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A novel, modified coflow burner was developed to study the effect of Received 16 July 2022
charge injection from a non-thermal plasma into three helium-diluted Revised 16 April 2023
laminar coflow diffusion ethylene flames. The frequency of the high Accepted 20 April 2023
voltage (HV) signal was varied to control the ion concentration KEYWORDS

(charge) injected into the flames. Optical emission spectroscopy was Non-thermal plasma; laminar

used to characterize the non-thermal plasma while a bias plate meth- coflow diffusion flame; soot;
odology was used to gauge the relative amount of charge generated. soot volume fraction; laser
For different HV signal frequencies, the laser-induced fluorescence of induced incandescence (LII)

OH, chemiluminescence of CH¥*, and laser-induced incandescence of
soot in flames were measured. The OH and CH* measurements
showed that the flames retained the classic flame shape with charge
injection. Significant soot reduction was observed at low HV signal
frequencies, corresponding to an increase in charge injection. Notably,
at low HV signal frequency, soot reduction in highly concentrated
(60%) ethylene flame is three times lower than the less concentrated
(32%) ethylene flame. This can be attributed to the decrease in the
injected charge to soot precursor concentration ratio when the con-
centration of ethylene in the flame is increased. These results demon-
strate that the current system is a promising candidate for studying
the charge effect from non-thermal plasma on soot formation in
laminar coflow diffusion flames.

Introduction

The incomplete combustion of fuels results in the production of soot, which has detrimental
effects on both the environment (Bond et al. 2013) and human health (Fuller et al. 2020;
Aslam and Roeffaers 2022). This has led to increased efforts to control and eliminate these
harmful emissions via a better understanding of the formation of soot during combustion.
Intriguingly, the formation of soot during combustion was found to be linked to the
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presence of charged species. This topic has been the subject of extensive research over the
last few decades where it has been reviewed thoroughly (Lawton and Weinberg 1969;
Fialkov 1997; Liu and Cai 2020; Martin, Salamanca, and Kraft 2022).

Teasing apart the role of ions on soot inception has led to advances in burner design and
flame chemistry (Giechaskiel et al. 2014; Maricq 2006; Martin, Salamanca, and Kraft 2022).
Firstly, Place and Weinberg (1966) realized that ionic wind dominated the effect of an
electric field on flame. The ionic wind modified the structure of the diffusion flame, aerating
the flame and thereby reducing soot emissions. They developed a counterflow burner
design where the electric field was applied perpendicular to the stagnation surface, allowing
the electric field to shift but not significantly alter the soot-forming region. This setup has
been recently reexamined and demonstrated the role of electric fields on soot inception
rates (Liu et al. 2021; Park et al. 2014). However, the shift in the stagnation surface does lead
to some quenching of reactions that makes decoupling the role of the electric field from the
ionic wind less conclusive.

Secondly, easily ionizable species and high voltage (HV) arcs were used to increase ion
concentrations in flames, which typically has already a significant amount of charge, ca.
10*-10° ions/m> (Calcote, Olson, and Keil 1988). This normally involves the injection of
metal ions (Burdett and Hayhurst 2018; Hayhurst 2022; Haynes, Hander, and Wagner 1979;
Marsh et al. 2007; Ritrievi, Longwell, and Sarofim 1987) or the introduction of HV arcs (Cha
et al. 2002) into the flame. However, these approaches were found to alter the chemistry and
structure of the flame. For example, metal ions induced the stabilization of small soot nuclei
which in turn increase the oxidation rate of smaller particulates with the increase in the
available particulate surface area (Howard and Kausch 1980). The use of HV arc discharges
was also explored by Weinberg (1986), Starikovskiy and Aleksandrov (2013) and Ju and Sun
(2015). Nevertheless, several changes can occur simultaneously with plasma discharges.
This includes the chemionization by charged particles, gas heating, ionic wind, generation
of turbulence by pulsed discharges and radical generation ahead of the flame front
(Starikovskiy and Aleksandrov 2013; Ju and Sun 2015).

Most recently, non-thermal plasmas that allow for decoupling of the electron and ion
temperatures have been developed (Lu, Laroussi, and Puech 2012). These non-thermal
plasmas generate a high concentration of low-temperature ions with low-power consump-
tion (Lu, Laroussi, and Puech 2012). Cha et al. (2002) first demonstrated the impact of non-
thermal plasma on soot formation using an electrode placed in the center of a coflow
diffusion flame. Significant decreases in soot formation were demonstrated. However, the
flame structure was significantly perturbed by the plasma discharges. With increased
plasma generation, the flame changed shape from near conical to a crown. The electrode
also inhibited optical interrogation and built-up soot deposits over time. A more recent
work showed similar behavior in the flame structure, with the ionic wind effect from the
plasma generation being influential in the change in soot concentration in the flame (Qi
et al. 2023).

