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Abstract  
The effect of applied electric fields on the characteristics of flame spread along slanted polyethylene (PE) insulated 

electrical wire was investigated experimentally by varying the AC frequency and voltage. The result showed that the 

spread rate of downwardly spreading flame decreased in increase of voltage and frequency, while that of upward 

flame spread rate exhibited complicated behavior with applied voltage and frequency. Downwardly spreading flame 

size became smaller in increase of applied voltage and frequency and leaned toward burnt side. When flame spread 

upwardly, the flame size experienced large variation with applied voltage and frequency and leaned toward 

unburned side. Based on flame shape and the slanted direction of flame, the flame spread rate could be explained by 

thermal balance mechanism. 
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Introduction 
The key issues of research in terms of the safety of 

space development have been wire fire caused by 

unexpected overheating and/or electric short. 

Representative accidents are the Apollo I disaster and 

the fire in Mir space station during space development 

program. Electrical wire fire is also one of the main 

causes for building and household fires as well as 

aircrafts. In this regard, researches have been conducted 

to understand the influence of various factors in flame 

spread such as types of inner core material and outer 

insulator, gravity level, and ambient flow and pressure 

[1-6]. 

Note that the established fire safety code for 

electrical wire have not, however, considered the effect 

of electric fields applied to the electrical wire. While the 

flame spreads over the wire in such a situation, it can be 

under the influence of electric fields induced by voltage 

applied to the wire. In case of AC, the frequency in 

practical systems can vary, e.g., 50-60 Hz for utility 

power generation and typically about 400 Hz in aircrafts, 

which can vary 360-720 Hz and even over 1 kHz at full 

throttle. In such a case, abundantly charged carriers can 

interact with the electric fields in reaction zone. 

However, few studies on the effect of AC electric fields 

on flame spread over electrical wire have been found in 

the literature [7, 8]. The previous study showed that 

flame spread rate varied with applied AC frequencies 

and voltages significantly [7]. Flame spread behavior 

near the end of wire with AC electric fields was 

reported as well, in that the intensity of electric field can 

be concentrated near the wire end due to the 

convergence of electric flux [8]. 

Flame spread over an electrical wire may be very 

sensitive to the wire inclination angle in normal gravity 

as well as applied electric fields. Nonetheless, the effect 

of applied electric fields on flame spread over inclined 

electrical wire has not been reported yet, and this may 

be covered by the present study. 

 

Experiment Setup 
Fig. 1 shows schematic illustration of experimental 

apparatus, which consists of a wire, a wire holder, an 

AC power supply, and a video camera. Polyethylene 

(PE) insulated electrical wire (NiCr wire) was used, 

having 350 mm in length, 0.5mm in diameter, and with 

0.8mm diameter of PE insulator. The wire was installed 

on a wire holder made of nonconductive acetal resin. 

One end of a wire was fixed to the wire holder and the 

other end of wire was connected to a spring in order to 

prevent bending of wire due to thermal expansion 

during flame spread. 

The flame was initiated by an igniter which was 

placed over an air cylinder. In order to minimize the 

interaction between the ignition system and applied AC 

electric fields, igniter was removed away from the wire 

after ignition. A programmable logic controller (PLC) 

was adopted to control the time sequence of experiment. 

The details of the experimental procedure were reported 

previously [7, 8]. The wire length, excluding the portion 

connected to the wire holder, was 213mm. Experimental 

data for the initial 70 mm from one end and the final 10 

mm were excluded due to ignition transient and the 

effect of the wire holder, respectively. Therefore, the 

available length for flame spread was 133mm. The test 

section was surrounded by nonconductive meshes to 

minimize external disturbances. A video camera was 

triggered to capture spreading flame, and the recorded 

flame images were analyzed by using a Matlab-based 

code. The averaged flame behavior was obtained from 

six trials, and the variations were represented as error 

bars. Additionally, a high speed Schlieren technique  
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Fig. 1 Schematic illustration of experimental setup 

 

was adopted to observe fuel vapor jet from ejected 

molten PE surface. 

The AC power supply (Trek, 10/10B-FG) was used 

to apply electric fields to the wire. The applied 

frequency (fAC) and voltage (VAC) were varied in range 

of 0 ~ 1000 Hz and 0 ~ 5 kV (RMS), respectively, and 

inclination angle of the electrical wire varied in range of 

-90° (Downwardly spreading flame) ~ 70° (Upwardly 

spreading flame). One end of the wire was directly 

connected to high voltage terminal of the AC power 

supply. The other terminal of the power supply was 

connected to a building ground, such that it could be 

regarded as an open circuit. Then, the induced electric 

fields in space could be assumed to be distributed 

between imaginary infinite ground and high potential 

wire. 

