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Abstract: The interaction between electric fields and hydrocarbon flames has attracted significant attention due to its potential appli-
cations in combustion control, pollutant reduction, and fire safety. In this study, the dynamic behavior of methane jet flames subjected
to externally applied DC electric fields was experimentally investigated with particular emphasis on the influence of electric-field
orientation. A methane jet flame was generated using a 4.5 mm inner-diameter nozzle at a constant jet velocity of 12 cm/s. A metallic
mesh electrode was positioned 5 cm from the nozzle center, and three electrode orientations relative to the jet axis (—90°, —45°, and
0°) were considered. DC voltages ranging from —10 kV to +10 kV were applied to examine the combined effects of electric-field
strength and orientation. Flame dynamics were recorded using video imaging and analyzed through MATLAB-based image processing
to extract flame-tip displacement, deflection angle, and temporal flame motion. Four distinct flame regimes were identified: tilted,
lifted, oscillating, and fluctuating flames. Negative voltages produced relatively stable flame deflection or lift-off due to ionic-wind-
induced electrohydrodynamic flow toward the electrode, whereas positive voltages generated periodic oscillations and irregular fluc-
tuations. Frequency analysis revealed dominant oscillations within the range associated with Kelvin—Helmholtz instability in buoyant
jet flames. Non-dimensional analysis using the Strouhal number, modified electrohydrodynamic number, and Froude number demon-
strated that flame dynamics are governed by the competition between electrohydrodynamic forcing, jet inertia, and buoyancy. These
results highlight the critical role of electric-field orientation in controlling methane flame behavior.
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1. Introduction Therefore, understanding the dynamic characteristics of methane

The strengthening of greenhouse gas emission regulations by jet flames under realistic operating conditions is essential for im-

the International Maritime Organization (IMO) has led to in- proving fire safety in marine applications [8][9].

creasing demand for low-carbon and high-efficiency marine
fuels [1][2]. Consequently, the adoption of LNG-fueled ships,
dual-fuel engines, and gas fuel supply systems has been rapidly
expanding in the maritime industry [3][4]. As methane (CH,)
constitutes the primary component of LNG fuel, understanding
the combustion and safety characteristics of methane-based
flames has become increasingly important [5]-[7].

In confined shipboard environments such as engine rooms,
fuel supply lines, and fuel processing compartments, accidental
gas leakage may result in the formation of free jet flames. The
behavior of such flames is closely related to fire hazard assess-
ment, ventilation system design, flame propagation prediction,

and the development of effective accident response strategies.

Meanwhile, modern ships are becoming increasingly electri-
fied due to the widespread adoption of electric propulsion sys-
tems, high-voltage power distribution units, power converters,
and battery-based energy storage systems (ESS) [10][11]. These
electrically intensive environments may generate localized elec-
tric fields within shipboard compartments. When flames are pre-
sent in such environments, the electric field can interact with the
combustion zone through the motion of charged species, poten-
tially modifying the surrounding flow field and flame structure.
Therefore, investigating the electric-field response of methane
flames is not only of fundamental combustion interest but also of
practical relevance for fire safety assessment in electrified marine

systems.
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When an external electric field is applied to hydrocarbon
flames, charged species generated through chemi-ionization—in-
cluding positive ions, negative ions, and electrons—migrate un-
der the influence of the electric force. Through collisions with
neutral molecules, these charged particles transfer momentum to
the surrounding gas, producing a bulk flow motion commonly
referred to as “ionic wind” [12][13]. This electrohydrodynami-
cally induced flow can influence flame structure, stability, extinc-
tion characteristics, soot formation, and mixing processes, and is
widely recognized as a dominant mechanism governing flame
behavior under electric fields. In the sub-breakdown regime, nu-
merous studies [14]-[17] have demonstrated that the primary ef-
fect of the electric field is the generation of ionic wind resulting
from charged particle drift, while direct modifications of chemi-
cal reaction rates or radical concentrations remain negligible. Re-
gardless of whether the electric field is aligned parallel [14] or
perpendicular [17] to the flame propagation direction, the intrin-
sic flame speed remains essentially unchanged, indicating that
flame dynamics are primarily governed by flow-field modifica-
tion through ion—neutral momentum transfer.

