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Abstract 

The effect of AC electric field on flame spread over polyethylene (PE)-insulated electrical 

wire was experimentally investigated by varying the applied AC voltage (VAC) and frequency 

(fAC) with special attention to the effect of the thickness of the PE insulation material (Tins). The 

diameter of the Ni-Cr wire was 0.5 mm and Tins was 0.15, 0.3, and 0.5 mm, yielding outer 

diameters (Dout) of 0.8, 1.1, and 1.5 mm, respectively. For the baseline cases with no electric 

field, the flame spread rate (FSR) (flame size) decreased (increased) with insulation thickness. 

Both FSR and flame size were appreciably influenced by applied AC electric fields. The FSR 

behaviors under applied electric fields could be classified into three sub-regimes as AC 

frequency increased: regime I exhibited a decreasing FSR as AC frequency increased, regime 

II exhibited an increasing FSR, and regime III again exhibited a decreasing FSR. Molten PE 

dripped from the wire (resulting in mass loss); exhibited di-electrophoresis (some molten PE 

moved from the main molten zone toward the burnt wire, forming globules in the process); and 

developed electrosprays (ejection of small droplets from the molten PE surface). For Dout = 0.8 

mm, the FSR behavior was similar to that of the flame width, such that the behavior could be 

explained by the thermal balance mechanism. When a low voltage and high frequency were 

applied to wires with Dout = 1.1 and 1.5 mm, molten PE droplets detached and moved to the 

burnt wires continuously (although sometimes intermittently) from the main body of molten 

PE; the FSR behavior thus deviated from that of regime I. Droplet detachment was attributable 

to a di-electrophoresis. The distance moved correlated well with the difference in electric field 

intensities of burnt and unburned wires. Appreciable dripping of molten PE occurred at high 

voltages and moderate frequencies in regime II. When the frequency was excessive, flame 

extinction occurred via two routes: appreciable reduction of flame size when Dout = 0.8 mm in 

regime I and appreciable fuel mass loss via dripping of molten PE during flame spread when 

Dout = 0.8 and 1.1 mm in regime III. These extinction frequencies correlated well with VAC/Dout. 

When high voltage and frequency were applied in the Dout = 1.5 mm case, droplets detached 

and moved to the burnt wire via di-electrophoresis; subsequently a series of fine droplets 

ejected from the surface via electrospraying, while the molten PE region grew and subsequently 

dripped. In such cases, flame extinction did not occur because di-electrophoresis increased the 

flame width and thereby the FSR over the experimental ranges of VAC and fAC. 
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1. Introduction 

Electrical wire fires caused by unexpected arcing, short circuits, and/or overheating may 

ignite combustible insulation material, posing serious safety hazards. In particular, in a closed 

environment such as a manned spacecraft or a submarine with no avenue of escape, electrical 

wire fires may cause fatalities [1−4] (e.g., the Apollo 1 and Mir space station accidents); fires 

must be actively suppressed [5]. In an aircraft, electrical wire fires are also serious (e.g., the 

Swissair accident was caused by an arc-initiated fire) [6]. Electrical wire fires are one of the 

main causes of building, household, and industrial fires [7−9]. The extensive experiments of 

the CAROLFIRE test series were conducted using electrical wires and/or electrical cables to 

seek to control fires associated with nuclear accidents [10−12]. 

The behaviors of wire fires (e.g., electrical wires ignited by external heat [13−15]), the 

flammable limits [16], and flame spread rates over electrical wires [17−24], have been studied 

in terms of various experimental parameters such as insulation material and thickness, external 

heating, ambient air flow and pressure, and gravity (normal- and micro-gravity). Additionally, 

fire safety issues in space have been extensively investigated [5, 25−28].  

Electrical wires for use in spacecraft must meet the NASA fire safety codes [29, 30]; upward 

flame spread over an inclined wire under ambient conditions. These codes, however, do not 

consider the effects of electric fields applied to a wire. When an electrical circuit is 

disconnected by unexpected arcing, electrical shorts, and/or overheating, the electrical system 

becomes an open circuit. However, an electrical potential (or voltage) can still be applied in 

the system. Once an insulation material is caught on fire, the wire flame is influenced by the 

electric field in a single electrode configuration (i.e., an open circuit) [2]. In such a case, 

charged particles generated via chemi-ionization and subsequent ion chemistry in the reaction 

zone of a spreading flame can be influenced by the electric field via the Lorentz force [31].  
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Studies of the effects of AC electric fields on flame spread over electrical wires are limited 

[1−3]. The results for wires with polyethylene (PE) insulation were complicated and associated 

with the behavior of molten PE on wires that were either horizontal [1, 2] and/or inclined [3]. 

The phenomena included: internal circulation of molten PE caused by Marangoni convection 

by the temperature difference between burnt and unburned sides of wire [2]; PE vapor jet 

ejection from the surface of a molten PE insulator, caused by boiling on the wire surface and 

subsequent bursting; dripping of molten globular PE for downward-spreading flames, leading 

to flame extinction if dripping was pronounced; and an electrospray phenomenon in upward-

spreading flames (ejection of a series of multiple small droplets from the main molten PE) [3].  

These phenomena were observed over the AC frequency range 10−1,000 Hz, which is of 

practical importance, as utility power generation is 50−60 Hz and aircraft power is typically 

400 Hz, although it can range over 360−720 Hz (even over 1 kHz at full throttle) [32]. 

Spacecraft DC power supplies are designed to use voltages of ~5 kV to power analyzers, 

spectroscopes, and cameras, and can be even higher than 15 kV for spaceborne radar systems 

making ground observations [33]. Also, problems may arise when outdoor transmission lines 

carrying power at several hundred kilovolts crossing forested and agricultural areas [34, 35]. 

Here, we report the effects of PE-insulation thickness on flame spread behavior over 

electrical wires under the influence of applied AC electric fields. The thickness of the insulation 

material appreciably influences the burning behavior of wire even in the absence of an electric 

field, via the heat capacity of the insulator (reflected in the evaporation rate) and flame size, 

influencing the flame spread rate (FSR) [8, 12]. PE-insulated electrical wires with Ni-Cr core 

were selected because they have been extensively studied as baseline test cases allowing a 

fundamental understanding of flame spread behavior in electrical wires [1−3, 13, 15, 17−23].  