The purpose of this paper is to provide an initial investigation of the impact of the charge
on soot formation while minimizing the impact on the flame structure. This is achieved
through the use of a novel, modified coflow burner based on the International Sooting
Flames ISF-4 coflow 3 burner (Smooke et al. 2004, 2005), which is described in detail in
Section 2.1 of this work. Notably, the charge injection system is based on recent advances in
non-thermal plasma jets (Kostov et al. 2015), which allow for the separation of charge
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generation from the flame front. The coflow burner generates flames that have been well-
studied experimentally in the literature (Bennett et al. 2009; Botero et al. 2019; Tan et al.
2021a, 2021b; De Falco et al. 2017; Smooke et al. 2004, 2005) and this work provides the
opportunity to leverage the previous work on soot formation. Furthermore, by using the
standardized flame as a base, which has been widely modeled (Bennett et al. 2009; Botero
et al. 2019; Dobbins et al. 2022; Eaves et al. 2016; Guo et al. 2022), this work provides
opportunities to further model the standardized flame to understand the effect of charge on
soot formation.

Experimental
Laminar coflow diffusion flame

The three base flames are atmospheric-pressure helium-diluted laminar coflow diffusion
ethylene flames, generated using a modified coflow burner (Smooke et al. 2004, 2005), as
shown in Figure 1. Ethylene is used as the base fuel because it is one of the dominant small
hydrocarbon species that plays an important role in soot formation in flames (Wang et al.
2018). Three base flames with different ethylene concentrations (32%, 40% and 60%) were
chosen based on the conditions in Smooke et al. (2005) to facilitate the investigation of the
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Figure 1. Schematic of the coflow diffusion flame burner setup. Charge from non-thermal plasma is
injected into the flame via a ceramic tube that is concentric to the fuel tube. The diameter measurements
(@) of the burner, fuel tube and charge injection tube are given in millimetres under the top view version
of the burner.
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Table 1. Gas flow rates(sccm)of helium-diluted ethylene flames.

Concentration of ethylene (%)

Gas flow rates (sccm)

32 40 60
Ethylene 78.7 98.4 147.6
Fuel tube helium 167.3 147.6 98.4
Charged helium 40.0 40.0 40.0

effect of varying soot precursors proportions in a standardized burner system and flame
conditions. More importantly, this setup allows for easy integration of existing research
coflow burners into charge injected research coflow burners to study soot formation
processes in flames.

The plasma jets are generated by ionizing helium, which produces a stable plasma
(Kostov et al. 2015; Brandi et al. 2020). Also, helium is the smallest inert gas available,
which can emulate a charge most effectively and have minimal chemical effects on the
flame. Hence, in the current work, excited helium ions were specifically injected as a charge
and helium was used as a diluent to the ethylene flame to study the effect of varying
concentrations of excited helium ions on the soot volume fraction of the flames.
Additionally, the diluent gas and the charge are both from helium to minimize the number
of reactive species in the flame.

The stainless-steel fuel tube has an inner diameter of 4.90 mm and an outer diameter of
6.35mm. A 3.18 mm OMEGATITE™ 450 ceramic tube (Omega Engineering Inc.) with an
inner diameter of 1.59 mm is placed concentrically within the fuel tube to deliver charge
into the flame. The gas flow rates (reference temperature at 273 K) are reported in Table 1.
The ethylene fuel, helium and air flow rates were controlled by Bronkhorst EL-FLOW®
mass flow controllers. The mass flow controllers were calibrated with a Gilbrator-2 Wet Cell
Calibrator. The overall cold gas velocity for the fuel and air was maintained at 35 cm/s. The
ethylene and helium were supplied from 99.99% purity cylinders. The coflow air (95 slm)
was supplied through a concentric coflow tube with an inner diameter of 74.0 mm, fitted
with a stainless-steel honeycomb mesh (0.43 mm wall thickness, 18 x 18 mesh). The result-
ing flames were lifted above the fuel tube by about 2 mm.

Non-thermal plasma generation

The design of the non-thermal plasma generator is based on the plasma jet generator
reported by Kostov et al. (2015). The non-thermal plasma is generated from dielectric
barrier discharge which operates at low current, i.e., there is very little energy dissipated.
The plasma is designed to be “cold” and has been widely reported to be at room temperature
(Kostov et al. 2015; Horvatic, Vadla, and Franzke 2014; Yousfi et al. 2014).