 

Results and Discussion 
Fig. 2 shows (a) the temporal position of flame front 

X with time, after the ignition transition at various 

inclination angles of the wire in the absence of electric 

fields, and (b) that with voltage at a fixed frequency fAC 

of 30 Hz and an inclination angle θ of -30°. Thus, the 

flame spread rate is defined as the time rate of change in 

the temporal position of flame front. Note that the 

negative sign in inclination angle means downwardly 

spreading direction. As shown in Fig. 2(a), the spread 

rate for downwardly spreading flame without electric 

fields initially becomes slower compared to the 

horizontal case, and then is nearly constant for θ ≤ -40°, 

while that of upwardly spreading flame increases 

significantly in increase of inclination angle. When the 

applied voltage increases, the spread rate decreases for 

downwardly spreading flame at fixed frequency and 

inclination angle as shown in Fig. 2(b). 

As mentioned above, the spread rate varies in terms 

of various factors such as inclination angle as well as 

applied voltage and frequency. Fig. 3 shows the spread 

rate with inclination angle of the wire in the absence of 

electric fields. For downwardly spreading flame, the 

spread rate decreases from θ = 0° to -20°, and then it 

becomes nearly constant with inclination angle up to θ = 

-90°, while for upwardly spreading flame, the spread 

rate increases significantly with inclination angle after 

having a minimum at θ = 10°. Fig. 4 shows the spread 

rate with applied voltage, frequency, and inclination 

angle. In Fig. 4(a) and (b), the result shows that the  
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(b) 

Fig. 2 Temporal position of flame front at (a) various 
inclination angles of the wire in the absence of 
electric fields and (b) voltages at fAC = 30 Hz. 
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Fig. 3 Flame spread rate with inclination angle in the 
absence of electric fields. 

 

spread rate of the downwardly spreading flame in the 

presence of electric fields decreases with applied 

voltage, and decreases with frequency for VAC ≥ 1 kV 

after indicating nearly a constant with applied frequency 

at VAC = 0.5 kV. As applied frequency increases, the 

spreading flame over the wire was extinguished at lower  
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(c) 

Fig. 4 Flame spread rate of downwardly spreading 
flame with (a) applied voltage VAC, (b) frequency fAC 
at θ = -70° and (c) inclination angle of the wire. 

 

applied voltage. In Fig. 4(c), the spread rate decreases 

with inclination angle from θ = 0° to -20° and then 

exhibits similar values with inclination angle up to θ = -

90°. 

Note that for upwardly spreading flame, the flame 

size and spread rate become much larger than those for  
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(b) 

Fig. 5 Flame spread rate of upwardly spreading 
flame with applied frequency fAC for several voltages 
VAC at (a) θ = 30° and (b) 70°. 

 

downwardly spreading flames. Fig. 5 shows the 

upwardly spreading flame with applied frequency for 

various voltages at θ = 30° and 70°. In case of VAC = 1 

and 2 kV, the spread rate decreases slightly with applied 

frequency. For VAC = 3 kV, the spread rate increases 

significantly with frequency for fAC ≥ 100 Hz, while the 

spread rate shows a maximum at fAC = 600 Hz for VAC = 

5 kV and decreases in further increase of applied 

frequency. 

To better understand variation of the spread rate via 

flame shape, instantaneous images of spreading flame 

were shown in Fig. 6.  As shown in Fig. 6(a), 

downwardly spreading flame in the absence of electric 

fields leans toward the burnt side. The flame size 

reduces significantly from θ = 0° to -30° and then it 

scarcely changes with inclination angle up to θ = -90°. 

On the other hand, upwardly spreading flame leans 

toward the unburned side and the flame size increases 

significantly with inclination angle. With applied AC 

electric fields, the size of downwardly spreading flames 

decreases with applied voltage and frequency as shown 

in Fig. 6(b). For upwardly spreading flame in Fig. 6(c), 

the size of the spreading flame reduces slightly with 

applied frequency at VAC = 1 kV. At VAC = 3 kV, the 
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(c) 

Fig. 6 Spreading flame images with (a) inclination 
angle and applied AC electric fields for (b) 
downwardly spreading flame of θ = -30° and (c) 
upwardly spreading flame of θ = 70°. 

 

flame size increases significantly for fAC ≥ 100 Hz, 

while that for VAC = 5 kV increases up to fAC = 600Hz 

and decreases in further increase of applied frequency. 

Especially, fuel-vapor jets were observed for high 

frequency regime at 5 kV. It contained a large a large 

amount of soot particle, and will be discussed further. 

 
(a) 

 

 
(b) 

Fig. 7 Schematics of thermal balance mechanism for 
the (a) downwardly and (b) upwardly spreading 
flame. 