Note that there are various parameters affecting flame spread rate in electrical wire fires such 
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as core materials (such as copper by changing heat conduction through wire [14, 16, 17, 22]) 

and insulation material/fire resistance additives. The various interesting phenomena mentioned 

above will be reported, along with a new observation of a di-electrophoresis phenomenon, 

emphasizing the important effects of the dynamic behaviors of molten PE on the flame spread 

rate. 

 

 

Figure 1. Schematic illustration of experimental setup. 

 

2. Experiment 

The apparatus consisted of an electrical wire and wire-holder, an AC power supply, and a 

visualization setup, as schematically shown in Fig. 1. PE-insulated electrical wires (made of 

nichrome (NiCr) of core diameter Dc = 0.5 mm) were used with the insulation thicknesses Tins 

= 0.15, 0.3, and 0.5 mm, yielding the outer diameters (Dout) of 0.8, 1.1, and 1.5 mm, respectively. 

The lengths of the sample wires were 400 mm with test section lengths of 247 mm after 

excluding the portions connected to the wire-holder. The wire length available for steady flame 

spread was 167 mm, excluding the initial 70 mm from the igniter (because of the ignition 
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transient) and the final 10 mm (because of interaction with wire-holder). The wire was installed 

horizontally on a wire holder. One end of the wire was attached to a fixture and the other end 

to a spring to prevent any bending caused by thermal expansion during flame spread. The wire 

holder was made of non-conductive acetal resin and the test section is surrounded by acetal 

mesh screens (909090 cm) to prevent outside disturbance. A time-varying AC electric field 

could induce a magnetic field, according to the Maxwell equations. However, the influence on 

the Lorenz force by induced magnetic field is expected to be very small as compared with that 

by applied electric field [36, 37]. 

A flame was initiated by a hot-wire igniter (1 mm in diameter, Pt/Rh 13%) placed on an air 

cylinder. To minimize the interaction between the ignition system and the applied AC electric 

field, the igniter was moved away from the wire after ignition. A programmable logic controller 

(PLC) was used to control the time sequence of the experiment. Details of the experimental 

procedure have been reported previously [1−3]. A video camera was triggered to capture 

images of flame spread, and the recorded images were analyzed using a Matlab-based code. 

The FSR and flame size were determined in seven trials and the maximum and minimum 

variations are presented as error bars. Close-up images were obtained using backlight 

illumination to visualize the dynamic behavior of molten PE. 

An AC power supply (Trek, 10/10B-FG) was used to apply an electric field to the wire. The 

AC frequency (fAC) and voltage (VAC) were varied over the ranges of 10−1,000 Hz and 0−5 kV, 

respectively, and monitored using an oscilloscope fitted with a 1,000:1 probe (Tektronix, 

6015A). One end of the wire was connected directly to the high-voltage terminal of the AC 

power supply and the other terminal of the power supply was connected to the building ground, 

creating an open circuit. The induced electric field can be assumed to have been distributed 

axisymmetrically between the wire electrode and an imaginary infinite ground [1−3], as the 
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ratio of wire length to wire diameter was very large. 

 

3. Results and Discussion 

3.1 Overall features of flame spread 

Instantaneous images of spreading flames when AC frequencies were applied to wires with 

various outer diameters at VAC = 4 kV are shown in Fig. 2 when the flames were in the range 

109  X  128 mm, where X is the distance from the ignition point. The results show that flame 

size, shape, and inclination angle were appreciably modified by the AC electric field and the 

flame size generally increased as wire outer diameter increased. The flames for the baseline 

cases with no electric field were nearly vertical for wires of all diameters, because of the 

buoyancy effect.  
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Figure 2. Images of spreading flames with AC frequency at VAC = 4 kV for wires of several 

outer diameters. 

 

For Dout = 0.8 mm, the flame shape behaviors were similar to those observed previously for 

wires of the same diameter [1]. The flame leaned toward the burnt side at 10 and 60 Hz and 

became nearly vertical at 200 Hz. As the AC frequency further increased, the flame was 

extinguished at fAC > 200 Hz. Such flame-leaning behavior has been attributed to electric field 

intensity [1], which is larger in burnt (bare) wire than in unburned wire because the latter retains 

insulation material. The flame height decreased as AC frequency increased up to 60 Hz, and 

then increased as the frequency rose further to 200 Hz; the flame width changed little to 60 Hz 

and then increased appreciably for fAC > 60 Hz, such that the flame covered both the burnt and 

unburned sides of the wire was extended in the horizontal direction. The frequency of 60 Hz 



9 

 

seems to be a turning point in the flame responses. This can be partially understood based on 

the collision response time for the ionic wind to occur [38-41]. Since the concentrations of 

charged particles are very low, multiple collisions are required to effectively transfer sufficient 

momentum to neutral molecules to generate an ionic wind. However, details on this turning 

point behavior requires a future study. 

For wires with Dout = 1.1 and 1.5 mm, the flame behaviors (leaning direction and flame size) 

up to 200 Hz were similar to those for the wire with Dout = 0.8 mm. The flame sizes (height 

and width) again decreased appreciably for fAC > 200 Hz. The flames were extinguished at fAC 

> 600 Hz for wire of Dout = 1.1 mm but were sustained even at 1.0 kHz for wire with Dout = 1.5 

mm. 

Soot deposition on molten PE and on the wire surface for the baseline case (no electric field) 

was negligible, as shown in Fig. 2, where molten PE is transparent. As the applied AC 

frequency increased, molten PE and the surface of the burnt wire became darker because of 

soot deposition caused by thermophoretic and electrophoretic forces. Near fAC = 200 Hz for all 

wire diameters, dripping of molten PE occurred, similar to that observed previously for a wire 

with Dout = 0.8 mm [1, 2]. Such dripping is attributable to an imbalance between the downward 

gravitational force on molten PE and surface tension. The soot deposition mentioned above 

may affect the various heat transfer modes (conduction, convection, and radiation), and may 

increase the wire surface temperature, in turn affecting PE melting and potentially the 

temperature, resulting in reduction of the surface tension of molten PE, leading to dripping. As 

fAC increased further to over 200 Hz, flame extinction was attributable to a lack of molten PE 

(caused by excessive dripping) when the wire Dout was 0.8 mm, as observed previously [1]. 