The non-thermal plasma generator consists of two main components: Minipuls4 (GBS
Elektronik GmbH) and PicoScope® 2205A oscilloscope (Pico® Technology Ltd.). A high
voltage (HV) alternating current (AC) is generated from the Minipuls4 which requires two
main inputs. The first input is the 24 V direct current from a 230 V AC power source, which
is converted to HV AC with the transformer cascade. The second input is the control
current with +5V to switch the Minipuls4 on and off, in which the signal is provided from
the PicoScope® 2205A oscilloscope. Additionally, the voltage-current characterization of
the plasma generated as a function of time is performed using the same PicoScope® 2205A
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oscilloscope via the PicoScope® 6 PC Oscilloscope (Version 6.14) software. A detailed
description of the HV signal generation and operation of the non-thermal plasma generator
is given in Section SM1 of the Supplementary material. The HV signal is connected to
a copper electrode that is enclosed in the inner closed-ended part of a concentric quartz
tube, as shown in Figure 1. The inner part of the tube acts as a dielectric barrier between the
electrode and helium flowing through the outer part of the tube. The helium is ionized by
the HV signal (at frequencies of 22-25 kHz) and flows from the quartz tube to the burner.
The ion concentration was controlled by altering the HV frequency at 22-25 kHz.

The ion concentration of the charge injected from the non-thermal plasma was measured
using an established methodology (Guo et al. 2003) that provides a convenient method to
measure jons in a burner. The schematic of the ion concentration measurements setup is
illustrated in Figure SM2.2 of the Supplementary material. It infers the concentration of
ions by measuring the current produced by the flow of ions. A power supply unit (CHUX®,
100V, 3 A) is used to apply a potential difference between a measurement plate and the
burner. A digital multimeter (Keithley, Model 2000) is used to measure the current between
the electrodes. Due to the low number of ions produced at 40 sccm, it was necessary to use
higher flow rates of helium (400 sccm) when measuring the ion concentration compared to
the experiments reported in the main text. On the assumption that the flow rate of helium is
related to the number of ionized species, the concentration at a lower helium flow rate (40
sccm) is expected to be lower than the case at 400 sccm helium flow rate (Hoft, Becker, and
Kettlitz 2016). Notably, the naming convention for the case without any charge injection
(i.e., no HV and at the frequency of 0 kHz) is “No HV.”

Optical emission spectroscopy and chemiluminescence

The emission spectra of the plasma generated were recorded using an Andor Kymera 328i
spectrometer (Oxford Instruments) in the range 440-960 nm at 40 sccm of helium for the
non-thermal plasma without the ignited flame. The spectrometer was calibrated by using an
Ar-Hg light source with known peaks. Spatial calibration was also performed by setting the
grating as a mirror at its zero position. The measurements were performed perpendicular to
the axis of the charge delivery ceramic tube.

The excited-state CH radicals (A%A, denoted as CH*) of the flames were measured using
an intensified charge-coupled device camera from LaVision, coupled with narrow-bandpass
filters (420, 430 and 440 nm with FWHM: 10 nm). The data were processed to give two-
dimensional radial distributions using the two-filter subtraction procedure (Karnani and
Dunn-Rankin 2013; Liu et al. 2020) followed by an inverse Abel transform (Dribinski et al.
2002; Gibson et al. 2021; Guo et al. 2022). The two-filter subtraction procedure is used to
obtain CH* chemiluminescence profiles that are soot-free as the procedure can filter the
contribution of continuum radiation from soot in the CH* band (Karnani and Dunn-
Rankin 2013). The observed standard error was 10-15%.

Laser measurements

An Nd:YAG laser (Quantel Q-smart, Pulse width: 5 ns, Repetition rate: 10 Hz) at 532 nm
was used to perform laser-induced incandescence (LII) measurements of the soot volume
fraction (f,) in the flames, as shown in Figure 2. The LII signal is collected normal to the
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Figure 2. Schematic of the laser system setup for laser-induced incandescence (LIl) measurements.

laser beam using the camera setup. The measurement of LII is based on previous work from
Smooke et al. (2005). The laser beam is initially turned 90° by a beam steering prism. Then,
it is transformed into a vertical planar laser sheet with a narrow cross-sectional area of 40
mm by 0.5 mm and focused across the centerline of the burner using LaVision sheet optics
(two telescope lenses and one divergent lens). The laser fluence was monitored and
recorded with an energy meter (Coherent® FieldMaxII-TOP™) before the setup of the
LaVision sheet optics. The LII was calibrated by the extinction method using a 550 nm CW
laser from LaVision. The refractive-index function for absorption E(m) is estimated as
0.2462. A laser fluence of 0.18 J/cm® was used to ensure that the signal was in the saturation
regime (Smooke et al. 2005).

