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A B S T R A C T

In this work, the charge characteristics of sub-10 nm soot particles were studied in burner-stabilized-stagnation
premixed ethylene flames, at an equivalent ratio of 2.0 and over the calculated maximum flame temperature
(Tmax) range of 1665–1933 K, using micro-orifice probe sampling in tandem with neutralizer, half-mini differ-
ential mobility analyzer (Half-mini DMA) and electrometer. To obtain the charge fraction, the charged and total
particle size distributions (PSDs) were measured with the neutralizer off and on, separately. Our results showed
that both negatively charged particles (NCP) and positively charged particles (PCP) grew to bigger particles with
the increase of height above burner (Hp). However, compared to PCP, NCP were relatively smaller in size, but
higher in concentration, possibly because negative ions such as electrons diffused faster to coagulate with soot.
Moreover, charge fraction decreased along Hp and newly nucleated soot particles were all neutral at higher Hp,
which could be attributed to the higher temperature near the flame front, where the concentrations of ions were
higher. Another interesting finding was the increase in charge fraction by two orders of magnitude (from 0.1% to
10%) as Tmax increased from 1665 K to 1933 K. All of these suggested the existence of particle-ions interaction
close to the flame front, especially at high temperatures.

1. Introduction

Ions formed in high temperature flames may affect soot formation
processes [1–6]. On one hand, they can enhance particle coagulation by
colliding with soot particles [7–10]. On the other hand, they may serve
as the initial soot precursor for generating incipient soot [11]. Since
ions may play an important role in soot formation, they have received
substantial attention for decades. Calcote et al. [11] suggested that
precursor ions such as C3H3+ could react with neutral species, for ex-
ample acetylene, to produce larger positive ions and charged particles.
Lias et al. [12] showed that ion-molecule reaction rate coefficients were
generally several orders of magnitude greater than those of neutral
species, and ion-molecule reaction rates were fast in high-temperature
sooting flames. Kraft and coworkers [13,14] proposed that enhanced
interactions between polar corannulene molecules and cations resulted
in more rapid and abundant clustering and longer cluster life times,
suggesting that interactions between curved PAHs and ions may play a
significant role in soot formation. In contrast, Haynes et al. [15] argued

that concentrations of ions were too low to play a major role in soot
formation.

To investigate the effect of ions on nucleation and coagulation, it is
necessary to study the charge characteristics of soot particles. Maricq
[16] measured the charged particle size distributions (PSDs) and charge
fractions of soot particles in premixed ethylene flames by nano-differ-
ential mobility analyzer (DMA) and condensation particle counter
(CPC). The results showed that nanoparticles carried predominantly
with a single charge and the charge fraction increased with the increase
of size. Due to the low activation efficiency of CPC and high diffusion
loss of nano-DMA for sub-3 nm particles [17,18], measurements were
performed only for particles larger than 3 nm. To shed light on sub-
3 nm soot particles, Sgro et al. [19,20] used a higher resolution TapCon
DMA coupled with an electrometer to investigate charged particles.
However, these works focused on the positively charged particles and
no results of negatively charged particles were reported. Besides, the
diffusion loss was still too high and the resolution was still too low to
get accurate data for sub-3 nm particles. These limitations have
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hindered the discovery of charge characteristics for sub-3 nm particles.
To counteract the diffusion broadening of DMA transfer functions,

de la Mora [21,22] designed high resolution DMA (Half-mini DMA)
with new configurations and with sheath flow rates over 100 lpm,
which significantly reduced the residence time and diffusional loss of
classified particles. By applying an electrometer downstream of the
Half-mini DMA, Wang et al. [23–25] measured the concentrations of
classified sub-3 nm particles successfully. Thus, the combination of
Half-mini DMA coupled with an electrometer may serve as a powerful
tool in studying the charge characteristics of soot particles below 3 nm.

In this work we investigated the charge characteristics of nascent
soot (sub-10 nm) particles in burner-stabilized-stagnation premixed
ethylene flames, using micro-orifice probe sampling in tandem with
neutralizer, Half-mini DMA and electrometer. With the neutralizer on,
total PSDs (including both charged and neutral particles) were obtained
by measuring both positively charged particles (PCP) and negatively
charged particles (NCP) coming out of the neutralizer. With the neu-
tralizer off, the PSDs of natural positively and negatively charged par-
ticles from flames were measured. Considering that ions may be sig-
nificantly affected by flame temperature, we studied the size-dependent
charge characteristics of sub-10 nm soot particles at different flame
temperatures.

