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Abstract
This study presents an experimental work investigating the controlling parameters on
the formation of an electrically-induced inner toroidal vortex (ITV) near a nozzle rim
in small, laminar nonpremixed coflow flames, when an alternating current is applied
to the nozzle. A systematic parametric study was conducted by varying the flow
parameters of the fuel and coflowing-air velocities, and the nozzle diameter. The fuels
tested were methane, ethylene, ethane, propane, n-butane, and i-butane, each
representing different ion-generation characteristics and sooting tendencies. The
results showed that the fluid dynamic effects on ITV formation were weak, causing
only mild variation when altering flow velocities. However, increased fuel velocity
resulted in increased polycyclic aromatic hydrocarbon (PAH) formation, which
promoted ITV formation. When judging the ITV-formation tendency based on critical
applied voltage and frequency, it was qualitatively well correlated with the PAH
concentration and the relative location of PAHs to the nozzle rim. The sooting
tendency of the fuels did not affect the results much. A change in the nozzle diameter
highlighted the importance of the relative distance between the PAH zone and the
nozzle rim, indicating the role of local electric-field intensity on ITV formation.
Detailed onset conditions, characteristics of near-nozzle flow patterns, and PAH
distributions are also discussed.

Keywords: electric field, nonpremixed flame, toroidal vortex, polycyclic aromatic
hydrocarbons, ionic wind.
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1. Introduction
An electric field was recently proposed as an alternative method to modulate and
control various combustion aspects, including flame propagation [1-7], flow structure
[4-9], and critical phenomena such as liftoff and blowoff [10-13]. Various mechanisms
based on ionic wind [14], modified chemistry [15] and transport property [16], and
thermal effects due to ohmic heating [17] have been proposed to explain the observed
phenomena, while recent investigations of nonpremixed edge flames [6, 7] found that
modified flow fields caused by ionic wind can be a major effect of electric fields.
Many previous studies have shown that charged-species motion under electric
fields (Lorentz force) generates a bulk-flow motion (ionic wind), resulting in a significant
modification of the flow fields [5-10, 18-20]. Utilizing the ionic wind under a sub-critical
electric field, which is lower than a breakdown field for electrical discharge, to control
flame characteristics may have a few advantages. First, integrating electric fields into
combustors would be simple since most fuel injection nozzles are good conductors.
Second, a sub-critical electric field typically consumes less electrical power than the
thermal power of flames, by several orders of magnitude. Third, the response time to
establish ionic winds is typically O(ms), which is feasible to implement in a feedback
control system.
Recent investigation [5] into a small propane coflow diffusion flame showed that
applying alternating current (AC) to a jet nozzle could trigger the formation of a
recirculation zone in a fuel core near the nozzle exit. The recirculation zone was
identified as an inner toroidal vortex (ITV) pairing with an outer toroidal vortex (OTV).
The sharp boundary of the critical moment of ITV formation in terms of Vac and fac was
reported [5], indicating a potential control of the diffusion flames by modulating a flow
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pattern with AC. The formation of the ITV influenced the distributions of polycyclic
aromatic hydrocarbons (PAHs) and soot particles. Hence, a possible mechanism for ITV
formation was considered, as the result of ionic wind and potential interaction with
AC-induced magnetic fields. However, the detailed mechanism is not yet clear and, even
for a hypothesized mechanism, the major source of responsible ions for an ionic wind–
generating ITV needs to be further clarified. Note that numerical approaches have been
performed particularly in one-dimensional configurations trying to validate detailed ion
chemistry and electric current response to external bias voltage [21-23], which, however,
could not be applicable to a prediction of modified flow field due to their intrinsic
one-dimensional nature. To expand present efforts in numerical simulations to
multi-dimensional one, identification of charged species and their evolution (e.g.,
electron attachment) in a flow volume should be correctly implemented to capture a flow
modification resulted from electric body force.
Flames are known to produce various charged species. For a fuel-lean, or near
stoichiometric premixed hydrocarbon flames, a chemi-ionization reaction, CH + O →
CHO+ + e, is the initiation step for charge generation [24], and the subsequent proton
transfer reaction, CHO+ + H2O → H3O+ + CO, results in a relatively large amount of
hydronium ions in a reaction zone and also in a post-combustion region [25, 26]. While
in fuel-rich flames, C3H3+ becomes a dominant ion near the reaction zone, and a peak ion
concentration can be found downstream of the one-dimensional rich premixed flames,
where soot inception occurs [27], due to ionized PAHs and charged nascent soot particles.
Soot particles typically become charged via a thermal-ionization process, while ionized
PAHs can possibly form from either C3H3+ or from additional chemi-ionization processes
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involving neutral PAHs near the sooting zone [28]. Although there are no detailed studies
on ions in a diffusion flame, all aforementioned charged species may be important, since
a diffusion flame has a wide range of local mixture fraction in a reaction zone.
The objective of the present study is to provide further experimental data for the
future development of a model of ITV formation. In this regard, the effects of various
parameters on ITV formation in a small jet diffusion flame with AC electric fields were
explored. Those parameters included the jet velocity (flow parameter), the nozzle
diameter (geometrical parameter), and the fuel type (chemical parameter, which has a
different tendency for the formation of PAHs and soot) to better understand the origin of
ITV formation.