A bandpass filter (LaVision GmbH, Center wavelength: 405 nm, Bandwidth: 70 nm) was
used before the intensified charge-coupled device (ICCD) camera (LaVision GmbH, Imager
SX 4M, 12-bit, 2360 x 1776 pixels). A broad bandpass filter is used to reduce the interfer-
ences from the C2 emission fluence (Smooke et al. 2005). The resultant pixel resolution is 8
px/mm. The camera is accurately controlled and synchronized with the laser using DaVis
software (LaVision GmbH, Version 8.1) to record the images. A short camera gate of 50 ns
was set to avoid overestimation of the signal from large particles, and to discriminate
polycyclic aromatic hydrocarbon (PAH) signal and scattering light (Smooke et al. 2005).
The camera delay is set to 80 ns, which is determined by obtaining the plot of signal
intensity against the camera delay to maximize the signal-to-noise ratio. Additionally, the
camera delay time is within the range that can avoid the interference signal from larger
particles (Smooke et al. 2005). The flame images were extracted and stored by a digital frame
grabber, and 150 images were used for each measurement. The standard error of the f,
measurements was found to be £ 10%. It is computed from the standard deviation of the
measured intensity from all the images taken for each case.

Laser-induced fluorescence (LIF) measurements of OH in flames were performed using
the same system as illustrated in Figure 2, with an additional dye laser (Quantel Q-scan,
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Sirah PrecisionScan, Rhodamine 590 dye). The dye laser is pumped by the same Nd:YAG
laser at 532 nm, with the beam passing through the dye cell and doubling crystal to obtain
the laser with 283.25 nm. The laser provides 10.8 m]J/pulse in the ultraviolet (UV) regime
which was used to obtain the distribution of OH in the flames (Mulla et al. 2021). The
method to focus the laser beam to the centerline of the burner and the method to measure
the laser fluence have been detailed in the LII section. The OH-PLIF signal was collected
normal to the laser beam using the intensified CCD camera. A LaVision UV lens (f: 85 mm,
F: 2.8) and a bandpass filter (LaVision, VZ-image Filter LIF for OH, 308 nm; FWHM = 10
nm; and transmissivity >60%) were fitted before the ICCD camera to obtain clear OH-PLIF
signals without scattering of laser light from the dye laser. The camera gate was set to 100 ns
and delay to 30 ns for the best signal intensity. The camera gate delay of 30 ns is an
optimized value for the current setup. Tests have been conducted with the minimum delay
for the current camera at 5 ns which did not compromise the measured OH distribution.
The OH-PLIF measurements were found to have a standard error of 10-15% obtained by
estimating the statistical variation of the 150 flame images collected for each measurement.

Results and discussion
Characterization of non-thermal plasma

Figure 3 shows the optical emission spectra of the electronically excited gas-phase
helium (He I) without charge injection (i.e., no HV) and with charge injection with
HV frequencies of 22, 23, 24 and 25kHz. There is a clear and high intensity peak at
706.1 nm (shown as peak “e” in Figure 3), which is characteristic of the He I. Notably,
the intensity of the peak decreases with the increase in the HV frequency from 22 to 25
kHz (Kostov et al. 2015; Guo et al. 2022; Xu et al. 2021). The amount of He I generated

decreases with the increase in the HV frequency in this range. As per the results
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Figure 3. Emission spectra of non-thermal helium plasma at no HV and different HV frequencies. Peaks a—
f: He I. The color version of the figure is available in the online version of this paper.
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presented in Figure 3, the intensity at peak “e” exhibits a significant decrease when the
HV frequency is increased from 22 to 23 kHz. This results in a reduction to about three-
fifths of the intensity at 22 kHz, which corresponds to a 42% reduction. A further
decrease of 46% is observed when the HV frequency is increased to 24 kHz, resulting
in an intensity of merely one-tenth of that 22 kHz. At 25kHz, the intensity approaches
negligible levels.

Figure 4 shows the waveforms of the applied voltage and the corresponding
discharge current as a function of time at different HV signal frequencies. The
amplitude of the voltage and current signal decreases as the frequency increases.
The discharge power is correlated to the amplitude of the voltage and current
waveforms (Kostov et al. 2015; Xu et al. 2021). There is a decrease in the amplitude
(and discharge power) per cycle as the frequency increases because the plasma
generator has a fixed amount of discharge power in a fixed time period. It is
therefore expected that the increase in the HV frequency would result in fewer
helium atoms being electronically excited. This is consistent with the findings from
Figure 3.