2. Experimental

The experimental setup is shown in Fig. 1. It consists of burner-
stabilized-stagnation flames, a high-dilution sampling system and sub-
10 nm particle measurement instruments. The burner-stabilized-stag-
nation flames and the sampling probe are the same as those in our
previous studies [26–28] while the combination of a Half-mini DMA
and an electrometer is used to measure sub-10 nm particles.

Firstly, flames are generated by a commercial McKenna burner with
a stainless outer layer and a 60-mm diameter bronze porous sintered
plug. A shroud nitrogen gas, at 25–30 cm/s, shields the flame from

surrounding air. A stainless steel sampling tube with a 0.16 mm sam-
pling orifice is embedded in the stagnation plate. To extract soot sam-
ples into the sampling tube through orifice, the downstream of the
sampling tube is attached to a vacuum pump to maintain a negative
pressure at the sampling orifice. Soot particles are drawn into the
sampling tube through the orifice and are diluted immediately by a
30 L/min nitrogen flow in the tube. The detailed sampling set-up is
described in Ref [28]. The appropriate dilution ratio (~1100) has been
determined and used in this work for eliminating chemical reactions
and particle coagulation in the sampling tube. The reliability of this
sampling system has been proved by the highly consistent results from
three research groups [26]. Besides, the detailed calibration and un-
certainty analysis of our sampling equipment has been shown and
verified in Ref. [26].

To study the charge characteristics of flame-generated soot parti-
cles, it is necessary to measure the PSDs for both charged and total
(including both charged and neutral) particles. The total PSDs were
measured by a neutralizer-Half-mini DMA-electrometer system, while
the charged PSDs were measured using the Half-mini DMA and elec-
trometer without a neutralizer.

When measuring the total PSDs, the laminar flow bipolar diffusion
neutralizer was used to charge sample particles to produce a known
Fuchs’ stationary-state charging distribution [29]. The neutralizer in
this study is a commercial radiative charger. The ionization source is
Po210. Subsequently the Half-mini DMA was used to classify sub-10 nm
particles. To balance the sample inlet and outlet flows and to maximize
the instrument resolution, the Half-mini DMA was operated in a closed-
loop configuration, recirculating high purity nitrogen in the sheath
flow. The high negative and positive voltages controlled by LabVIEW
were applied on the two electrodes of the DMA to classify positive and
negative particles, separately. After being classified by the Half-mini
DMA, the charged particles were introduced to an aerosol electrometer
operated at a flow rate of 5 lpm. As the multi-charged sub-10 nm
particles after the neutralizer were negligible [30], the particle

Nomenclature

CPC Condensation particle counter
DMA Differential mobility analyzer
e Electronic charge
Hp Height above burner
IEM Electrometer current
N Total particle number concentration
NCP Negatively charged particles
PCP Positively charged particles
PSD Particle size distribution

Q Flow rate of samples in the electrometer
Tmax Calculated maximum flame temperature
T-NCP Total PSDs inferred from measurement of negatively

charged particles
T-PCP Total PSDs inferred from measurement of positively

charged particles
ηneu Neutralizer charging efficiency
ηDiff Penetration efficiency of the neutralizer and connection

tubes
ηDMA Penetration efficiency of the Half-mini DMA

Fig. 1. Schematic of the experiment.

M. Wang, et al. Fuel 279 (2020) 118511

2



concentrations were directly proportional to the current measured by
the electrometer. The electrometer current data were collected by the
LabVIEW through RS-232 communication. Thus, the total particle
number concentration, N, can be obtained by Eq. (1),

=N I
e Q·

· 1 · 1 · 1EM

DMA Diff neu (1)

where IEM is the electrometer current, e is the electronic charge, Q is the
flow rate of soot samples in the electrometer, ηDMA is the penetration
efficiency of Half-mini DMA, ηDiff is the penetration efficiency of neu-
tralizer and connection tubes, ηneu is the neutralizer charging efficiency.
The first term on the right side of Eq. (1) indicates the number of singly-
charged particles per unit volume in the classified aerosol reaching the
electrometer; the second term stands for particle loss in DMA; the third
term denotes particle diffusion losses through tubes; and the fourth
term signifies Fuchs’ stationary-state charging distribution of the neu-
tralizer.

As mentioned above, when measuring only the charged particles in
flames, the sample particles were introduced directly into the Half-mini
DMA to classify sub-10 nm charged particles, as the neutralizer was no
longer necessary.