2. Experiment
The apparatus, similar to the one reported previously [5], consisted of a coflow
burner, flow controllers, an AC power supply unit, a voltage measurement setup, and
laser diagnostic setups to visualize PAHs and flow fields. A schematic of the coflow
burner and the electrical configuration is depicted in Fig. 1. A fuel nozzle, having an
inner diameter d, protruded 8.7 mm above the exit of the coflowing air. The nozzle length
was designed to have a fully developed velocity profile at the exit in an ideal condition,
although a velocity profile at the fuel nozzle exit is significantly altered depending on
fuel density in a small laminar coflow diffusion flame [29]. The size of the coflow section
was 150 mm in diameter and air was supplied through both the layers of beads and a
ceramic honeycomb, for a uniform and laminar flow. The flow rates of the fuel and
coflow air streams were monitored by mass flow controllers. To apply a high voltage to
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the fuel nozzle, the coflow body was made of non-conducting acetal resin. A circular,
stainless steel mesh (15 cm in diameter) was positioned 27 cm above the nozzle tip,
serving as a ground electrode.
Detailed experimental conditions are summarized in Table 1. The baseline
condition was a propane jet through a nozzle of d = 10.8 mm, with a fuel jet velocity (Uf)
of 1.4 cm/s, and a coflow air velocity (Uc) of 6.2 cm/s. When the effects of the flow
velocities were tested, the fuel and coflow air velocities were varied from the baseline
condition. The effect of the fuel was tested by varying the fuel type (methane, ethylene,
ethane, n-butane, and i-butane), and the effect of the nozzle diameter was also tested. For
tests of the effects of fuel and nozzle diameter, the fuel jet velocity was adjusted so that
the visible flame height, determined by its yellow luminosity, was similar to that of the
baseline flame, which will be detailed in a corresponding section.
150 mm
GND
270 mm

Circular metallic
mesh

d

Coflow air
(Uc)

AC high voltage
Fuel (Uf)

Fig.1. Schematic of experimental setup.

Table 1. Experimental conditions (boldface indicates baseline condition)
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Experimental parameters varied
Jet Velocity

Fuel

Nozzle I.D.
d [mm]

10.8

10.8

Fuel

C3 H8

C2 H4

C2 H6

C3 H8

n-C4H10

i-C4H10

Fuel velocity
Uf [cm/s]

0.71/ 1.4/ 2.1/ 2.8

2.2

2.2

1.4

1.0

0.9

Coflow velocity
Uc [cm/s]