The waveform of the discharge current lags the applied voltage by 90°, i.e., the current
discharge starts to occur only at the peak of the applied voltage. The mechanism
responsible for this is described in detail in the literature (Kostov et al. 2015). A brief
explanation is that, when the applied voltage is positive and reaches a threshold for gas
ionization, the electrode will become an anode. This will result in a cathode-directed
streamer discharge maintained by photoionization (Karakas, Akman, and Laroussi 2012;
Kostov et al. 2015). Electrons will propagate from the cathode to the anode, resulting in
a positive current. When the polarity of the voltage is negative, the electrode becomes
a cathode, resulting in an anode-directed streamer maintained by secondary electron
avalanches (Karakas et al., 2012; Kostov et al. 2015). The electron movement is reversed,
resulting in a negative current. Additionally, the peaks of the waveform form for the
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discharge current show some irregularities. This is typical of plasma discharge (Kostov
et al. 2015a; Zheng et al. 2020).

Effect of charge from non-thermal plasma on flame structure

The effect of injecting charge from non-thermal plasma on the flame structure was analyzed
using the OH and CH* distributions, both of which provide a reasonable visual representa-
tion of the structure and position of a flame (Cao et al. 2018; Liu et al. 2020; Tang et al.
2021). One of the challenges of studying the effect of charge from non-thermal plasma on
soot formation in laminar flames is that the non-thermal plasma can induce significant
changes in the shape of the flame (Cha et al. 2002). In the current study, it was observed that
all the flames maintained the same well-defined laminar flame structure, i.e. a blue flame
sheet and a dim blue hollow interior in the lower part of the flame, and luminous closed-tip
yellow tongue (attributed to soot) at the upper part of the flame (Cao et al. 2018)
independent of the injection of charge - see Figure SM3.3 of the Supplementary material.
From the figure, without the plasma jet, the flame is lifted above the fuel tube by about 2
mm. With the addition of the plasma jet, it does not have a significant impact on the flame
liftoff height. This is an important advantage of this charge injection burner design because
the changes in soot fraction may otherwise be related to changes in liftoff height and oxygen
infiltration.

Figure 5 shows the OH-PLIF signals. The OH region can reasonably represent the soot
oxidation zone (Ahn et al. 2021; Cha et al. 2002; Glassman 1998; Kaiser and Frank 2009)
and acts as a marker for the upper part of the flame (Ahn et al. 2021). In flames, the
production of OH typically occurs via (Dixon-Lewis 1991; Eckart et al. 2021; Reuter and
Ombrello 2022),

H+ 0, < 0+ OH, (1)
and to a lesser extent through (Dixon-Lewis 1991),
O+ H, — H + OH. )

It was observed that the OH was distributed in the outer region of all the flames, consistent
with the shape of typical laminar coflow diffusion flames.

Notwithstanding that the general shape of the laminar flame is preserved, the details of
the flame geometry differ with the HV frequency. Notably, the flames with higher charge
injection at lower frequencies (i.e. 22 kHz and 23 kHz) bulge in the mid-part of the flame
and have an elongated arch, causing an increase in the flame diameter. The intensity of the
OH-PLIF signal increases yet occupies a narrower region of the flame. Generally, the OH
distribution is considered to be a good indicator of the region of high-temperature oxida-
tion (Schmidt and Ganguly 2013). This may indicate that the flames with high charge
concentration show a slight enhancement in oxidation.

Figure 6 shows the CH* distribution in the lower part of the flames (i.e., the flame
anchoring region), close to the fuel tube. CH* is a significant indicator of the lower part of
the flame front (typically indicated by a blue flame sheet) and a marker of the completion of
fuel degradation (Liu et al. 2018; Walsh et al. 1998). Only the lower part of the flames is
shown because only this region has a strong CH* signal. The proximity to the point of
charge injection means that this region is of particular interest in the current study. In the
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Figure 5. OH-PLIF profiles of the (a) 32%, (b) 40% and (c) 60% ethylene flames without charge injection
(No HV) and with charge injection at different HV frequencies. The flames are axisymmetric and only the
right hand side of the flames are shown to ease comparison of the flames. The HV frequency is indicated
at the top of each image. The intensities of the OH have been normalized by their respective maximum
values.
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current flames, the CH* region extends close to the fuel tube and forms a thin flame front
downstream of the flame. This indicates that the flames remain intact despite the presence
of the charge, complementing the findings of Figure 5 which focused on the downstream
region.