Particularly, free jet flames are characterized by an upward de-
velopment governed by the combined effects of buoyancy and jet
momentum. When an external electric field is applied, the elec-
trohydrodynamic body force induced by the drift motion of
charged species can significantly modify this buoyancy-domi-
nated structure. In confined environments such as shipboard
spaces, the direction of the electric field does not necessarily co-
incide with the buoyant direction of the flame. Under such con-
ditions, the electrode geometry and orientation—which deter-
mine the spatial non-uniformity of the electric field—may di-
rectly influence flame behavior, including flame tilting, oscilla-
tion, irregular fluctuations, and lift-off.

However, most previous studies have primarily been con-
ducted under configurations where electrodes were arranged in
axisymmetric or nearly symmetric geometries. Consequently, ex-
isting research has mainly focused on the influence of electric-
field strength itself, while systematic investigations on the direc-
tional effects of the electric field on methane jet flame dynamics
remain limited [14]-[16][18].

Therefore, in this study, a rectangular mesh electrode was po-
sitioned on one side of a methane jet flame, and the flame behav-
ior was experimentally investigated by varying both the electrode
orientation and the applied DC electric-field strength. The flame

height and lateral displacement relative to the nozzle center were

quantitatively tracked using frame-by-frame image processing
techniques. Through this approach, the present work aims to elu-
cidate how variations in electric-field strength and polarity mod-
ify the buoyancy-driven flame structure.

The findings of this study are expected to provide fundamental
insights into the influence of electric-field environments on flame
behavior, particularly in scenarios relevant to LNG-fueled ships

and gas-leak fires in electrically complex environments.

2. Experimental Method

The experimental setup used in this study is illustrated in Fig-
ure 1. A circular nozzle with an inner diameter of 4.5 mm was
installed vertically to generate a methane jet flame. Pure methane
was injected through the nozzle at a fixed nozzle exit velocity of
Uy = 12 cm/s, and all experiments were conducted under this
single flow condition. The selected jet velocity corresponds to a
laminar flow regime, which allows the fundamental interaction
between electrohydrodynamic (EHD) forcing and buoyancy-
driven jet behavior to be isolated without significant interference
from turbulent fluctuations. This approach enables a clearer iden-
tification of the underlying physical mechanisms governing
flame dynamics.

To generate an external electric field, a rectangular metallic
mesh (13 X 10 cm, 1 X 1 cm grid size) was positioned at a dis-
tance of 5 cm from the nozzle center. DC electric potential was
applied using a function generator (Keysight 33500b series) and
high voltage amplifier (Trek 10/10B-Hs). To generate an electric

field, high voltage was applied to the rectangular metallic mesh
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Figure 1: Experimental setup of the methane jet flame under

DC electric fields with different angles of mesh
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Figure 2: Image-processing procedure for flame tip position

and deflection angle

and the fuel nozzle served as a ground (GND). The applied DC
voltages ranged from Vpc = —10 to +10 kV with increments of
2 kV and were monitored using 1000:1 high-voltage probe (Tek-
tronix, P6015A) and oscilloscope (Teledyne MDO34). In order
to investigate the influence of electric-field orientation on flame
behavior, the angular position of the mesh electrode relative to
the nozzle center was varied. Specifically, three electrode orien-
tations were considered: a lateral configuration (8 = —90°), an
oblique configuration (6 = —45°), and an axial configuration
(60 = 0°), where the angle was defined based on the viewing di-
rection from the nozzle center. For all configurations, the dis-
tance between the nozzle center and the mesh electrode was
maintained at 5 cm. As a result, a total of 30 experimental cases
were examined by combining the three electrode orientations
with ten voltage conditions.

All flame images were recorded using an optical camcorder
(Canon VIXIA HF G50) connected to a PC, capturing video at
60 frames per second (fps) and subsequently analyzed using im-
age-processing techniques implemented in MATLAB. In addi-
tion, the recorded video data were used to measure the flame
height and to perform Fast Fourier Transform (FFT) analysis. For
all experimental conditions, flame images were recorded for
more than 10 seconds to ensure sufficient temporal resolution for
the analysis. Considering that the number of data points used in
FFT analysis must be a power of 2, a sequence of 512 consecutive
frames was selected for the frequency analysis. The flame height
was extracted from each image using the image-processing pro-
cedure described earlier, and the resulting time-series dataset of
flame-tip positions was constructed. FFT analysis was then ap-
plied to this time-series dataset to identify the dominant oscilla-
tion frequencies and to characterize the dynamic flame behavior
with high temporal accuracy.