In this work, the evolution of total and charged PSDs at different
heights above the burner (Hp) were measured, since ion concentrations
may vary with heights [3,12]. Moreover, considering that ion con-
centrations and components might be affected by the flame tempera-
ture, we examined three flames with different calculated maximum
flame temperatures (Tmax) by changing the cold gas velocity but
keeping the unburned gas composition the same, i.e., 16% (mol) ethy-
lene, 24% (mol) oxygen and 60% (mol) nitrogen at an equivalence ratio
of 2.0. Table 1 summarizes the conditions of the three flames. The flame
temperatures at different burner-to-stagnation separation distances
were computed using the Premixed Laminar Burner-Stabilized Stagna-
tion Flame module from Chemkin-Pro [31] and the kinetic model of
USC Mech II [32]. The boundary temperature on the burner side was set
the same as the temperature of the burner chiller (298 K), and that on
the stagnation plate side was measured by a type-K thermocouple,
which was about 465 ± 30 K. The windward differencing, thermal
diffusion and multicomponent transport were adopted. Because pre-
vious investigations on a series of premixed ethylene flames showed
that the measured flame temperatures agreed well with the modeling
results [26–28], we only measured the temperature profile of Flame A2
at Hp = 0.45 cm to verify the reliability of simulation results by an S-
type thermocouple coated with Y/Be/O mixture in this work. The
computed and experimental temperature profiles agree well as shown
in Fig. S1 of the Supplemental Material.

3. Results and discussion

Fig. 2 shows the PSDs in Flame A2 measured with a neutralizer. Soot
particles passing through the neutralizer were assumed to follow the
Fuchs’ steady-state charge distribution. The total PSDs were inferred
from measurements of either positively charged particles or negatively
charged particles, and they are termed as T-PCP and T-NCP, respec-
tively. Each point in Fig. 2 is an average of at least three repeated ex-
perimental results. Due to the existence of negative ions below 1.6 nm
and positive ions below 1.8 nm from the neutralizer as shown in Fig. S2
in the Supplemental Material, the total PSDs data were cut off at these
two lower limits. In general, the total PSDs (i.e. T-PCP and T-NCP)
followed log-normal distributions. The lowest Hp for finding soot par-
ticles larger than 1.6 nm is at Hp = 4.0 mm, where nucleation was
initiated as only a few sub-3 nm soot particles were found. With the
increase of Hp, soot particles grew bigger due to particle coagulation.
Moreover, small particles near cut-off sizes were found at all Hp, im-
plying the persistent nucleation along with the growth of particles. It
was noteworthy that the T-PCP and T-NCP respectively matched well

when particles were larger than 2.0 nm, however, differed much when
particles were smaller than 2 nm. This indicated that the Fuchs’ steady-
state charge distribution was only suitable for describing particles
larger than 2 nm. As a matter of fact, the accuracy of the theory of
Fuchs on charging 2–100 nm particles by neutralizer has been verified
by charging monodisperse nanoparticles such as sodium chloride and
silver particles in atmospheric air, argon and nitrogen [33–35]. Soot
particles smaller than 2 nm failed to follow the Fuchs’ steady-state
charge distribution in the neutralizer, which was very likely due to the
low charging efficiency between neutralizer ions and sub-2 nm soot
particles. As reported by Ref [35], charging efficiency decreased sig-
nificantly with the decrease of particle size and reached below 1% for
sub-2 nm particles. Hence, a more effective charging method for sub-
2 nm particles should be utilized in future work.

The evolution of the charged PSDs of Flame A2 is shown in Fig. 3. In
general, both of PCP and NCP grew to bigger particles with the increase
of Hp. The lowest Hp at which natural charged particles could be found
was 3.5 mm and the smallest particles were 1 nm, which was below the
lower limit of total PSDs, since there was no disturbance from neu-
tralizer ions in the direct measurement of charged particles in flames.
At Hp = 3.5 mm, a flame photo in Fig. S3 in the Supplemental Material
showed a soot inception flame appearing light yellow luminosity, which
verified the formation of soot particles at this Hp. With the increase of
Hp, the positively charged PSDs kept log-normal distributions with in-
creasing median diameters, while the negatively charged PSDs changed
from single modal to bimodal at Hp = 4.5 mm and subsequently
changed back to single modal at Hp = 5.5 mm. The multimodal shapes
of NCP suggested the occurrence of physical (collisional) clustering of
monomers. Such clustering occurred and acted in parallel to the che-
mical reactions during negatively charged soot growth. By comparison,
the positively charged soot mainly grew by chemical reactions which
showed a unimodal distribution. Besides, compared to PCP, NCP were
relatively smaller in size, but higher in concentration at all Hp. This
phenomenon may be explained by two possible reasons. Firstly, nega-
tive ions such as electrons diffused faster to coagulate with soot, leading
to smaller and more NCP. Secondly, a faster growth of PCP might cause
bigger particles. However, we did not find a higher concentration of
newly nucleated NCP compared to PCP at Hp = 3.5 mm. Thus, the first
explanation is preferred and we speculate that particle charging by
direct impact of electron diffusion [10,36,37] and negative ion diffu-
sion [30] was the dominant mechanism for particles acquiring negative
charge, whereas positively charged precursors (PAHs) [3,12] and po-
sitive ion diffusion [30] contributed to positive charge on particles.