A detailed examination of the CH* distribution in Figure 6(a) shows that the charge has
some effect on the upstream region of the flames. In the flames without charge injection (no
HYV), the maximum CH?* signal intensity is observed in a relatively compact area. The 32%
ethylene flame has a wider signal region than the 40% and 60% flames, consistent with the
smaller “blue” region observed in more sooty (60% ethylene) flames. In the flames with
higher charge injection at 22 and 23 kHz HV frequencies, the signal curves toward the
centerline and shows an increased area with normalized CH* intensity, accompanied by
a decrease in the value of the maximum intensity (see Figure SM4.4 of the Supplementary
material). In quantitative terms, the maximum intensity decreased by 19% from the case
without charge injection (No HV) to the case with the highest charge injection (HV
frequency of 22 kHz) for the 32% ethylene flame. The curvature of the signal toward the
centerline and the area of high normalized CH* intensity decreased as the HV frequency
was further increased to 24 and 25kHz, accompanied by an increase in the value of the
maximum intensity. By 25 kHz, the CH* distribution and maximum signal intensity had
reverted to be similar to that observed in the (No HV) flame without charge injection.
Similar behavior was observed for the 40% and 60% ethylene flames.

Effect of charge on soot formation

Figure 7 shows the spatial distribution of the soot volume fraction, f,, obtained from LII
measurements for the 32%, 40% and 60% ethylene flames. For the cases without charge
injection (0 kHz), the increase in the concentration of ethylene showed a transition of the
peak soot volume fraction from the centerline of the flame to the wings of the flame. This is
consistent with the observation in the literature where nitrogen was used as the fuel diluent
(Smooke et al. 2004, 2005). The transition is due to the change in the rate of soot inception
and surface growth at the flame centerline versus the flame wings, which has been detailed
in the literature (Smooke et al. 2004, 2005).

The 32% ethylene flame has a maximum centerline soot volume fraction of 1.2 ppm at 0
kHz, which is within the expected range (ca. 1.4 ppm) of soot volume fractions measured for
helium-diluted ethylene flames using color-ratio pyrometry (Kailasanathan et al. 2014). The
maximum soot volume fraction at the centerline was observed to drop with the decrease in
the HV frequency from 25 to 22 kHz, i.e., the soot volume fraction decreases as the ions
concentration increases. At 22 kHz, the maximum soot volume fraction at the centerline has
already decreased to 0.7 ppm. This is attributed to the increased amount of ionized helium
injected into the flame as the HV frequency decreased from 25 to 22 kHz. Notably, both the
40% and 60% diluted ethylene flames showed similar but reduced trends with the change in
HV frequency.

Additionally, it is observed that there is no shift in the area of soot volume fraction with
the change in the HV frequency toward the fuel tube. This is in contrast with coflow burner
experiments where an electric field was applied to the burner as reported previously (Xiong,
Cha, and Chung 2015). The literature reports that in the case of an electric field applied to
the fuel tube of a coflow burner (fueled with propane), increasing the voltage resulted in
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Figure 6. The CH* chemiluminescence profiles of the (a) 32%, (b) 40% and (c) 60% ethylene flames
without charge injection (No HV) and with charge injection at different HV frequencies. The flames are
axisymmetric and only the right hand side of the flames are shown to ease comparison of the flames. The
frequency is indicated at the top of each image. The intensities of the CH* have been normalized by their
respective maximum values.
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the top of each image.
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significant shifts of the PAH zone, and hence the soot volume fraction zone, toward the fuel
tube. This observation indicated a change in flow or temperature fields due to the electric
fields (Xiong, Cha, and Chung 2015). The absence of such phenomenon observed in the
current work may likely stem from the differences in the current experimental setup and
conditions with Xiong, Cha, and Chung (2015), which requires further investigation.

Figure 8 (left axis) shows the normalized maximum soot volume fraction in the
flames versus HV frequency. The normalization is based on the corresponding (0 kHz)
flame without charge injection for each ethylene flow rate. Meanwhile, Figure 8 (right
axis) shows the relative ion concentration measured versus HV frequency. The error
bars are representative of the standard error from six repetitions for each of the
measurements. The normalization employed in this study is calculated on the HV
frequency at 22 kHz, which corresponds to the highest ion concentration utilized in
the current investigation. This frequency is assigned a relative ion concentration of
1.0. The ion concentration at HV frequencies of 23, 24, and 25 kHz represents 91%,
78%, and 54% of the ion concentration observed at the HV frequency of 22 kHz,
respectively.

From the current work, the reduction in the soot volume fraction at a given ion
concentration (HV frequency) decreases as the proportion of ethylene increases. For
example, at high ion concentration (HV frequency = 22 kHz), the reduction in soot volume
fraction in the 32% ethylene flame is more than three times that for the 60% ethylene flame.

On the other hand, the reduction in soot volume fraction was found to decrease as the
ion concentration was decreased. Specifically, at an HV frequency of 22 kHz (for 32%
ethylene flame), the soot volume fraction decreased by 40%, relative to the 32% ethylene
flame without charge injection. When the ion concentration was decreased by 9% (at 23
kHz) from the HV frequency of 22 kHz, the soot volume fraction increased by 11%
compared to the 22kHz case. A further 22% decrease in the ion concentration (at 24
kHz) led to a 32% increase in the soot volume fraction compared to the 22 kHz case. At 25
kHz (which corresponds to a 46% reduction in ion concentration from the 22 kHz case), the
effect on soot volume fraction was negligible. These results suggest that the reduction in
soot volume fraction is influenced by the ion concentration of the charge injection.