However, for the wire of Dout = 1.1 mm, the flame was sustained up to fAC = 600 Hz even 

though the dripping frequency of molten PE increased appreciably. This point will be further 
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discussed later. 

  

Figure 3. Flame front positions over time for wires of different outer diameters at VAC = 4 kV 

and fAC = 10 Hz (a); and at various frequencies for wires of Dout = 0.8 (b), 1.1 (c), and 1.5 mm 

(d) and VAC = 4 kV (the baseline cases with no electric field are also shown). 

 

For the wire of Dout = 1.5 mm (marked with red circles for fAC = 600 and 1,000 Hz in Fig. 

2), some molten PE (droplet-shaped) became detached from the main bulk of molten PE and 

moved toward the burnt wire, increasing the surface area of the molten PE. This phenomenon 

has not been observed previously in wire fire studies and can be attributed to a di-

electrophoresis phenomenon, which will be discussed in detail later. Subsequently, a series of 

fine droplets are ejected from the detached molten PE; this is the electrospray phenomenon [3], 

which will also be explained in more detail later. 

Figure 3 shows the flame front positions (X) with time (t) for wires of various diameters at 

different AC frequencies with VAC = 4 kV. The time zero was defined as the time when a 
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spreading flame attained X = 70 mm from the ignition point; we thereby excluded any effect of 

the ignition transient. The flame front position was determined as follows [2, 3]. The image of 

a spreading flame was converted to a monochromatic image and then enhanced using the 

IMADJUST function in Matlab®. A threshold value was set from the histogram of the image, 

and the image was subsequently converted to a binary system (with a center intensity of 127 

from the monochromatic intensity range 0−255). Since the wire was fixed in space, a reference 

line for the wire surface could be determined a priori in flame images. A flame front position 

can then be identified by the cross-point between the reference line and the flame front edge at 

the unburned wire side. A selection of specified intensity (here 127) minimally affects flame 

spread rate determination. Note that although there is a quenching zone near the unburned wire, 

a side view image of flame shows a luminous flame front touching the unburned wire because 

of a three-dimensional nature of flame edge. 

The results showed that the flame front position was generally linear over time even when 

dripping and the electrospray were in play, indicating that, overall burning was steady. The rate 

of change in the flame front position was influenced by the wire diameter and the AC electric 

field. For VAC = 4 kV and fAC = 10 Hz (a), the flame front position increased more slowly as 

Dout increased. With varying AC electric fields (b–d), the flame front position increased more 

slowly than that of the baseline case for wires of all tested diameters. As marked with the dotted 

arrows, the flame front position increased slowly as fAC rose to 60 Hz and this became faster as 

fAC continued to rise to 200 Hz for wires of all diameters, becoming slower once more as the 

frequency rose further for wires of Dout = 1.1 and 1.5 mm. Thus, flame behavior was non-

monotonic as AC frequency increased.  

 

3.2 Flame spread rate with AC electric field 
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The rate of change in the flame front position (X) with time (t) was reasonably linear, as 

shown in Fig. 3, such that the overall FSR Sw could be determined from Sw = dX/dt. The effect 

of wire diameter is shown in Fig. 3a for VAC = 4 kV and fAC = 10 Hz; the Sw values were = 2.09, 

1.57, and 1.15 mm/s for Dout = 0.8, 1.1, and 1.5 mm, respectively, thus decreasing as Dout 

increased. Note that the mass burning rates given by PE{(Dout
2 – Dc

2)/4}Sw were 5.6210−4, 

1.0410−3, and 1.5910−3 g/s, respectively, thus increasing with Dout. Here, PE is the molten 

PE density of 8.7810−4 g/mm3. 

The FSR data are shown in Fig. 4 as a function of the AC frequency at several voltages for 

all tested wires. The FSR for the baseline case with no electric field, Sw,0, is plotted (dotted 

lines) for reference. For all tested wire diameters, the FSRs under applied electric fields were 

smaller than the baseline values except for that at fAC =1,000 Hz and VAC 5 kV with a wire of 

Dout = 0.8 mm, as reported previously [1]. For wire with Dout = 0.8 mm (a), FSR decreased with 

AC frequency to fAC = 200 (80) Hz for VAC = 3 (4) kV and then increased, but decreased 

monotonically for VAC = 1, 2, and 5 kV. The spreading flames were extinguished at 1,000, 200, 

and 60 Hz when VAC was 3, 4, and 5 kV, respectively; increasing VAC thus reduced the  
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Figure 4. Flame spread rate against AC frequency at several voltages for wires of Dout = 0.8 

(a), 1.1 (b), and 1.5 mm (c). 

 

 

critical frequency for flame extinction. For wires of Dout = 1.1 and 1.5 mm (b, c), FSR decreased 

monotonically with increasing frequency at VAC = 1–3 kV, but decreased up to 60 (30) Hz, 
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increased up to 200 (100) Hz for VAC = 4 (5) kV, and then decreased again as fAC further 

increased. For wires of Dout = 1.1 mm, flame extinction occurred at 600 (400) Hz at 4 (5) kV, 

but the spreading flame of the Dout = 1.5 mm wire was not extinguished over our experimental 

frequency range. The details of flame extinction will be discussed in a later section. Based on 

the behavior of FSR by AC frequency, we defined three regimes: a decreasing FSR in regime 

I for a small fAC, an increasing FSR in regime II for an intermediate fAC, and a decreasing FSR 

once more in regime III for a large fAC. The details of such behaviors will be discussed later. 

 

 

Figure 5. Effective flame spread rates against AC frequency for wires of different outer 

diameters at VAC = 4 kV. 
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Figure 6. Quantification of molten PE dripping against AC frequency for VAC = 4 kV and Dout 

=1.1 mm. 