 

With applied electric fields, charged particles in a 

reaction zone can be affected by Lorenz force. 

Subsequently, diffusion fluxes associated with charged 

particles can increase and the kinetic energy, which is 

gained by the charged particles, can enhance the rate of 

chemical reaction. Accelerated ions can transfer 

momentum to neutral particles by random multiple 

collisions among molecules, and then it can generate 

bulk flow called ionic wind. Those effects can make 

flame shape changed with applied AC electric fields. 

Behavior of flame spread can be explained by thermal 

balance mechanism [5, 7]. 

Fig. 7(a) and (b) show the schematic representation 

of thermal balance mechanism for downwardly and 

up ward ly spread ing f lame,  respec t ive ly.  For 

downwardly spreading flame, the flame leans toward 

burnt side with inclination angle as shown in Fig. 7(a). 

It reduces the heat transfer from the flame to unburned 

PE (Q1). Moreover, as mentioned above, the flame size 

decreases significantly in the increase of inclination 

angle for small inclination angle such as the cases of θ = 

-10 and 20°, and it decreases the heat transfer from the 

flame to burnt wire (Q3). Subsequently, the decrease in 

Q3 causes reduction in the heat transfer to the molten PE 

through the wire (Q2) and to unburned wire (Q4). As a 

result, there will be reduction in the total heat transfer 

from the flame to PE, leading to the decrease of 

production and evaporation rate of molten PE. 

Therefore, the spread rate becomes slower. For large 

inclination angles, the flames exhibit similar flame size, 

while the flame leans toward burnt side. Whereas Q1 

decreases due to flame tilting towards the burnt side, Q3 
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(c) 

Fig. 8 Fuel-vapor jet phenomenon from molten PE; 
(a) Schlieren images, (b) direct photos with time and 
(c) frequency of fuel-vapor jet and spread rate with 
applied frequency at 70° and 5 kV 
 

increases relatively, because there is no change in flame 

size. Thus, the flame spread rate scarcely changes. For 

increased voltage and frequency, the flame size 

decreases as shown in Fig. 3(b). Then, Q1 and Q3 

decrease, resulting in reduction of the spread rate. On 

the other hand, upwardly spreading flame leans toward 

unburned side and the flame size increases significantly 

in increase of inclination angle as shown in Figure 3(a). 

In this case, both Q1 and Q3 increase, thereby increasing 

spread rate. 

As mentioned above, fuel-vapor jets were observed 

in high frequency and voltage regime for upwardly 

spreading flame. In previous study, it suggested the 

possible mechanism of fuel-vapor jet and showed that a 

bursting of fuel-vapor bubble inside the molten PE 

causes the fuel-vapor jet [8]. Fig. 8 shows the frequency 

of fuel-vapor jet with applied frequency at θ = 70° and 

VAC = 5 kV with sequence Shlieren images at fAC = 1000 

Hz. As shown in Fig. 8(a), soot particles are ejected 

from molten PE, and Fig. 8(b) shows that a flame exists 

around the soot particles. It means that the soot particles 

are ejected when bursting of fuel-vapor happens inside 

the molten PE, and there exists fuel inside the soot 

particles to sustain partial flames outside flame that is 

spreading over the wire. Fig. 8(c) shows the frequency 

of fuel-vapor jet and spread rate with applied frequency 

at θ = 70° and VAC = 5 kV. As shown in the figure, the 

frequency of fuel-vapor jet increases significantly with 

applied frequency near fAC = 1000 Hz. Such increase of 

frequency can cause much larger loss of fuel to flame, 

and it reduces the size of flame spreading over the wire. 

Thus, the total heat transfer to insulation decreases, and 

then the spread rate decreases with applied frequency. 

 

Conclusions 
Downward and upward flame spread behaviors over 

electrical wire insulated by Polyethylene were 

investigated experimentally with applied AC electric 

fields. The spread rate of downwardly spreading flame 

decreased with applied voltage and frequency except for 

VAC = 0.5 kV and decreased with inclination angle from 

θ = 0° to -20°, while that scarcely changed with 

inclination angle from the range of inclination angle of -

30° to -90°. On the other hand, the spread rate of 

upwardly spreading flame showed various trends with 

applied voltage and frequency, and increased 

significantly with inclination angle. The spreading 

flame over an inclined electrical wire with applied AC 

electric fields exhibited various flame shapes. Based on 

flame shape and the slanted direction of flame, the 

flame spread rate could be explained by thermal balance 

mechanism. The frequency of fuel-vapor jet with soot 

particle increased significantly for high voltage and 

frequency regime and it contributed to decrease the 

spread rate. 
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