2.1/ 6.2/ 8.3

6.2

Nozzle diameter
2.8

4.5

7.6

10.8

12.5

1.4

1

C3 H8
18.3

7.5

2.7
6.2

The AC power supply unit was composed of a power amplifier (TREK, 30/20A)
and a function generator, which generated a sinusoidal-signal input to the amplifier. The
tested applied voltage (Vac) and frequency (fac) to the fuel nozzle were 0–5 kV (rms) and
0–5 kHz, respectively. In all cases, the voltage was applied after a 10-minute operation
with a flame, so that the burner system could reach a thermal-equilibrium state [29]. After
each test, the fuel nozzle was carefully cleaned to remove deposited soot and to avoid any
consequent uncertainty.
PAHs were measured using a planar laser-induced fluorescence (PLIF) technique.
A fourth harmonic (266 nm) of a Nd:YAG laser (Coherent, Brilliant) excited PAHs, and
their PLIF signals were detected with an intensified charge-couple device camera (ICCD;
Princeton Instruments, PI-MAX2-1024i) with a narrow band-pass filter (central
wavelength, 450 nm; full width at half maximum, 25 nm). After background noise
correction, the PLIF images were normalized with a vertical profile of laser beam (450
µm width and 10 cm height), which was obtained using a cuvette filled with acetone.
Since PAHs have broad absorption and emission characteristics, the measured PLIF
signals provided only relative data for comparison purposes. Note that the current
detection method adequately represents 2- to 3-ring aromatics [30]. To minimize the
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incandescence signals from soot particles caused by the laser, and to keep the
fluorescence emission in a linear regime with respect to the laser energy, the energy
density of the laser sheet was kept sufficiently low [31].
An Ar-ion laser (Spectra-Physics, Stabilite 2017), operated at 488 nm, illuminated
the seeding TiO2 particles (~0.2 µm) to qualitatively visualize the flow patterns of the
fuel jets. Due to the layer of beads inside the coflow section, particle seeding to the
coflow was not considered. A high-speed camera (Photron MC2) and a digital camera
with micro-lenses were used to capture the images.

3. Results and discussion
3.1. Jet velocity effect
In a previous study [5], the onset condition of ITV formation was elaborated in
terms of Vac and fac at fixed propane and coflow velocities, which were chosen as the
baseline condition for the present study. We found that fac×Vac2 was reasonably constant
at the onset of an ITV. Such a scaled proportionality is consistent with the force acting on
charged species due to an induced magnetic field [5]. To explore the effect of flow
velocity on the onset of an ITV, the fuel and the coflow velocities were varied (see Table
1 for details).
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Fig. 2. Flames and their inner flow patterns with various fuel velocities for a fixed coflow velocity at Uc = 6.2
cm/s.