 

Recall that molten PE drips to the ground in regimes II and III and a series of fine droplets 

is ejected from molten PE in regime III. This implies that the FSR does not appropriately 

represent the burning rate because of loss of molten PE. This changes the amounts of molten 

PE in the reaction zones, thereby influencing the instantaneous FSR even though the overall 

FSR is quasi-steady. 
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As a flame spreads, the total mass consumption rate of PE, �̇�PE, can be expressed as the 

sum of the consumption rate via combustion, �̇�C , and that of mass loss �̇�L  caused by 

dripping of molten PE and the electrospray from the flame zone. Thus, an effective FSR that 

represents the burning rate, 𝑆w,eff, can be defined as 𝑆w,eff = 𝑆w − �̇�L/
PE

𝐴 [3], where 𝐴 

is the cross-sectional area of PE. �̇�L is determined by measuring the PE mass collecting on 

the ground from dripping of molten PE and the electrospray [3]. 

The spread rates 𝑆w,eff and 𝑆w against frequency are shown in Fig. 5 for the various wires 

at VAC = 4 kV; we present only instances where dripping and/or the electrospray were in play. 

Note that the FSR data for fAC < 100 Hz with Dout = 0.8 mm corresponds to cases without 

having dripping of molten PE. The results show that although Sw varied non-monotonically 

with fAC, the effective spread rates were very similar over the entire AC frequency range for all 

wires. This implies that the non-monotonic Sw behavior can be attributed to the mass loss of 

molten PE, emphasizing the important role played by such PE behavior. 

To elucidate the behavior of molten PE dripping by AC frequency further, the effective 

diameter of molten PE (Deff) and the dripping frequency (fd) at VAC = 4 kV for a wire of Dout = 

1.1 mm are shown in Fig. 6. The dotted lines denote the baseline cases with no electric field. 

The molten PE was assumed to be ellipsoid in shape, of effective diameter 𝐷eff = √𝐷s
2𝐷l

3
, 

where Ds and Dl are the short and long diameters (in the horizontal and vertical directions) of 

molten PE, as marked on the inset photograph in Fig. 6a. Here, Deff,max and Deff,min denote the 

effective diameters of molten PE suspended over an electrical wire before and after dripping. 

These data were taken in the range 109  X  128 mm. The results (a) show that Deff,max and 

Deff,min (and thus Deff,loss = Deff,max − Deff,min) decreased slowly up to 60 Hz and then decreased 

faster up to 600 Hz prior to flame extinction. The dripping frequency of molten PE by AC 

frequency (b) was almost constant up to 60 Hz and then increased appreciably. This implies 
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that a large (small) amount of molten PE is lost at low (high) dripping frequencies at low (high) 

AC frequencies.  

 Note that the FSR increased with AC frequency in regime II (e.g., 60  fAC  200 Hz for 

Dout = 1.1 mm) and then decreased in regime III (e.g., 200  fAC  600 Hz for Dout = 1.1 mm) 

despite dripping of molten PE. The amount of residual molten PE (estimated from 𝐷eff,min) 

by AC frequency decreased slightly for 60  fAC  200 Hz (Fig. 6a) but the flame size increased 

appreciably with AC frequency (see Fig. 2). This implies that a slight decrease in 𝐷eff,min 

increased the evaporation rate (and thereby the FSR) by reducing the heat capacity of molten 

PE. For 200 ≤ 𝑓AC ≤ 600 Hz for the Dout = 1.1 mm wire in Fig. 6a, 𝐷eff,min increased slightly 

with AC frequency and the mass loss rate decreased appreciably, as did the flame size (see Fig. 

2). In this situation, the flame reflects the large heat capacity of molten PE, reducing the 

evaporation rate and thereby the FSR, leading to flame extinction at fAC > 600 Hz. 

 

3.3 Flame spread rate and flame size  

The overall burning behavior (or FSR) of wire flames is governed mainly by the diffusion 

flame surrounding the electrical wire [1−3]; flame size controls the overall burning behavior 

during heterogeneous combustion, as is also true of droplet flames. In such cases, the FSR 

reflects thermal balancing among conduction, convection, and radiation, as proposed earlier 

[19, 42]. The effects include heat transfer from the flame to unburned and burnt wire, heat 

transfer to molten PE (via the wire) and the insulator, heat transfer to the ambient environment, 

and radiation. When one (or more) of these heat transfer characteristics is changed by an 

electric field, the balance of heat transfer will be modified. Then, the flame spread rate is 

adjusted to achieve re-balancing, e.g., in a situation of the leaning of a spreading flame toward 

the burnt wire side with larger electric field intensities compared with the unburned wire side 
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[1-3].  

FSRs over horizontal and inclined electrical wires of Dout = 0.8 mm under applied AC 

electric fields correlated reasonably with flame width [1−3]. In this regard, the FSR and flame 

width by varying fAC are shown in Fig. 7 for VAC = 2 (a, b) and 4 kV (c, d). The flame width 

(W) is defined as the length of wire between the portion burnt by the flame and the unburned 

region, as shown in the inset photograph in Fig. 7. The minimum, maximum, and average 

(arithmetic mean) flame width were taken in the range 109  X  178 mm for cases with 

dripping. The baseline cases (no electric field) are marked with dotted lines.  

 

Figure 7. Relationships between the flame spread rate and flame width over the tested AC 

frequency range for wires of various outer diameters at VAC = 2 kV (a, b), and 4 kV (c, d). 

 

For all wire diameters tested at 4 kV, and for the wire Dout = 0.8 mm tested at 2 kV, Fig. 7 

shows that the flame widths qualitatively correlated well with the FSRs; a decrease in flame 
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width caused a decrease in FSR. 

