which would be benecial to the future study on the
control of soot emissions.
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