The overall image analysis procedure is illustrated in Figure
2. First, the captured flame images were converted into binary

images through a binarization process in order to isolate the

flame region from the background. During this step, the threshold
level was selected to identify the main luminous reaction zone of
the jet flame, which corresponds to the stoichiometric reaction
layer. The faint outer blue flame envelope observed beyond the
main reaction zone was excluded from the flame tip detection to
ensure consistent identification of the flame boundary.

After binarization, the nozzle center was defined as the origin
of the coordinate system. The flame tip was determined as the
outermost point of the detected flame region with respect to the
nozzle center. The corresponding x and y pixel coordinates of
the flame tip were extracted for each frame, and these pixel co-
ordinates were converted into physical distances using the spatial
calibration of the imaging system.

Using the extracted flame tip coordinates, the distance from
the nozzle center to the flame tip and the flame deflection angle
were calculated. By tracking the temporal evolution of the flame
tip position, various flame behaviors such as tilting, lift-off, pe-
riodic oscillation, and irregular fluctuations were quantitatively

characterized under different electric-field conditions.

3. Results and Discussion

3.1 Overall flame behavior under applied Vp

Figure 3 shows the baseline flame images obtained without
the application of an electric field for the three electrode orienta-
tions. The baseline flames formed under these conditions exhib-
ited similar flame heights of approximately 2.1-2.2 cm, indicat-
ing that the electrode position itself does not significantly influ-
ence the flame structure in the absence of an electric field.

The overall flame behaviors observed under different elec-
trode orientations and applied DC voltages are summarized in
Table 1. The methane jet flames subjected to the electric field
exhibited five distinct dynamic regimes: stable flame, tilted
flame, lifted flame, oscillating flame, and fluctuating flame.
These regimes were identified based on the temporal evolution
of the flame tip position and the visual flame structure extracted

from the image analysis.

Figure 3: Baseline flames without electric fields for different an-

gles of the electrode
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Table 1: Overall flame behavior

Applied voltage,
Pol. 6=-90°| 6 =—-45°| 6 =-0°
Ve [kV]
2 Stable
- Tilted Tilted
4-10 Lifted
2 Oscillating
Oscillating
4 Tilted
+
6 ) Fluctuating
Fluctuating
8-10 Fluctuating

When a negative voltage was applied to the mesh electrode,
the flame behavior strongly depended on the orientation of the
electric field relative to the jet flow direction. In the lateral and
oblique configurations, the flame was consistently deflected to-
ward the electrode, forming a stable tilted flame structure. This
behavior can be attributed to electrohydrodynamic (EHD) flow
induced by the bulk motion of charged species generated in the
reaction zone of hydrocarbon flames through chemi-ionization
processes.

Under an applied electric field, charged particles produced by
chemi-ionization are accelerated by the Lorentz force. The accel-
erated ions transfer momentum to surrounding neutral molecules
through collisions, generating a bulk gas motion commonly re-
ferred to as ionic wind. This ionic wind modifies the local flow
structure surrounding the flame.

In hydrocarbon flames, the dominant charged species respon-
sible for the ionic wind effect are positive ions generated within
the reaction zone where representative ions include CHO" and
H30". Although electrons possess significantly higher mobility
than positive ions, their extremely small mass results in a rela-
tively small contribution to momentum transfer. Consequently,
the net momentum transfer to the neutral flow is primarily gov-
erned by the motion of positive ions drifting toward the cathode.

In addition to ionic wind, the distribution of space charge plays
a crucial role in determining the polarity-dependent flame behav-
ior under DC electric fields. Owing to the substantial difference
in mobility between electrons and heavy positive ions, a non-uni-
form charge distribution is established within the flame. Elec-
trons are rapidly transported toward the anode, whereas positive
ions tend to accumulate in the reaction zone, resulting in the for-
mation of a space-charge region. This charge separation modifies
the local electric field and enhances the EHD body force. Under
negative voltage conditions, the drift of positive ions toward the

electrode generates a relatively stable ionic wind aligned with the

electric field direction, leading to steady flame deflection or lift-
off depending on the electrode orientation. In contrast, under pos-
itive voltage conditions, the redistribution of space charge near
the grounded nozzle intensifies the local electric field gradient
and promotes the formation of a shear layer opposing the jet flow.
This enhanced shear interaction, combined with the non-uniform
EHD body force, destabilizes the flow field and facilitates the
transition from stable flame structures to oscillatory and fluctu-
ating regimes.