Figure 2(a−d) shows photographs (exposure time 1/200 s) of propane flames with
the variation in fuel jet velocity (Uf) at a fixed coflow velocity (Uc = 6.2 cm/s) without
applying an electric field, where the baseline condition is (b). The results indicate that the
flame (yellow luminous zone) height increases with Uf. The horizontal solid yellow line
at the bottom of Fig. 2(a–d) represents the location of the nozzle exit. As Uf increases, the
height (H) of the yellow luminous zone becomes larger and the dark zone height, defined
as the centerline length from the nozzle exit to sooting zone (which is marked as a dotted
line for the baseline condition (b) as a reference), becomes longer. The intensity of the
soot luminosity near the nozzle becomes weaker, which can be attributed to a reduced
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residence time for soot growth with increased Uf.
The near-nozzle flow fields, for the cases without an applied electric field (e−h)
(corresponding inner flow structure of a−d), are visualized with the pathlines of the seed
particles illuminated by the Ar-ion laser (exposure time 1/6 s). Note that a recirculation
bubble along the central axis of the jet near the nozzle exit was identified as a
buoyancy-driven toroidal vortex (BTV, marked as red rectangles). This phenomenon was
reported in detail in a previous study [29]. Since propane is heavier than air, it induces a
negative (downward) buoyancy to decelerate the velocity of propane fuel, which
counteracts the positive (upward) buoyancy of the burnt gas.
When an electric field is applied at Vac = 4 kV (i-l) at the onset frequency fac of each
velocity condition (refer to Fig. 3), the formation of ITVs (marked with yellow squares)
were identified. As shown in previous work [5], the Mie scattering signals from the laser
illumination in this region can be attributed to fine particles, presumably soot particles,
which are trapped in the recirculating structure of the ITV. Note that ITVs cannot be
observed by the naked eye because the temperature—which is expected to be higher than
ambient due to the recirculating nature—is still not high enough for the soot particles to
emit discernable black-body radiation.
As a result of the ITV formation, the effective nozzle area for fuel flow was
reduced considerably, therefore a consequent acceleration of fuel in the central region
might suppress the formation of a BTV. Another consequence of the increase in local fuel
velocity due to the ITV formation was an increase in the flame length (e.g., comparing
Fig. 2(e) and Fig. 2(i)) and a decrease in the near-nozzle soot luminosity (Fig. 2(i–l)).
Although it is not shown here, a factor of four variation in the coflow velocity (Uc = 2.1–
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8.3 cm/s) had a negligible effect on both the flame shape and the ITV formation of the
baseline flame. This can be attributed to two factors: (1) the ITV formation typically
occurs in the fuel region such that the coflow velocity has little effect, and (2) the
buoyancy-induced flow in a diffusion flame is generally stronger (order of 1 m/s) than the
coflow velocity tested in this experiment [29].

Fig. 3. Onset conditions of the ITV at several fuel velocities for a fixed coflow velocity at Uc = 6.2 cm/s.

Figure 3 illustrates the onset conditions of ITV formation in terms of Vac and fac
under various Uf conditions for a fixed Uc = 6.2 cm/s. When Uf = 0.71 cm/s, ITV
formation could not be achieved for Vac < 3.5 kV, hence no data in Fig. 3. The inset
photos respectively represent a typical inner flow structure in each domain: a normal
flame before reaching the onset condition and a flame with the ITV. These were captured
using a horizontally-oriented laser illumination for the baseline condition [5]. At a fixed
fac, the onset of the ITV was facilitated at a smaller Vac as Uf increased. For example, at fac
= 150 Hz, the ITV was triggered by applying Vac = 3.5 kV at Uf = 0.71 cm/s, while only
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Vac = 3 kV was enough to form the ITV at Uf = 2.8 cm/s. Similarly, at a fixed Vac,
increased Uf resulted in a smaller fac for the ITV formation.
An increase in Uf can modify the parameters affecting ITV formation, such as the
initial fuel jet momentum and the distribution of local-species concentrations. In the
previous study [5], a threshold level of induced magnetic force (~fac×Vac2 ), which acts on
moving charged particles due to ionic wind, was thought to be required for the ITV
formation. In such a case, the electric stimulus should overcome the jet momentum for
the bifurcation phenomenon to form an ITV. Thus, it was expected that, as the jet
momentum increased (Uf increased), the induced magnetic force (~fac×Vac2) should also
be higher to trigger the ITV. However, Fig. 3 shows a counterintuitive result: it was easy
to form the ITV at a higher fuel jet velocity, with decreased fac×Vac2 at the onset of ITV
for higher Uf.
Besides increased jet momentum due to increased fuel jet velocity, the outer edge
of the fuel path lines (Fig. 2(e-h)), which represented a fuel stream tube, was less
deflected toward the center of the jet, implying a narrower fuel-diffusion zone thickness
for a higher Uf. This might have influenced the profiles of various charged species in this
region, in addition to the formation of PAHs and soot particles as charged species that
was mentioned previously.
In this regard, a qualitative PLIF measurement of the PAHs was performed for the
conditions in Fig. 2. The PLIF images are shown in Fig. 4. The signals were normalized
by their respective maximum intensity without applied Vac (a-d) and at the moment of
ITV formation (e-h) for Uf = 2.8 cm/s and Uc = 6.2 cm/s. Note that the maximum
intensity of the PLIF signal with the ITV was about twofold of that without applied AC.
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For the cases without applied AC, as Uf increased, the intensity of the PAHs increased
noticeably in the downstream region. Although this increased concentration of PAHs
(since it could be partly interpreted as an increased amount of charged species) might
have been related to the early onset of an ITV with increased jet velocity as shown in Fig.
3, the PAH signals were not very different near the nozzle region where the ITV formed.
Once the ITV formed at the onset fac for Vac = 4 kV (e-h), significantly enhanced PAH
signals were observed near the nozzle exit region. This was caused by an increased
residence time in the relatively hot recirculation zone of the ITV [5].
So far the experiment with varying fuel jet velocity is inconclusive on the role of
PAHs. However, we might hypothesize that the effect of increasing fuel jet velocity on
the easier ITV formation can be attributed to producing more charged species in the
reaction zone (due to increased supply of fuel), such that increased electric body force
near the nozzle rim (due to increased charge density in the flow volume) can facilitate the
ITV formation. As previously mentioned, the easier ITV formation with increased jet
momentum is counterintuitive and it may not be an aerodynamic effect. Note that the
maximum tested jet velocity (2.8 cm/s) was very small as compared to buoyancy driven
convection [29], which also indicates negligible aerodynamic effect of increased jet
momentum for the tested range of velocity. Therefore, when the effects of fuel and the
size of nozzle were investigated a careful selection of experimental parameters was
required.