In addition to the detailed PSDs, Fig. 4 shows the number con-
centrations of total and charged sub-10 nm soot particles. Each point in
Fig. 4 is the mean values of three repeated measurements. The results
are highly consistent and the relative error is less than 2%. As shown,
the number concentrations of T-NCP and T-PCP were almost the same,
except for a slight difference at low Hp due to the neutralizer limit on
sub-2 nm particles. Similar to the PSDs results, the number concentra-
tions of total particles increased with Hp, indicating persistent nuclea-
tion. By contrast, the number concentrations of charged particles (NCP
and PCP) increased only slightly with Hp, which indicated that charged
particles were mainly generated at low Hp. The computed temperature
profiles at different burner to stagnation distances were shown in Fig. 5.
In general, the temperature increased first and then decreased with the
increase of Hp and reached the maximum value at 0.1–0.2 cm. At low

Table 1
Summary of flame conditions.

Flame Cold gas velocity (cm/s) Tmax (K)

A1 6 1665
A2 10 1824
A3 15 1933

M. Wang, et al. Fuel 279 (2020) 118511

3



Fig. 2. The total PSDs of Flame A2 inferred from either positively charged particles (T-PCP) or negatively charged particles (T-NCP) measurements at different Hp.
Lines represent cut-off sizes.

Fig. 3. The charged particle size distributions (charged PSDs) of Flame A2 at different Hp for natural positively charged particles (PCP) and negatively charged
particles (NCP).

M. Wang, et al. Fuel 279 (2020) 118511

4



Hp, the sampled particles were mainly generated near the flame front.
This was reasonable as more ions could be generated near the flame
front, where the temperature was higher, leading to a higher prob-
ability to charge soot particles. At high Hp, the total concentrations still
increased with the increase of Hp compared to the almost constant
concentration of charged particles, which indicated that the newly
nucleated soot at high Hp (post-flame region) were all neural. It is worth
mentioning that our sampling method did not obviously affect Tmax

when reducing sampling height, as the sampling tube was embedded in
the stagnation plate as a flame boundary. In addition, the median
diameters of total and charged PSDs were found to increase with Hp as
shown in Fig. S4 in the Supplemental Material, indicating particles
grew through coagulation. The highly consistent median diameters of
total and charged PSDs showed that the growth processes of neutral and
charged soot particles were similar and charged PSDs could be corre-
lated to total PSDs to some extent.

For a better comparison of the total and charged sub-10 nm soot
particles, Fig. 6 shows the charge fraction as a function of particle
mobility diameter. The ratio of the charged PSDs to the total PSDs (T-
NCP) was regarded as charge fraction in this work. At Hp = 4.5 mm, the
charge fraction decreased with the increase of mobility diameter, in-
dicating the nucleated soot particles carried charges partly. Besides, the
charge fraction was the highest at this height, which was likely due to
the higher ion concentration near the flame front. As Hp was increased,
the charged particles near the flame front grew to larger particles thus
the peak of charge fraction distribution shifted to larger particles as
shown at Hp = 5.5 mm and 6.0 mm. An interesting finding was that
only nucleated soot particles near the flame front could carry charges
while nucleated soot particles in post-flame region were all neutral.
Taking 1.6 nm PCP as an example, the charge fraction was almost 0 at
Hp = 5.5 mm and 6.0 mm as shown in Fig. 7. A very likely reason was
that ions generated at lower temperatures in the post-stagnation-flame
region were too few to charge nucleated soot or to participate in soot
nucleation [5,11]. Hence, nucleated soot particles were all neutral at
large Hp and ions had no effect on persistent nucleation. As for larger
PCP (2.5 and 3.0 nm), their charge fractions first increased then de-
creased with the increase of Hp because nucleated charged particles
were formed at low Hp and then grew to larger particles.