As a result, under positive voltage conditions, the flame be-
havior exhibits increasingly complex dynamics with increasing
electric field strength. At relatively low positive voltages (2 —
6 kV), the flame maintains a tilted structure toward the electrode.
However, when the applied voltage exceeded approximately
8 kV, strong electrohydrodynamic forcing disrupts the laminar
jet structure, leading to irregular flame-tip motion accompanied
by soot formation. This behavior is characterized as a fluctuating
flame regime with non-periodic oscillations.

The oblique configuration exhibited an intermediate behavior
between the lateral and axial cases. At relatively low positive
voltages (2 — 4 kV), periodic oscillations of the flame tip were
observed. This oscillatory motion corresponds to oscillating
flames characterized by periodic variations in both flame height
and deflection angle. As the applied voltage increased beyond
6 kV, the periodic oscillations gradually transitioned into irregu-
lar fluctuations similar to those observed in the lateral configura-
tion. This transition suggests that the increasing electric force de-
stabilizes the balance between jet inertia, buoyancy-induced

flow, and electrohydrodynamic forcing.
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Figure 4: Variation of flame tip height under applied Vp
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A similar trend was observed in the axial configuration, where
oscillatory behavior appeared at relatively low positive voltages.
In this configuration, the electric force acts opposite to the jet
flow direction. The interaction between the upward jet inertia and
the downward electrohydrodynamic forcing generates a shear
layer near the flame base. This shear layer promotes hydrody-
namic instability and induces periodic oscillations of the flame
tip. As the applied voltage further increases, the interaction be-
comes increasingly unstable, leading to irregular fluctuations ac-
companied by strong flame contraction toward the nozzle.

Figure 4 shows the variation of flame tip height under differ-
ent applied DC voltages. The values plotted on the y-axis repre-
sent the time-averaged difference between the flame tip height
under electric-field conditions and the baseline flame height. The
averaging was performed over a 5 s interval to account for tem-
poral variations in flame tip observed in oscillating and fluctuat-
ing flame regimes.

A clear polarity dependent behavior can be observed in Figure
4. Under negative voltage conditions, the difference of flame
height increases monotonically with increasing electric-field
strength, and the magnitude of this increase strongly depends on
the electrode orientation. This trend indicates that the electrohy-
drodynamic forcing generated by ionic wind enhances the overall
displacement of the flame away from the nozzle.

As discussed previously, ionic wind is primarily generated by
the bulk motion of positive ions formed within the reaction zone.
In the lateral and oblique electrode configurations, the EHD forc-
ing acts primarily in the lateral direction relative to the jet axis.
Consequently, the flame is deflected toward the electrode while
maintaining a relatively stable structure. Because the flame tip
follows an oblique trajectory rather than a purely vertical path,
the projected axial flame-height difference increases as the elec-
tric-field strength increases. This behavior explains the gradual
increase in the averaged flame-height difference observed under
negative voltage conditions. Furthermore, configurations with
stronger lateral electric-field components exhibit larger height
variations, indicating stronger flame deflection induced by ionic
wind.

In contrast, the axial configuration exhibits a different re-
sponse. In this case, the electric field is aligned with the jet flow
direction, and the electrohydrodynamic force therefore acts along
the same axis as the incoming methane jet. When negative volt-
age is applied, the resulting ionic wind enhances the axial mo-

mentum of the flow, effectively increasing the upward convective

transport within the reaction zone. As a result, the flame base de-
taches from the nozzle and a lifted flame structure is formed.

A different trend appears under positive voltage conditions. In
the lateral configuration, the flame still exhibits a tilted structure
at relatively low voltages (2 — 6 kV), producing flame-height
differences comparable to those observed under negative voltage
conditions. However, when the applied voltage exceeds approx-
imately 8 kV, the flame dynamics become significantly unstable.
The flame tip begins to exhibit irregular motion associated with
fluctuations. These fluctuations intermittently cause the flame to
contract toward the nozzle, resulting in a substantial decrease in
the time-averaged flame height.