11

Fig. 4. PLIF images of PAHs with varying fuel velocities for a fixed coflow velocity at Uc = 6.2 cm/s.

3.2. Fuel effect on ITV formation
To evaluate the relative importance of PAHs (especially for ionized PAHs) along
with soot on ITV formation, various fuels with different sooting tendencies were
considered, including ethylene (C2H4), ethane (C2H6), propane (C3H8), n-butane
(n-C4H10), and i-butane (i-C4H10). The sooting tendency of each fuel, based on the
normalized smoke point (NSP) [32], is in the order of: ethylene (NSP 14.6±8.3) >
i-butane (96.3) > n-butane (175±33) ~ propane (202±82) > ethane (319±153), which is
consistent with the sooting temperature index (STI) determined from counterflow
nonpremixed flames [33].
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Considering that CH concentration (initiation of chemi-ionization, CH + O →
CHO+ + e) would control the total amount of charged species, carbon flux to each flame
should be maintained to keep a reasonably same amount of charge generation. However,
when we maintained the same carbon flux as that of the reference propane case with
other fuels, small variation in flame heights could be found and this might result in
inconsistent local electric field intensity at each flame location. To compromise these two
factors, the fuel jet velocity was adjusted as Uf|C2H4 = 2.2, Uf|C2H6 = 2.2, Uf|C3H8 = 1.4,
Uf|nC4H10 = 1.0, and Uf|iC4H10 = 0.9 cm/s at fixed Uc = 6.2 cm/s (Table 1), such that each
fuel jet exhibited a comparable flame height based on the yellow luminosity. Note that
the differences in the carbon flux for C2H4, C2H6, n-C4H10, and i-C4H10 as compared to
the propane case were 4.8, 4.8, –4.8, and –14.3 %, respectively, showing a reasonable
range of variation except i-butane. Based on Fig. 3, 100 % increase in jet velocity (0.71
cm/s to 1.42 cm/s) roughly decrease the ITV forming AC frequency around 20 Hz at 3.5
kV, so the effect of 10 % variation in the jet velocity on the ITV formation should be
negligible (a few Hz variation), thus small variation in the carbon flux can be neglected in
the following discussion.
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Fig. 5. Flame images and their inner flow patterns with ethylene (a and f), i-butane (b and g), n-butane (c and
h), propane (d and i), and ethane (e and j). The left half images in (f–j) show fuel streams without applied
voltage, while the right ones show fuel streams with Vac = 4 kV; each AC frequency is the onset fac indicated
in Fig. 6 at Vac = 4 kV.