Several insights into the effect of charge on soot formation can be inferred from Figure 8.
At an HV frequency of 25 kHz, the ion concentration is too low to have a discernible effect
on soot reduction in the ethylene flames studied. When the HV frequency is progressively
reduced to 22 kHz, an increasing concentration of ions is injected into the flames. This is
more pronounced in the 32% ethylene flames compared to the 40% and 60% ethylene
flames. This is attributed to an increase in the concentration of soot precursors when the
proportion of ethylene is increased. Since the charge injection (ion concentration) was kept
constant (at a given frequency) for all flames, the relative concentration of ions to soot
precursors decreases as the ethylene is increased from 32% to 40% and then to 60%.

The charge generated from the non-thermal plasma in the current experiments could
form He" and He* (electronically excited He). These species can consequently undergo
rapid conversion into relatively stable helium dimer ions (He,") (Brandi et al. 2020)

2He + He"™ — He," + He, (3)
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Figure 8. Left axis: Normalized maximum soot volume fraction (f,) versus HV frequency for the He-diluted
32%, 40% and 60% ethylene flames. The normalization is based on the maximum soot volume fraction
observed in each flames without charge injection. The lines are drawn to guide the eye. Right axis:
Relative ion concentration of the charge injection. The error bars show the standard error for each of the
measurements.

He* +He — He,™ +e¢™. (4)

The helium dimer ion (He,"), being positively charged, may impact the formation of
soot. This ion, as well as the excited species in the plasma, could influence soot through
multiple routes:

(1) An ionic wind (Cha et al. 2002).

(2) Alter the fuel breakdown (pyrolysis) (Eliasson and Kogelschatz 1991; Letkowitz et al.
2015).

(3) Increased oxidation (Ju and Sun 2015; Qi et al. 2023).

(4) Inhibit the PAH formation (Cha et al. 2002).

(5) Disrupt the primary particle aggregation (second mode) (Fialkov 1997).

(6) Modify the particle inception through ion-induced nucleation (first mode) (Bowal
et al. 2019; Martin et al. 2018, 2019).

The minimal change in the flame front shape and position from the OH and soot volume
fraction profiles, with the subtle change in the CH* at the upstream of the flame, suggests
that the impact of an ionic wind is thought to be minimal in the current study. In the case
where the ionic wind effect is significant and led to soot being formed closer to the fuel tube,
as shown in the literature (Xiong, Cha, and Chung 2015), the effect of the ionic wind was
also observable in the soot volume fraction distribution, which is absent in the current work.
Additionally, the removal of the plasma-forming electrode in the current experimental
setup can prevent significant changes to the flame structure (Cha et al. 2002; Qi et al. 2023).
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The fuel breakdown could also be impacted by the plasma or He," present. Lefkowitz
et al. (2015) found that ethylene passed through a non-equilibrium nanosecond pulsed
argon plasma and was degraded into acetylene. The formation of larger hydrocarbons
was also found. This would suggest early activation of ethylene would form more soot.
However, we see a reduction of soot formation along the centerline of the flame
suggesting this pathway is unlikely. This follows from the design of our burner where
the fuel is not passed through the plasma but only interacts via diffusion with the
charged plume.

Most studies on plasma-enhanced combustion suggest the most significant role of plasma in
combustion is enhancing oxidation and oxidation-induced fuel breakdown (Ju and Sun 2015).
This is indeed seen in the increased combustion intensity indicated by the increased OH and
CH* concentrations. This may suggest that soot could be more easily combusted at the edges of
the flame, however, it does not explain the reduction in soot intensity along the centerline of the
flame where little oxygen is found.

The formation of aromatic species may also be impacted by plasma injection. However,
PAH formation is known to be radical driven and not strongly dependent on ionic reactions
as shown from mass spectrometry studies by Weilmiinster, Keller, and Homann (1999) and
theoretical calculations that showed that the interaction between charged PAH and acet-
ylene is not significant at flame temperatures (Wang, Weiner, and Frenklach 1993). While
we cannot rule out changes in pyrolysis and PAH formation, it seems unlikely as most
mechanisms would suggest an enhancement instead of an inhibitory effect.