In the oblique and axial configurations, these instabilities ap-
pear at much lower positive voltages. In these configurations, the
electric field contains a strong axial component that directly in-
teracts with the upward jet flow. When a positive voltage is ap-
plied to the mesh electrode, the bulk motion of positive ions is
reversed compared with the negative voltage condition. The re-
sulting ionic wind partially opposes the upward jet flow, gener-
ating a shear layer near the flame base. This shear interaction de-
stabilizes the flame structure and promotes hydrodynamic insta-
bilities, which manifest as oscillatory or fluctuating flame mo-
tion.

At relatively low positive voltages in the oblique and axial
configurations, periodic oscillatory motion of the flame is ob-
served. In this regime, the flame repeatedly stretches and con-
tracts, producing periodic temporal variations in the flame tip.
During the stretching phase, the flame tip often extends above the
baseline flame height. Consequently, the time-averaged height
difference can become negative in some cases. As the electric-
field strength increases further, the oscillatory motion transitions
into irregular fluctuations characterized by rapid flame contrac-
tion toward the nozzle. This behavior explains the sharp decrease
in the averaged flame height observed under high positive volt-
age conditions.

To further investigate the influence of electrode orientation on
flame behavior, the variation of the flame tip deflection angle un-
der negative voltage conditions was analyzed, as shown in Fig-
ure 5. The x-axis represents the applied negative voltage, while
the y-axis shows the time-averaged flame-tip deflection angle
over a 5 s. This analysis was restricted to negative voltage cases
because the flame behavior under positive voltage conditions was
dominated by oscillatory and fluctuating motions. These highly

unstable regimes produce large temporal variations
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Figure 5: Effect of electrode orientation on flame deflection un-

der negative voltage conditions

in flame-tip position, making it difficult to extract representative
deflection angles for comparison between different electrode ori-
entations.

In the axial electrode configuration, the flame exhibited a
lifted structure rather than lateral deflection. At —8 kV, the elec-
tric field was relatively weak, and the flame remained nearly
identical to the baseline flame, indicating that the electrohydro-
dynamic forcing was insufficient to significantly alter the jet
structure. As the magnitude of the negative voltage increased, the
flame gradually lifted from the nozzle exit.

This lifted flame behavior occurs because the electric field is
aligned with the jet flow direction. Under negative voltage con-
ditions, positive ions generated in the reaction zone are acceler-
ated toward the mesh electrode, producing an axial ionic wind in
the same direction as the methane jet. The resulting electrohydro-
dynamic flow enhances upward convective transport within the
flame region, effectively increasing the axial velocity within the
reaction zone.

At the highest negative voltage condition (—10 kV), a slight
variation in the flame-tip angle was observed even in the axial
configuration. This phenomenon can be attributed to instability
in the lifted flame base. As the flame lifts further from the nozzle,
the anchoring region near the nozzle exit weakens, and the reac-
tion layer near the flame base becomes intermittently disturbed
by the incoming jet flow. These disturbances generate small lat-
eral perturbations within the reaction zone, leading to minor var-
iations in the measured deflection angle.

In the oblique configuration, the flame exhibited a clearly
tilted structure toward the mesh electrode. Unlike the axial con-
figuration, the electric field in this case possesses both axial and
lateral components relative to the jet flow direction. Conse-
quently, the electrohydrodynamic forcing induces a combined

flow effect consisting of upward acceleration and lateral

deflection. As the magnitude of the negative voltage increases,
the lateral ionic wind becomes stronger, and the flame deflection
angle correspondingly increases. This behavior indicates that the
momentum transfer induced by the electric field becomes in-
creasingly dominant compared with the buoyancy-driven flow in
determining the flame trajectory.

The lateral configuration exhibited the largest deflection an-
gles among the three electrode orientations. In this configuration,
the electric field is fully aligned in the lateral direction relative to
the jet axis. As a result, the ionic wind generates a strong cross-
flow component around the flame. As the applied negative volt-
age increases, the lateral momentum transfer induced by electro-
hydrodynamic forcing becomes increasingly dominant, bending
the flame further toward the electrode.