Figure 5(a-e) shows the flame photos of ethylene, i-butane, n-butane, propane, and
ethane, respectively, in the order of their intensity of yellow luminosity. The intensity of
yellow luminosity and the dark zone height followed the sooting tendency based on NSP.
Figure 5(f–j) exhibits close-up photos for the near-field flow pattern with the laser
illumination, without (left half) and with (right half) applied voltage (Vac = 4 kV). For the
cases without applied voltage, the fuels that are heavier than air demonstrated a formation
of BTV near the nozzle along the center axis, while neither ethylene nor ethane showed
such BTV formation. Without applied voltage, the deflection of the outer edge of the
visualized path lines (blue zone) from the seed particles were similar to each other,
because the air entrainment induced by buoyancy is reasonably proportional to flame size.
For the cases with Vac = 4 kV, similar to Fig. 2(e-l), reduced soot luminosity with an ITV
could be observed. Restricted flow area of each fuel stream at the nozzle exit indicated
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the formation of the ITV, although it was not clearly discernible for the ethylene jet.
Methane, which is very weakly sooting (no NSP data available in [32]), was also tested;
however, the ITV formation could not be achieved within the tested range of AC, and
thus it is not shown here.

Fig. 6. ITV onset conditions with various fuels.

Figure 6 shows the onset conditions of an ITV for the tested fuels in terms of Vac
and fac. When a tendency of ITV formation is introduced, it is in the order of i-butane >
ethylene > propane ~ n-butane > ethane >> methane, e.g., at fac = 150 Hz, required Vac are
2.8 (i-butane), 3.0 (ethylene), 3.3 (propane and n-butane), and 4.2 kV (ethane). Since the
most discernable factor between the various fuels is the sooting tendency, a comparison
between the tendency of ITV formation and the sooting tendency might suggest an
important clue as to ITV formation. However, the results show an inconsistency between
these two factors, particularly for ethylene and i-butane. The i-butane flame was less
sooting than ethylene, while the ITV was more easily triggered for i-butane than ethylene.
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This result implies that thermally-ionized nascent soot particles may not play a dominant
role in ITV formation.
To further understand the reason behind such a high tendency of ITV formation
with i-butane, the PAH PLIF images were recorded; the results are illustrated in Fig. 7.
For each fuel, the left-half image was taken without applied voltage and the right-half
image was captured with Vac = 4 kV, with the corresponding onset fac shown in Fig. 6.
Stronger intensity of PAHs in the near-nozzle region with an ITV was observed for each
fuel for the same reason explained previously.
The maximum strength of each PAH PLIF signal intensity is in the order of
i-butane > n-butane ~ propane > ethylene > ethane. This differs from the order of ITV
tendency, which is how Fig. 7 was arranged. Two points should be noted from the results
in Fig. 7: (1) although ethylene showed the highest sooting tendency, its PAH intensity
was even smaller than propane’s, while the PAH intensity with i-butane was the strongest,
showing a factor of difference compared to other fuels, and (2) an early formation of
PAHs (similar in size to the PAHs detected in the present setup) was found in ethylene
and i-butane as compared to other fuels, which resulted in the existence of PAHs closer to
the nozzle exit. Concerning the weak PAH PLIF signal of ethylene flame, it was
previously reported [34, 35] and later substantiated via simulations [36] that, although the
soot production in ethylene flame is higher than that in propane flame, the production of
PAHs is higher for propane than for ethylene in counterflow nonpremixed flame
experiments.
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Fig. 7. PAH PLIF images are shown for ethane (a), propane (b), n-butane (c), ethylene (d), and i-butane (e).
Left half images in (a–e) show PAHs without applied voltage, while the right ones with Vac = 4 kV; each AC
frequency is the onset fac indicated in Fig. 6 at Vac = 4 kV.