As discussed above, the decrease in charge fraction along Hp in
Fig. 6 was likely due to the higher temperature near the flame front. To
verify our inference, we investigated the charge characteristics from
flames with different Tmax, i.e. Flames A1-A3. The evolution of PSDs of
T-NCP, T-PCP, NCP and PCP at different Hp can be found in Figs. S5–S8
in the Supplemental Material. The evolution of PSDs of T-NCP, T-PCP
for Flames A1 and A3 is similar to that of Flame A2. However, PSDs of
Flame A1 showed a remarkable delay of soot formation due to the lower
nucleation and mass growth rates in the low temperature flame, while
the lower soot concentration of Flame A3 was due to the thermal de-
composition of precursors in the high temperature flame [38,39]. Take
the case of Hp = 6 mm as an example. The PSD of T-NCP in Flame A1
peaks at 2 nm with a concentration of 1011 cm−3, while in Flame A3 it
peaks at ~4.5 nm with a lower concentration of ~1010 cm−3. For a
better visualized comparison of the variation of total and charged soot

Fig. 4. Number concentrations vs. Hp for total particles (T-NCP and T-PCP) and
charged particles (NCP and PCP).

Fig. 5. The computed temperature profiles of Flame A2 at different Hp.

Fig. 6. The charge fraction of NCP and PCP vs. mobility diameter at different Hp.
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caused by changing flame temperature, Fig. 8 shows the number con-
centrations of T-NCP and NCP of Flames A1-A3. The total concentra-
tions of soot particles increased first and then decreased with the in-
crease of flame temperature. However, the temperature dependency of
the concentrations of NCP was different from that of T-NCP. In the high-
temperature Flame A3, the concentrations of charged particle were
obviously higher than those of Flames A1 and A2.

The charge fraction shown in Fig. 9 was the ratio of charged PSDs
and total PSDs, which showed that when Tmax increased from 1665 K to
1933 K, the charge fraction increased by two orders of magnitude (from
10-3 to 10-1), indicating the significant effect of temperature on soot
charging. At higher temperatures, more ions were generated and par-
ticipated in coagulation between soot precursors/nucleated soot and
ions, leading to more charged particles. Although the charge fraction
increased with temperature, it was still low, thus ion-induced soot
nucleation was not the main contributor to soot nucleation in our
flames (Tmax < 2000 K). However, the ion-induced soot nucleation
may become important at higher flame temperatures (Tmax > 2000 K)
if the charge fraction still increases with temperature. Thus, the ion-
particle interaction in high temperature flames such as premixed stretch
flames [38] may be worthy of study. Besides, since the upper limit of
the Half-mini DMA measurements is 10 nm, charge information for
larger particles cannot be obtained. In view of the high fraction of
larger charged particles reported from a similar premixed ethylene
flame [16], incipient nanoparticles are not formed from ion-induced
nucleation while the later growth and aggregation could be influenced
by ionic effects. Therefore, it is necessary to combine Half-mini DMA
and nano-DMA to investigate the charge fraction of 1–80 nm soot
particles for understanding how nanoparticles grow into the charged

aggregates from uncharged nascent particles.

4. Conclusion

In this study, we investigated the charge characteristics of sub-
10 nm soot in premixed ethylene-oxygen–nitrogen flames (Φ = 2.0)
with varying maximum flame temperatures from 1665 K to 1933 K. The
charged and total particle size distributions were measured using a
tandem equipment of neutralizer (off or on)-Half-mini DMA-electro-
meter. The size-dependent charge fractions of sub-10 nm soot at dif-
ferent Hp were analyzed. The charged PSDs showed a lognormal dis-
tribution with the peak diameter at 1.2 nm and the smallest positive/
negative particles were ~1 nm. When measuring the total PSDs, the
neutralizer could not charge sub-2 nm soot particles to follow the Fuch’s
distribution, which was likely due to the low charging efficiency of sub-
2 nm soot particles with neutralizer ions. Therefore, the total PSDs data
were only reliable for particles with mobility diameters larger than
2 nm.

Our results show at lower Hp, the charge fraction was higher, be-
cause both the temperature and ions concentrations were higher near
the flame front. By contrast, at higher Hp, the newly nucleated soot was
basically neutral. A possible explanation was that at higher tempera-
tures, more ions were generated and participated in coagulation be-
tween soot and ions, leading to more charged particles. Since the charge
fraction was less than 10% in our flames (Tmax < 2000 K), ion-induced
soot nucleation was not the main contributor to soot nucleation; how-
ever, it may not be neglected at higher flame temperatures
(Tmax > 2000 K).
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