Interestingly, in both the oblique and lateral configurations,
the deflection angle did not increase monotonically at the highest
negative voltage condition. Instead, a slight decrease in the aver-
age deflection angle was observed at —10 kV. This behavior sug-
gests that excessively strong electric field may introduce addi-
tional flow disturbances within the reaction zone. One possible
explanation is that the intensified generation and transport of
charged species under strong electric fields modify the local
ionic-wind structure. Previous study has shown that chemi-ioni-
zation in hydrocarbon flames produces both positive and nega-
tive ions, whose migration under an applied electric field induces
bidirectional ionic wind and alters the surrounding flow field.
Under sufficiently strong electric fields, the redistribution of
space charges and the resulting modification of ionic-wind in-
duced flow may lead to complex interactions with the surround-
ing air flow, partially counteracting the primary ionic-wind

driven deflection [19].

3.2 Positive Polarity Effect on Flame Behavior

This section focuses on the flame behavior observed under
positive voltage conditions. Figure 6 illustrates the temporal
evolution of the flame tip together with the corresponding fre-
quency spectra. The upper row of Figure 6 presents the temporal
flame tip height for the three electrode orientations at an applied
Vbc = 2 kV, while the lower row shows the corresponding fre-
quency spectra obtained from Fast Fourier Transform (FFT)
analysis.

For the lateral configuration, the flame tip remains nearly sta-
tionary throughout the observation period. The temporal varia-
tion of the flame tip height is minimal, and the corresponding

frequency spectrum does not exhibit any significant peak. This
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Figure 6: Temporal evolution frequency analysis of oscillating flames at Vpc = 2 kV

behavior confirms that the flame remains in a stable tilted regime This interaction provides a favorable condition for the develop-
under these conditions. In contrast, the oblique and axial config- ment of KH instability, which manifests as periodic flame tip os-
urations exhibit clear periodic oscillations of the flame tip. The cillations.
temporal flame tip signals show oscillations in flame height, in- To further investigate the oscillatory flame behavior observed
dicating the presence of periodic flame motion. The correspond- under positive voltage conditions, additional experiments were
ing frequency reveals dominant peaks at 11.68 Hz for the oblique conducted by varying the jet velocity in the electrode configura-

configuration and 9.52 Hz for the axial configuration. These tion of the oblique, where the oscillation phenomenon was most

peaks correspond to the first harmonic frequency associated with clearly observed. The additional jet velocities considered in this
the oscillatory flame motion. study were 9, 10, and 11 cm/s.

The observed oscillation frequencies fall within the typical For the applied voltage condition, oscillatory behavior in the
frequency range reported for buoyancy-driven instabilities in additional experiments was observed only at a positive voltage
laminar diffusion flames. Previous studies have shown that Kel- of 3 kV. Therefore, an additional experiment at the baseline jet
vin—Helmholtz (KH) instability can develop in shear layers velocity condition of 12 cm/s was also performed at the same
formed between the jet flow and the surrounding ambient air, voltage level of 3 kV in order to consistently analyze the oscilla-

leading to periodic oscillations of the flame structure [20][21]. In tion characteristics across different jet velocities.

the present experiments, the interaction between the upward jet The oscillatory behavior of the flame was characterized using

flow and the electric-field induced ionic wind generates an addi- non-dimensional parameters, as shown in Figure 7. The x-axis

tional shear layer near the flame base. This shear interaction can represents a combined non-dimensional parameter derived from

amplify hydrodynamic instabilities and promote periodic flame the modified electrohydrodynamic (EHD) number (1) and the

oscillations. Froude number (Fr), while the y-axis corresponds to the Strouhal
The occurrence of oscillatory motion only in the oblique and number (St).

axial configurations suggests that the axial component of the The Strouhal number is defined as

electric field plays a critical role in triggering the instability. In

these configurations, the electric force interacts directly with the St = Z—D €))

vertical jet momentum, leading to enhanced shear between the '

upward jet flow and the opposing electrohydrodynamic forcing. where f is the oscillation frequency, D is the nozzle diameter,
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and U, is the jet velocity. The Strouhal number represents the ra-
tio between the characteristic oscillation time scale and the con-
vective time scale of the jet flow.