If one assumes that ionized PAHs are the most influential ionized species for ITV
formation, then the highest tendency of ITV formation with i-butane can be readily
explained due to its strong PAH signal. Because the local electric field intensity becomes
stronger as the distance from the nozzle rim becomes smaller, the existence of PAHs
closer to the nozzle exit with ethylene may play an important role in the higher ITV
tendency of ethylene than of propane or n-butane. Thus, it may be concluded that ionized
PAHs are a key species for the ITV formation, and that the spatial distribution and
concentration of PAHs are equally important in the present jet configuration, due to a
non-uniform electric field (particularly, greater field intensity closer to the nozzle rim).

3.3 Nozzle size effect
In the section above, the importance of ionized PAHs on ITV formation was
demonstrated. Since ITV formation could also be related to a geometrical configuration,
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various nozzle sizes were tested on the tendency of ITV formation (as shown in Table 1).
Figure 8 shows the photographs of propane flames for five different nozzle diameters as d
= 2.8, 4.5, 7.6, 10.8, and 12.5 mm. Again, uniform flame heights were maintained by
adjusting the jet velocity of propane at Uf = 18.3, 7.5, 2.7, 1.4, and 1.0 cm/s for d = 2.8,
4.5, 7.6, 10.8, and 12.5 mm, respectively. The resulted differences in the carbon flux for d
= 2.8, 4.5, 7.6, and 12.5 were –12.1%, –7.0%, –4.5%, and –4.3%, respectively as
compared to the reference case of d = 10.8 mm, thus a velocity effect to correct the
carbon flux should be minimal to the overall trend.
Regardless of the nozzle diameter, the yellow luminosity remained similar in height
and intensity, and similar dark zone heights near the nozzle exit could be observed. One
visible difference was the flame diameter, particularly near the nozzle rims, due to a flow
restriction caused by the nozzle size.

Fig. 8. Flame photos with various nozzle diameters. Jet velocities are Uf = 18.3 (a), 7.5 (b), 2.7 (c), 1.4 (d),
and 1.0 (e) cm/s.

Comparisons of near-nozzle flow structures before and after the formation of an
ITV (4 kV with the corresponding onset fac in Fig. 10), are illustrated in Fig. 9(a–e).
Except for the smallest d tested (2.8 mm), the formation of an ITV could be clearly
identified, indicating a contraction of the fuel streams due to the ITV formation as shown
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in Fig. 9(b–e). The size of the ITV increased as the nozzle diameter increased. However,
for d = 2.8 mm (Fig. 9(a)), a clearly observable ITV flow pattern could not be identified.
Instead, as shown in Fig. 9(a), thin and straight pathlines for the fuel stream were totally
destroyed with the electric field, exhibiting unsteady particle motion in the middle,
around 3 mm above the nozzle (Supplementary Movie 1: Vac = 4 kV and fac = 63 Hz).

Fig. 9. Near-nozzle flow patterns with various nozzle diameters, where (a-e) correspond to the flames in Fig.
8. Left half images in (b–e) show flow pattern without applied voltage, while the right ones with Vac = 4 kV;
each AC frequency is the onset fac indicated in Fig. 10 at Vac = 4 kV.

To detail this unsteady flow pattern with d = 2.8 mm, the seeding particle motions
in Fig. 9(a) at Vac = 4 kV (after ITV formation) were investigated using the high-speed
camera at 250 fps. In Supplementary Movie 2, a periodically-produced flow structure due
to AC was identified—it destroyed a fuel core located about 3 mm downstream. The
frequency of this unsteady structure was 63, the same as fac, indicating the essential role
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of AC-driven instability. As Vac became smaller, such as 2.5 kV, the onset frequency
increased to 198 Hz (Fig. 10). With this faster AC frequency, a rather steady ITV, similar
to that shown in Fig. 9(b), was also found for the 2.8 mm nozzle. In Fig. 10, the definition
of the onset condition for this smallest nozzle refers to the onset of either the steady ITV
or the unsteady destruction of a fuel stream. Note that for larger-sized nozzles (such as
the 10.8 mm nozzle), the destruction of a fuel core could not be observed within the
tested range of AC frequency. This indicates the importance of length scales, including
both the nozzle diameter and the size of the ITV, in obtaining a steady, balanced flow
field.