Charge attachment to soot may also affect the formation of soot by reducing the
coagulation efficiency of soot as an excess of positive charge increases the repulsion between
soot primary particles (Haynes, Jander, and Wagner 1979; Lawton and Weinberg 1969;
Martin, Salamanca, and Kraft 2022). This is observable from the soot volume fraction
profiles in Figure 7. The start of “soot” formed is shifted to more downstream (higher
position) of the flame with increasing charge injection. Additionally, in Figure 5, the area of
the OH profiles increase with increased charge injection, indicating a possible increase in
the oxidation process. This is consistent with the proposal by Howard and Kausch (1980)
and Bonczyk (1991), where the injection of ions can affect the number of primary particles,
depending on the types of the ions and combustion system. In the case where there is a fuel-
rich condition, small particles persisted in the flame, which increases the overall small soot
particles (Howard and Kausch 1980). The increase in the number of smaller-sized soot
particles or primary particles increases the total surface area for reactions to occur with the
particles. Particularly, the higher surface area can encourage more oxidation to occur when
compared to larger soot particles which have a lower surface area. This, along with the
charge attachment to soot can result in the reduction of the formation of large soot
aggregates with charge injection.

Particle inception is also suggested to be impacted by charge injection through electro-
static interactions. The clustering behavior of curved PAHs has been shown to be altered by
cations when investigated using molecular dynamics from 500 to 1500 K (Bowal et al. 2019).
Other chemical mechanisms are required to provide thermally stable soot particles (Martin,
Salamanca, and Kraft 2022) but charged species are suggested to nucleate more incipient
nanoparticles. Recent modeling of DC electric field counterflow burner experiments by Liu
et al. (2021) found the impact of the charge on inception could not be ignored in under-
standing the reduction in soot formation even when considering the reduced coagulation



COMBUSTION SCIENCE AND TECHNOLOGY 17

rate. Therefore, we propose that the observed reduction in the soot volume fraction with
charge injection in the current study is due to the modification of particle inception,
coupled with the disruption to the primary particle aggregation.

While the interplay of these contributions on the formation of soot is still a subject of
ongoing research, the proposed burner design that is based on a standardized burner system
has successfully achieved its objective of providing a laminar coflow diffusion flame with
charge injection and minimal changes to the flame structure. Furthermore, this work has
provided a basic understanding of the changes in the soot volume fraction in flames due to
charge injection. The promising results from this work allow for the use of this flame as
a new target flame for future studies on the impact of charge on soot formation and
destruction.

Conclusions

A coflow burner has been modified to study the effect of injecting charge from non-thermal
plasma on soot formation in laminar coflow diffusion flames. Charged helium was gener-
ated using a plasma excitation system operating with high voltage (HV) frequencies from 22
to 25 kHz. The concentration of charged helium was observed to decrease as the frequency
increased from 22 to 25 kHz.

The charged helium was injected through a coaxial concentric fuel tube arrangement
into helium-diluted 32%, 40% and 60% ethylene flames. The soot volume fraction and OH
distribution in the flames were measured using laser-induced incandescence and laser-
induced fluorescence, respectively. The chemiluminescence of the CH* distribution was
measured using an intensified charge-coupled device camera. The data were analyzed to
investigate the impact of the charge on the soot volume fraction in the flames.

The OH and CH* profiles were analyzed versus the HV frequency used to generate the
charge. Both reveal that the flames injected with the charged helium retained their classic
laminar flame shape, indicating that the burner achieves its objective of minimizing
disruption to the flame, so facilitating the study of the effect of charge on soot formation.

The soot volume fraction was analyzed versus the HV frequency. The soot reduction was
most pronounced when the 32% ethylene flame was injected with a higher charge generated
at 22 kHz. The level of reduction decreased as both the HV frequency and proportion of
ethylene were increased. The increase in HV frequency reduced the ion concentration
injected into the flames, while the increase in the proportion of ethylene increases the
soot precursor concentration, such that a decrease in the soot reduction is consistent with
a decrease in the ratio of the ion to soot precursor concentration.

The preservation of the overall laminar flame shape and the observed reduction in
the soot volume fraction suggests that the current system is a good candidate to study
the impact of the charge on the formation of soot in laminar coflow diffusion flames.
The novel burner modification with non-thermal plasma being incorporated enabled
the effective minimization of the strong impact of ionic wind on soot formation,
which has not been previously observed in the literature. Additionally, we were able to
reveal that the charge injected into the flame influenced the soot formation through
electrostatic interactions at the particle inception and aggregation stage. Therefore,
this system can be a potential target flame for further investigation on the complex
interaction between charged species and the formation of soot via high-resolution
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transmission electron microscopy and differential-mobility sizing. Notably, with
improvements to the charge generator, the current HV frequency range used could
be expanded to investigate the effect of charge injection at higher ion concentrations
on soot formation in flame. With sufficient data on this topic, then the modeling
community will be able to utilize them for further modeling investigations on this
topic.
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