However, for wires of Dout = 1.1 and 1.5 mm under 2 kV, the FSR decreased monotonically 

by frequency whereas flame width decreased to 100 Hz and then increased. This can be 

attributed to the dynamic behaviors of molten PE (dripping, electrospray, and di-

electrophoresis); all affect the FSRs of the Dout = 1.1 and 1.5 mm wires, as will be elaborated 

later. Note that the effective FSR (combustion rate) was reasonably constant over the AC 

frequency range (Fig. 5). This indicates that the flame spread rate Sw corresponding to the 

melting rate of PE agreed reasonably well with flame width behavior. 

 

3.4 Behavior of molten PE 

Flame spread rates over an electrical wire under an electric field are influenced by many 

physical processes. When an electric field is applied to a wire, charged particles in the reaction 

zone are accelerated by the Lorentz force, enhancing the associated diffusion flux [1-3, 31]. 

The kinetic energy thus gained by charged particles may enhance the rate of chemical reaction. 

Accelerated ions transfer momentum to neutral particles, generating bulk flow (the ionic wind 

effect). Such interactions of electric fields with spreading flames appreciably modify flame 

shape and slant the flames, as discussed previously [1−3].  

A flame edge enters into thermal and radical interactions with the heterogeneous surfaces of 

wires and insulators, resulting in local flame quenching. The flame edge then assumes the 

nature of a premixed flame via partial mixing through the quenching zone [1−3]. The flame 

propagation speed of a non-premixed edge flame [41, 43] and stabilization of a premixed 

Bunsen flame [40] are appreciably influenced by an electric field. Detailed quantification of 

the interaction of an electric field with a partially premixed flame edge near a wire remains 

difficult and will be the subject of our future work. Thus, identification of the fundamental 
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physical processes in play is important for future quantification of such processes. 

Interaction of molten PE with an applied electric field influences the FSR in a complex 

manner. As mentioned previously, soot deposition on the surfaces of molten PE and burnt wire 

modifies the various heat transfer modes, such as radiation from the flame to the wire and 

molten PE, heat conduction through the wire, convection heat transfer to molten PE from the 

wire, and conduction to the insulation material.  

 

 

Figure 8. Close-up images showing the dynamic behaviors of molten PE in a spreading flame 

for a wire of Dout = 1.5 mm (a) at VAC = 4 kV and fAC = 400 Hz exhibiting electrospray and 

dripping (see Supplementary Material 1) and (b) at VAC = 3 kV and fAC = 1,000 Hz exhibiting 

di-electrophoresis. 

 

When an electric field is applied to globular molten PE (containing both positive and 

negative ions) via the electrical wire, the positive ions drift toward the liquid surface and the 

negative ions away from the surface (for a positively charged wire). The accumulated positive 

ions on the surface can become concentrated in the outermost skin layer. Subsequently, the 
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liquid surface is drawn out to form a liquid Taylor cone. Under a sufficiently high electric field, 

small droplets can be ejected from the surface of the molten PE in the form of an electrospray 

[44–47], as discussed in detail previously for inclined wire with Dout = 0.8 mm [3]. 

Joule heating also enhances melting and evaporation of insulator material. However, this 

effect would be expected to be minor, because the applied electric power is very small 

compared to the heat generated by a wire flame [2]. The dripping of molten PE and the 

electrospray tend to reduce the FSR because of mass loss of molten PE [2, 3]. 

In the present study, globular molten PE was observed to detach from the main body of the 

molten PE and subsequently to migrate in the shape of droplets toward burnt wires; this will 

later be shown to reflect di-electrophoresis. This increases the surface area of molten PE and 

the flame width, enhancing the evaporation rate, thereby increasing the FSR.  

The behavior of molten PE is further visualized in Fig. 8 via high-speed close-up imaging 

at VAC = 4 kV and fAC = 400 Hz for a Dout = 1.5 mm wire (a) (see Supplementary Material 1 for 

movies) and at VAC = 3 kV and fAC = 1,000 Hz for the same wire (b). The results in (a) show 

that the principal molten PE region grew gradually. The black color of the molten PE indicates 

that it was filled with fine soot particles. Soon after 4.97 s, molten PE dripped onto the ground; 

a significant loss of molten PE is evident at 5.77 s.  

Notably, globular molten PE detached from the main body of molten PE and moved toward 

the burnt wire (as marked by green circles) at 0 s in both Figs. 8a and 8b, attributable to di-

electrophoresis. A series of fine droplets was then emitted (in the direction normal to the burnt 

wire) from the detached, globular molten PE (as marked in red circles in Fig. 8a) in the 

vertically downward (0 and 1.46 s) and upward (3.96 and 4.97 s) directions; the flame became  
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Figure 9. Regime diagram based on the dynamic behaviors of molten PE under various applied 

AC electric fields for (a) Dout = 0.8, (b) 1.1, and (c) 1.5 mm (NP, no dripping; DP, dripping; ES, 

electrospraying; DEP, di-electrophoresis; IDEP, intermittent DEP). 

 

elongated vertically. This was attributed to the electrospray observed previously in inclined 

wires [3]. Both the di-electrophoresis and electrospray were continuously repeated during 
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flame spread. The details of electrospray and dripping of molten PE have been explained 

previously [2, 3]. Thus, we focus on the details of the di-electrophoresis phenomenon later. 

Figure 9 shows a regime diagram based on the dynamic behaviors of molten PE in terms of 

applied AC voltage and frequency for wires of Dout = 0.8 (a), 1.1 (b), and 1.5 mm (c). Here, 

NDP denotes no-dripping of molten PE; DP dripping, ESP electrospray, DEP di-electrophoresis, 

and IDEP indicates intermittent DEP. During the DEP in the present study, globules of molten 

PE continuously detached from the main body of molten PE and moved to the burnt wire 

rendering the flame width near-constant. During IDEP, such dynamic behavior occurred 

occasionally, such that the flame width enlarged (shrank) during DEP occurrence (non-

occurrence). 