Fig. 10. ITV onset conditions with various nozzle diameters.

Figure 10 illustrates the onset conditions of ITV formation in terms of Vac and fac
for various nozzle diameters. The formation of the ITV (or the modification of fuel
stream for the case of d = 2.8 mm) became easier as the nozzle diameter decreased,
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indicating that a smaller Vac is sufficient to generate an ITV (or destroy a fuel core), with
a smaller d for the same fac. This again implies that jet momentum is not the key
parameter in controlling the formation of ITVs.
To explore the reason behind this observation, we analyzed the result of PAH
PLIF signals for selected nozzle diameters (4.5, 10.8 and 12.5 mm, shown in Fig. 11),
without and with an electric field (Vac = 4 kV with the corresponding onset fac in Fig. 10).
Similar PAH distributions were found with reasonably similar peak concentrations. As d
became larger, the width of PAH distribution at the bottom of the flames increased and
the concentration at the top near the center decreased, indicating no clear clue as to the
ITV tendency shown in Fig. 10. The relative location of PAHs to the nozzle rim is
illustrated schematically in Fig. 12. For a large size nozzle, the PAHs moved away from
the nozzle rim, toward the center (e.g. d = 12.5 mm). As d became smaller (for example d
= 4.5 mm), the bottom-edge of PAHs migrated radially outside (basically the nozzle rim
repositioned inwardly relative to the PAHs). As a result, the PAHs settled just above the
nozzle rim. Thus, a shorter distance between the PAH zone and the nozzle rim resulted in
increased local electric field intensity for smaller nozzles [37]. A further decrease in the
nozzle diameter (d = 2.8 mm) may lead to the destruction of a fuel core at high voltage,
low frequency conditions, indicating a different interaction between the ionic wind and
the preexisting intrinsic flow patterns of a diffusion flame.

21

Fig. 11. PLIF images of PAHs with various nozzle diameters. The left-half images show PAHs without applied
voltage, while the right-half images illustrate PAHs with applied voltage Vac = 4 kV; each AC frequency is the
onset fac indicated in Fig. 10 at Vac = 4 kV.

Flame
Front
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Nozzle
d=
d=
4.5 mm 12.5 mm
Fig. 12. Schematic of the relative location of PAHs and nozzle rims.

4. Conclusions
A detailed, experimental parametric study was conducted to elaborate on the onset
conditions of an electro-magnetically-induced inner toroidal vortex in small, jet diffusion
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flames by applying AC to the nozzles. By changing fuel and coflow velocities, it was
found that mild fluid dynamic effects on the ITV formation should be minimal, and that
increased concentrations of PAHs should have a primary impact, because the ITV was
easily triggered with a higher fuel velocity, yielding more PAHs.
Hypothesizing that a portion of ionized PAHs should be maintained, various fuels
with different sooting tendencies were tested. It was determined that the ITV tendency
was not related to the sooting tendency, illustrating the minor role of nascent-charged
soot particles in forming an ITV. However, the ITV tendency can be qualitatively well
correlated with a combination of PAH concentrations and their relative locations from a
nozzle rim, because the intensity of the local electric field at the location of PAHs is an
important factor in determining the Lorenz force acting on ionized PAHs. By using
nozzles of many different sizes, we concluded that the relative distance between the
nozzle rim and the PAHs clearly plays a crucial role in the ITV formation. We also
discovered that below a certain nozzle size, an unsteady interaction between the
AC-driven flow structure and a fuel stream could be produced.
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Supplementary Movies
Supplementary Movie 1. Near-nozzle flow structures illuminated via Ar-ion laser at Vac
= 4 kV and fac = 63 Hz with 50 fps.
Supplementary Movie 2. Near-nozzle flow structures illuminated via Ar-ion laser at Vac
= 4 kV and fac = 63 Hz with 250 fps.

28