The modified electrohydrodynamic number (y) defined as

€oEdye
pU§

Y= @

where €, denotes the permittivity of free space (8.85 X 10712
F/m), Eqy; is corresponding electric field intensities, defined as
Vpc divided by the distance from the center of the nozzle to me-
tallic mesh (5 cm), and p is the fuel density.

1 represents the relative magnitude of electrohydrodynamic
forcing compared with the inertial force of the flow. Physically,
it quantifies the ratio between the electric-field-induced body
force and the dynamic pressure of the jet flow [13]. A larger value
of 1) indicates that electrohydrodynamic forcing plays a more
dominant role in determining flame dynamics. The Froude num-
ber represents the ratio of inertial force to buoyancy force in the

flow and is defined as

Uy

Fr=—% 3)

where g is the gravitational acceleration. In buoyant diffusion
flames, the Froude number determines the relative importance of
jet inertia compared with buoyancy-induced flow.

As shown in Figure 7, the oscillatory flame behavior exhibits a
clear linear trend when represented using these non-dimensional
parameters. The relationship between the parameters can be ex-

pressed by the following linear correlation,
1
St =035~ 0.1 (R =0.98) 4)

where R denotes the correlation coefficient.

This result suggests that the oscillation frequency is governed
by the combined effects of electrohydrodynamic forcing, jet in-
ertia, and buoyancy-induced flow. In particular, the observed lin-
ear scaling indicates that the periodic flame motion originates
from the interaction between ionic-wind-induced flow and the
shear layer formed within the jet flow.

The fluctuating flame regime was analyzed by examining the
temporal variation of the flame tip under high positive voltage
conditions, as shown in Figure 8. In this graph, the time resolved

flame tip are presented for the three electrode orientations when
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Figure 7: Non-dimensional characterization of oscillating flame
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Figure 8: Temporal flame tip fluctuations at Vpc = 8 kV
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a voltage of 8 kV was applied. Unlike the oscillatory flame re-
gime, the flame tip motion in this regime does not exhibit a peri-
odic pattern. Instead, the flame tip fluctuates irregularly over
time, indicating the presence of non-periodic perturbations in the
flame structure.

The transition from oscillatory to fluctuating behavior can be
attributed to the increasing dominance of electrohydrodynamic
forcing at higher electric-field strengths. As the electric field be-
comes stronger, the ionic wind induces stronger perturbations in
the surrounding flow field. These perturbations can disrupt the
laminar structure of the jet flow and generate a large scale vortex
near the nozzle.

Furthermore, strong electric fields can enhance ion production
near the electrode and modify the local electric-field distribution.
These effects can produce complex interactions between the
ionic wind, jet flow, and ambient air entrainment. The resulting
flow field becomes highly unsteady, leading to irregular flame

motions characterized as fluctuating flames.

3.3 Polarity-dependent flame structure and global EHD
scaling

Finally, this section discusses the overall characterization of
the experimental conditions and the significant differences ob-
served between negative and positive voltage conditions. Figure
9 presents representative flame images obtained at applied volt-
ages of +10 kV and —10 kV for all electrode orientations. Un-
like the typical soot-forming structure observed in conventional
jet diffusion flames, the jet flames formed under negative voltage
conditions exhibit a predominantly blue appearance resembling
that of premixed flames.

This behavior can be interpreted in terms of ionic-wind in-
duced mixing enhancement. In hydrocarbon flames, positive ions
generated through chemi-ionization within the reaction zone are
accelerated toward the negatively charged electrode under nega-
tive voltage conditions. The resulting ionic wind transports reac-
tive species and enhances mixing between the fuel jet and ambi-
ent oxygen. This enhanced mixing promotes more complete
combustion and suppresses soot formation, leading to a predom-
inantly blue flame structure similar to that observed in premixed
flames.

In contrast, when a positive voltage is applied to the electrode,
the positive ions are accelerated toward the grounded nozzle. The
resulting ionic wind partially opposes the upward jet flow and
modifies the mixing processes in the reaction zone. In addition,

the redistribution of charged species can alter the local flame
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Figure 9: Effect of voltage polarity on flame structure and soot for-
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Figure 10: Characterization of flame tip displacement under

electric fields

temperature and the residence time of soot precursors. These ef-
fects collectively promote soot formation, resulting in bright yel-
low luminous regions within the flame.