Recall that regimes I, II, and III were defined based on a decrease, increase, and a decrease 

once more in FSR with increasing AC frequency, respectively. For a wire with Dout = 0.8 mm, 

only DP was observed at high voltages and frequencies. The flame size decreased with 

frequency (Fig. 2) in the absence of molten PE DP during regime I. Thus, the FSR reduction 

was attributable to a reduction in flame size caused by inclination of the spreading flame toward 

the burnt wire, caused by the ionic wind effect of the uneven electric field [1−3]. In regime II, 

molten PE DP occurred at high voltages and frequencies in the absence of the ESP and DEP, 

and the flame size increased appreciably. Thus, the increase in FSR was attributable 

predominantly to increasing flame width (Fig. 2) potentially caused by the effect of the electric 

field on edge flames, enhancing the evaporation rate (and thus the FSR) by reducing the heat 

capacity of molten PE (via the decrease in 𝐷eff,min; Fig. 6). When the mass loss of molten PE 

(fuel loss) became excessive, the flame size decreased and flame extinction occurred [1]. 

For the Dout = 1.1 mm wire, DP of molten PE occurred at all tested voltages and frequencies. 

IDEP also occurred at 200  fAC  1,000 Hz and 1  VAC  3 kV. Under these conditions (e.g., 
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200  fAC  1,000 Hz and VAC = 2 kV), flame width increased and FSR decreased slightly. Such 

reduction in FSR with increasing frequency (Fig. 6) was attributable principally to mass loss 

of molten PE by DP. The DP frequency of molten PE increased with VAC and fAC [2]. IDEP was 

replaced in regime II with appreciable DP, implying that IDEP was suppressed by DP. The 

correlation between FSR and flame width was restored; both FSR and flame width increased 

simultaneously (Fig. 7). In regime III, given the flame size reduction caused by DP of molten 

PE, both the FSR and flame width decreased once more, causing flame extinction on an 

increase in frequency. DEP and ES occurred simultaneously with DP only at fAC = 400 Hz and 

VAC = 5 kV in regime III. 

For the Dout = 1.5 mm wire, the behavior of molten PE in regime I was similar to that of the 

Dout = 1.1 mm wire except at 3 kV, where DEP occurred instead of IDEP. In regime II featuring 

appreciable DP of molten PE (but no DEP or ESP), the correlation of FSR and flame width was 

restored; both FSR and flame width increased with frequency. When the voltage increased from 

3 kV (where DP and DEP occurred together) to 4 kV at 200 Hz, DEP disappeared, confirming 

that DEP was again suppressed by DP. When regime II changed to regime III on a further 

increase in fAC, DP of molten PE, DEP, and the ESP all occurred simultaneously 

(Supplementary Material 1 and Fig. 8) in all cases. In regime III, the main body of molten PE 

grew over time and dripped when the size of the molten PE region was sufficiently large. When 

molten PE globules detached and moved toward the burnt wire (DEP), fine droplets were 

subsequently ejected from the globules (ESP). As the effects of mass fuel loss caused by DP 

and the ESP reduced the flame more than the increase mediated by DEP, FSR decreased with 

frequency in regime III as shown in Fig. 4. 

 

3.5 Flame spread rate correlations 
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Table 1. Electric field intensities (|𝑑𝐸/𝑑𝑟|Dout
values) at the outer surfaces of PE at various 

VDC values, calculated using FEMM v-4.2 software for wires of different outer diameters. 

|𝑑𝐸/𝑑𝑟|Dout
 

[kV/𝑚𝑚2] 

Dout [mm] = 0.8 1.1 1.5 

VDC [kV] = 1 7.15 4.94 2.56 

2  14.29 9.89 5.13 

3  22.28 15.19 8.09 

4  28.59 19.77 10.25 

5  35.74 24.72 12.82 

  

We here attempt to correlate FSR in each regime (based on molten PE behavior). The 

experimental parameters were wire diameter (Dc), wire outer diameter (Dout), AC voltage (VAC), 

and frequency (fAC). It has been shown previously [38, 48-50] that electric field intensity (E) 

plays a crucial role for various flame responses. Since E is time varying with AC, we have 

separately parameterized the AC effect through the magnitude of electric field intensity by 

assuming applying DC and the AC frequency. The radial electric field intensity from the metal 

core to the outer surface of the PE and beyond depends on the PE thickness. For a spreading 

flame, the flame edge at the unburned wire in contact with the insulation material would be 

expected to play an important role; we thus selected the electric field intensity at the outer 

surface of the PE, dE/drDout, as the representative electric field intensity. This was calculated 

using FEMM v-4.2 software [51] assuming an axisymmetric infinite wire with insulation 

material, and the results are listed in Table 1 by varying DC voltage and wire outer diameter. 

The wire core and outer diameters influence heat conduction through the core and insulation 

material, respectively, and the amount of molten PE available during flame spread. Here, we 
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have selected the ratio (Dout/Dc) as a non-dimensional geometric factor in seeking correlations. 

Thus, the relative FSR of Sw/Sw,0 was correlated as a function of f(fAC,dE/drDout, Dout/Dc), 

depending on observed NDP, DP, DEP, IDEP, and ES, and their combinations. 

 

 

Figure 10. Flame spread rates in various AC electric fields by reference to molten PE behaviors 

(NP, no dripping; DP, dripping; ES, electrospray; DEP, di-electrophoresis; IDEP, intermittent 

DEP). 

 

The results are shown in Fig. 10 in terms of (Sw/Sw,0)1/2 = Af(fAC, dE/drDout, Dout/Dc) + B 

with f = 𝑓AC
0.36 × |𝑑𝐸/𝑑𝑟|𝐷out

× (𝐷𝑜𝑢𝑡/𝐷𝑐)1.9 [Hz0.36kV/mm2] for each regime through a least-

square analysis in determining the exponents. Note that the exponent 1.9 for (Dout/Dc) (close to 

2) implies that area effects of wire and insulation material are in play, associated with the 

conductive surface and the amount of PE per unit length. In regime I, where FSR decreased 

with AC frequency, examples involving either DP (black solid symbols) or NDP (black plus-
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marked hollow symbols) were associated with the constants A = −4.3010−4 and B = 0.99 with 

a correlation coefficient R = 0.90. Those with both DP and IDEP (half-solid black symbols) or 

both DP and DEP (black hollow triangular symbols) were associated with the constants A = 

−2.33 × 10−4  and B = 0.99 with R = 0.93. In regime II, where FSR increased with AC 

frequency and only DP was observed (red solid symbols), the constants were A = 6.0710−4 

and B = 0.61 with R = 0.88. In regime III, where FSR again decreased with AC frequency, 

examples exhibiting only DP (blue solid symbols) were associated with the constants A = 

−1.7610−4 and B = 1.04 with R = 0.99; and those exhibiting all of DP, ESP, and DEP (blue 

cross-marked hollow symbols) with constants A = −3.0110−4 and B = 1.01 and R = 0.99. 

Note that the correlations were appreciably influenced by the dynamic behaviors of molten 

PE, especially in regimes I and III. On simultaneous occurrence of DP and DEP (IDEP) in 

regime I, the characteristic curve deviated (FSR increased) from that associated with DP only 

because of the increase in flame size caused by DEP (IDEP). When DP occurred together with 

the ESP and DEP in regime III, the normalized FSR also fell from that associated with only DP 

because of additional mass loss of molten PE via the ESP. These findings emphasize the 

important roles played by the dynamic behaviors of molten PE (DEP and/or IDEP) on FSR. As 

the DP and ESP phenomena were observed previously and have been discussed in detail [1–3], 

we will focus on the DEP phenomenon below; this is the first such observation in wire fire 

studies. 

 

3.6 Di-electrophoresis phenomenon 

The phenomenon characterized by the relative motion of a medium (liquid or solid) resulting 

from polarization forces generated by an inhomogeneous electric field is termed the DEP 

phenomenon [52]. DEP does not require an ionized medium, rather asymmetric induction and  
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Figure 11. Effects of AC voltages on the movements of dipoles (C8H16O4) and ionized 

(99.9%vol C8H16O4 + 0.1%vol NaCl) liquid droplets via di-electrophoresis (a); and axial 

distributions of electric field intensity with DC voltage over an electrical wire of Dout = 1.5 mm. 

 

attraction of displacement charges within the medium. The unequal field forces acting on 

permanent or induced dipoles cause them to move toward the region of higher electric field 

intensity. Liquid DEP, deployed at microscopic scales on top of hydrophobic surfaces, affords 
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novel automated manipulation of small amounts of aqueous polar samples for microfluidic 

applications and development of laboratory-on-a-chip devices [53−57]. The technology has 

also been used to capture cells in the biological and biomedical fields [58−62]. The effect of 

applied voltage on DEP was visualized at fAC = 1 kHz using liquid droplets of C8H16O4 

(diethylene glycol monoethyl ether acetate, DGMEA), which is dipolar, and 99.9% (volume) 

DGMEA + 0.1% (volume) NaCl (which is ionized), by suspending 1.0-µL amounts of the 

materials on bare wires near the ends of the insulated wire (upper photographs) as shown in 

Figure 11a (see Supplementary Material 2 for movies). When an electric field was applied, the 

liquid droplets moved toward the bare wire side (lower photographs); DEP was in play. 

Increasing VAC increased the distance moved by both dipolar and ionized liquid droplets.  

As an uneven electric field intensity is required for DEP development, variations in electric 

field intensity over an electrical wire to which a DC voltage was applied were explored using 

FEMM v-4.2 software [49] during a step change in the insulation material, as depicted in Figure 

11b for Dout = 1.5 mm. The electric field intensity was plotted at a radial distance 0.075 mm 

from the core center (the center of the insulation material). 

The results show that the electric field intensity increased appreciably across the boundary 

of the insulation material (X = 200 mm in this case), toward the bare wire side. This implies 

that a liquid droplet (either dipolar or ionized) would move toward the larger electric field 

intensity of the bare wire, as shown in Fig. 11a. Increasing the applied voltage increases the 

difference between the electric field intensities on the sides of the bare and insulated wires, 

causing liquid droplets to move further via DEP. 

A previous study revealed the functional dependence of the extent of droplet movement via 

DEP as follows [55]. Consider two parallel plane electrodes (oriented vertically) with a spacing 

of S immersed in a pool of dielectric liquid of permittivity 𝛼. When the dielectric liquid is 
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covered by a gas of permittivity 𝛼0, and a voltage (V) is applied to the electrodes, the static 

distance is proportional to (𝛼 − 𝛼0)(𝑉/𝑆)2 [56].  

This finding was used to estimate the distance moved by a PE droplet when flame spread 

over an electrical wire. The distance L moved by molten PE over a wire under an applied AC 

electric field is thus assumed to be functionally dependent on (𝛼PE − 𝛼air)(𝐸u − 𝐸b)2, where 

𝛼PE and 𝛼air are the permittivities of PE and air, respectively. 𝐸u and 𝐸b are the electric 

field intensities on the PE surface at the unburnt and burnt sides of the wire (derived using 

FEMM v-4.2 software assuming applying DC for the magnitude).  

 

Figure 12. The distances moved by molten PE via di-electrophoresis, and related physical 

parameters. 

 

When representing the distance moved by molten PE detached from the main body, we 

considered the AC frequency, which represents the rate of change of the electric field. Therefore, 



31 

 

we tested the relationship described by L  (𝛼PE − 𝛼air)𝑓AC(𝐸b − 𝐸u)2. Note that a parameter 

(Dout
2−Dc

2) is also considered which could represent available molten PE during flame spread 

related to the cross-sectional area of PE insulation. The results are shown in Fig. 12 for wire of 

Dout = 1.1 and 1.5 mm. Here, 𝛼PE  and 𝛼air  were 2.0410−11 and 8.8610−12 N/V2 [63], 

respectively.  