Figure 10 presents a global characterization of the observed
flame behavior using non-dimensional parameters. In this graph,
the x-axis represents 1, while the y-axis corresponds to the nor-

malized flame-tip displacement defined as

l* — lo_ltip (5)

Lo
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where lij, denotes the distance between the center of nozzle and
the flame tip when the electric field is applied, and [, represents
the corresponding distance in the baseline flame without an elec-
tric field, which is equivalent to the baseline flame height h¢ .

Unlike conventional flame tip height measurements that con-
sider only the vertical displacement of the flame, the present
analysis employs the direct distance between the nozzle center
and the flame tip. This definition accounts for both vertical dis-
placement and lateral deflection of the flame, which is particu-
larly important in the present experiments where the applied elec-
tric field induces significant flame tilting.

The data presented in Figure 10 exhibit a clear linear trend,
indicating that the normalized flame-tip displacement scales well
with the electrohydrodynamic forcing parameter. This result sug-
gests that the overall flame behavior is primarily governed by the
relative magnitude of the electric-field induced body force com-
pared with the characteristic inertial force of the jet flow.

Oscillating and fluctuating flame cases were excluded from
this characterization analysis because the temporal variation of
the flame-tip position in these regimes is significantly larger than
that in quasi-steady flame regimes. Including these highly unsta-
ble cases would obscure the intrinsic scaling relationship associ-
ated with quasi-steady flame behaviors such as tilted or lifted
flames.

Overall, the results demonstrate that the dynamic behavior of
methane jet flames under electric fields can be effectively inter-
preted in terms of the competition between electrohydrodynamic
forcing, jet inertia, and buoyancy-induced flow. The orientation
and magnitude of the applied electric field determine the relative
contributions of these forces, which ultimately govern the ob-

served flame regimes.

4. Conclusion

This study experimentally investigated the dynamic behavior
of methane jet flames subjected to externally applied DC electric
fields with varying electrode orientations. By systematically var-
ying both the electrode angle and the applied voltage, the inter-
action between electrohydrodynamic forcing and buoyancy-
driven jet flow was examined. Based on the experimental obser-
vations and quantitative image analysis, the main findings of this
study can be summarized as follows:

* The methane jet flames exhibited four characteristic behav-

iors: tilted flames, lifted flames, oscillating flames, and fluc-

tuating flames. These regimes resulted from the interaction

between the ionic-wind-induced electrohydrodynamic flow
and the intrinsic buoyancy-driven jet flow. In particular,
negative voltages primarily produced stable tilted or lifted
flames, whereas positive voltages tended to induce oscilla-

tory or fluctuating flame dynamics.

When the electric field was oriented laterally relative to the
jet flow (8 = —90°), the ionic wind generated strong cross-
flow momentum, resulting in pronounced flame deflection
toward the electrode. In contrast, when the electric field was
aligned with the jet axis (68 = 0°), the electrohydrodynamic
forcing enhanced axial flow acceleration, leading to lifted
flame structures. The oblique configuration (6 = —45°) ex-
hibited intermediate behavior due to the combined influence
of axial and lateral electric-force components.

* Periodic oscillations were observed under moderate positive
voltage conditions, particularly for electrode orientations
containing a significant axial electric-field component. Fre-
quency analysis revealed dominant oscillation frequencies
within the typical range of Kelvin—Helmholtz instability ob-
served in buoyant jet flames. The oscillation characteristics
were successfully described using non-dimensional param-
eters including the Strouhal number, modified electrohydro-
dynamic number, and Froude number, indicating that the os-
cillation mechanism is governed by the competition be-
tween electrohydrodynamic forcing, jet inertia, and buoy-
ancy.

* A non-dimensional characterization based on the modified

electrohydrodynamic parameter showed a linear relation-

ship with the normalized flame-tip displacement for quasi-
steady flame regimes. This result indicates that the flame
behavior can be interpreted through the relative magnitude
of the electric-field-induced body force compared with the
characteristic inertial forces of the jet flow. The present find-
ings highlight the importance of electric-field orientation in
controlling flame dynamics and provide new insights into
electrohydrodynamically influenced combustion relevant to

electrified energy systems and fire safety applications.
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