Excellent correlations between the measured distance moved by molten PE globule and the 

expression: 𝐿/(𝐷out
2 − 𝐷c

2)1/2[mm] = 𝐴(𝛼PE − 𝛼air)𝑓AC(𝐸b − 𝐸u)2  + B [N·Hz·mm−2] was 

apparent where A = 5.64104 (3.57104) and B = 0.14 (1.12) for IDEP (DEP); both the R values 

was 0.97 (describing 𝑓AC  in [Hz], E in [V/mm], and 𝛼  in [N/V2]), irrespective of the 

simultaneous (or not) occurrence of DP, DEP, and the ES. Here, (𝐸b − 𝐸u)  represents the 

driving force of DEP, related to the gradient of electric field intensity. Although not shown, we 

also tested the maximum gradient employing the E values at X = 200 mm (Fig. 11b); these 

afforded correlations as satisfactory as those yielded employing the (𝐸b − 𝐸u) approach. The 

results also show that increasing the cross-sectional area of PE insulation (thereby increasing 

available volume of molten PE) reduces the moving distance of molten PE from the main body 

of molten. Such an analysis could be identified well in the present experimental ranges of 1−5 

kV and 0−1000 Hz, based on the quasi-steady behavior of di-electrophoresis with frequency, 

as shown in Fig. 12.  

 

3.7 Flame extinction 

Wire flames were extinguished when the voltage and frequency became excessive, as shown 

in Fig. 2 for wires of Dout = 0.8 and 1.1 mm. Figure 13 shows the functional dependence of 

extinction frequency on voltage divided by wire outer diameter (associated with electric field 

intensity). The extinction frequency decreased with increasing (decreasing) VAC (Dout), best 
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fitted by log (𝑓AC,ext) [𝐻𝑧] = −0.39𝑉AC[kV]/𝐷out[mm] + 4.24  with R = 0.94. Note that 

Dout includes the effect of insulation thickness on flame extinction, since the core diameter is 

fixed. Increasing the outer wire diameter implies more fuel available and thereby showing 

higher resistance to flame extinction, resulting in the increase in extinction frequency. Thus, 

high voltage, a small outer wire diameter, and high AC frequency promoted flame extinction. 

Note this correlation is phenomenological one and a detailed physical parameterization 

including the effect of Dc should be a future study. 

 

 

Figure 13. The extinction frequencies reveal their functional dependencies on applied voltage 

and wire diameter. 

 

Figure 14 exhibits sequential images showing the processes leading to extinction in 

spreading flames for Dout = 0.8 mm at (a) 5 kV and 80 Hz and (b) 4 kV and 300 Hz. Flame 

extinction occurred via two routes similar to the previous observation [1]: (1) flame spread rate 

decreases with both voltage and frequency such that, as shown in Fig. 14a, excessive reduction 

of flame size (thereby insufficient heat transfer) yields deficient evaporation of fuel, resulting 

3 4 5 6 7
10

100

1000

Spread

Extinction

 

 

D
out

 [mm]

 0.8

 1.1

E
x

ti
n

ct
io

n
 f

re
q

u
en

cy
 f

A
C
 [

H
z]

V
AC

 / D
out

 [kV/mm]



33 

 

in flame extinction due to lack of fuel (regime I) as shown in Fig. 14b and (2) appreciable 

amount of soot is deposited to the surface of molten PE, yielding the absorption of radiative 

heat to molten PE, subsequently reducing the surface tension of molten PE, and thereby leading 

to the dripping of molten PE onto the ground and thereby flame extinction due to excessive 

mass loss of molten PE (regimes II and III) as shown in Fig. 14b.  

 

 

Figure 14. Sequential images showing the extinguishing processes in spreading flames for a 

wire of Dout = 0.8 mm at (a) 5 kV and 90 Hz and (b) 4 kV and 300 Hz. 

 

We found that when an AC electric field was applied, the FSR generally decreased compared 

to the baseline value (no electric field), mitigating flame spread. However, as described 

previously [3], small electrospray droplet flames could propagate flaming to neighboring wire 

regions. Also, molten dripping material promotes PE flaming, exposing neighboring 

combustible materials to ignition. In space, dripping would be absent (there is no gravity); 

flame spread would increase greatly from the baseline value. Thus, it would be interesting to 

explore the electric field effects on wire flames under microgravity conditions. 
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4. Concluding remarks 

The effects of an AC electric field and wire diameter on flame spread over PE-insulated 

electrical wires were investigated in the fAC range 0–1,000 Hz, VAC range 0–5 kV, and Dout 

range 0.8–1.5 mm. In baseline cases (no electric field), the FSR (flame width) decreased 

(increased) with wire outer diameter. Application of an electric field significantly influenced 

both flame size and the FSR. The FSR behavior was categorized into three regimes; decreasing, 

increasing, and decreasing once more with increasing fAC. The FSR (𝑆w/𝑆w,0 )1/2 value 

exhibited functional dependency on fAC, |𝑑𝐸/𝑑𝑟|𝐷out
, and Dout /Dc.  

At low voltages and high frequencies, for wires of large Dout values of 1.1 and 1.5 mm, the 

FSR and flame width exhibited opposite tendencies, emphasizing the important roles played 

by the dynamic behaviors of molten PE. At high frequencies, droplets detached from the main 

bodies of molten PE and moved toward the burnt wires. The distance moved was proportional 

to the square of the axial difference in electric field intensities between points on the outermost 

surfaces of the molten PE. The associated flames were resistant to extinction, because the 

phenomenon described above increased the FSR by increasing flame width. This phenomenon 

was attributed to di-electrophoresis, here observed for the first time in the context of wire fire 

research. When DEP is evident at high AC voltages and frequencies for a wire with Dout = 1.5 

mm, multiple small droplets are continuously ejected from the moving droplets (the ESP); the 

main body of molten PE grows to drip onto the ground. These complicated dynamic 

phenomena, including mass loss of molten PE (via ESP), and the increase in flame width 

caused by DEP, significantly influence the FSR. DEP occurs when molten PE experiences a 

non-uniform electric field intensity over an electrical wire, and is associated with the electric 

field applied and the electrical properties of the materials in play. Considering the importance 
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of these dynamic behaviors of molten insulation material in flame spread, further studies with 

other core and insulation materials are needed in the future. 

Flame extinction occurred via two routes: via appreciable reduction in flame size and 

excessive dripping of molten PE. The extinction frequency decreased with increasing 

(decreasing) VAC (Dout), and was characterized by functional dependence of the 𝑓AC  on 

𝑉AC/𝐷out.  
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