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1 Introduction 

An electrical wire fire can be catastrophic disaster. One example is the Apollo 1 accident during 

space development program. In this sense, it is essential to establish fire safety code for space 

development. Also, fire safety code in ground can be as important as in space, because electrical wire 

could be main causes for building and household. Various experiments have been studied to 

understand the influence of various factors in flame spread such as type of inner core, gravity level, 

ambient flow, and pressure [1-5]. However, wire fire is caused by unexpected overheating and/or 

electric short, meaning that the wire can be under the influence of electric fields induced by voltage 

applied to the wire during the flame spread. In the reaction zone of flame, there are abundant charged 

particles such that it can be affected by applied electric fields, and behavior of the flame spread can be 

modified by interaction between them. In the case of AC, the range of used frequency and voltage 

depending on various systems can be varied, 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. Thus, the 

influence of electric fields on flame spread over the electrical wire requires a detail study, while 

studies on the effect of applied electric field in flame spread over electrical wire are limited. In the 

previous study, overall flame spread behaviors with applied AC electric fields were investigated over 

Polyethylene-insulated electrical wire [6]. It was found that the flame spread behavior is appreciably 

modified by applied voltage and frequency. The study adopted a single-electrode configuration of an 

open circuit, with one end of wire directly connected to high voltage terminal of an AC power supply 

and the other terminal to a building ground. Since the wire length was much longer than the wire 
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thickness, the induced electric field was assumed to be axisymmetric and uniform along the wire. Near 

the wire end, however, the intensity of electric fields is concentrated due to the convergence of electric 

flux. Then the flame spread rate can appreciably vary near the wire end, such aspects have not been 

investigated yet. In this study, experimental observations on flame spread over electrical wire 

insulated by Polyethylene (PE) with applied AC electric field will be reported, focused on the flame 

spread rate near the end of wire. 

2 Experiment 

Figure 1 shows the schematic of the present experimental apparatus. It consists of a wire, wire holder, 

AC power supply, and a video camera. Polyethylene (PE) insulated electrical wire (NiCr wire) was 

tested, having 350 mm in length, 0.5mm in diameter of wire, and 0.8mm in 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 was connected to a spring in order to prevent bending of 

wire due to thermal expansion during flame spread. The flame was initiated by hot-wire igniter placed 

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

fields, the igniter was retreated away from the wire after ignition. A programmable logic controller 

(PLC) was adopted to control time sequence of the experiment. The details of experimental procedure 

were reported previously [6]. The wire length, excluding the portion connected to the wire holder, was 

230mm. Experimental data for the initial 73mm from the igniter was excluded by ignition transient, 

and data for the final 5mm was excluded to eliminate the interaction between flame and wire holder. 

Therefore, the available length for flame spread was 152mm. The test section was surrounded by 

nonconductive meshes to minimize external disturbances. A video camera was triggered to record 

spreading flame, and the recorded flame images were analyzed by a Matlab-based code. The averaged 

flame behavior was obtained from up to 7 trials, and the variations were indicated as error bars. 

The AC power supply (Trek, 10/10B-FG) applies electric fields to the wire. The applied frequency 

(fAC) and voltage (VAC) were varied in range of 10-1000 Hz and 0-4 kV (RMS), respectively, and were 

monitored by an oscilloscope through a 1000:1 probe (Tektronix, 6015A). One end of wire was 

directly connected to high voltage terminal of the AC power supply and the other terminal 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. 

 

3 Result and Discussion 

3.1 Overall feature in flame spread 

In the present single-electrode configuration of open circuit, the intensity of electric fields is 

concentrated near the wire end due to the convergence of electric flux. The intensity of electric fields, 

Figure 1. Schematic illustration of experimental set up 
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calculated with FEMM v-4.2 [7], in absence of flame at the radial distance of 3.0 mm, with axial 

distance for VDC = 3 kV is shown in Figure 2(a). Calculated result shows that the intensity of electric 

fields appreciably increased at near the wire end and such effect will affect the flame spread rate. 

Figure 2(b) shows the temporal position of flame front X with time t and the time zero was defined just 

after the ignition transition. The flame spread rate, which is the time rate of change, become slower 

initially with the frequency increase for fAC = 60 Hz and 100 Hz and then faster for fAC = 600 Hz and 

1000 Hz. It is similar to our previous study [6]. The flame position varies nearly linearly for the 

baseline case, while the cases for fAC = 60, 100 and 600 Hz are initially linear, as marked by dashed 

line for fAC = 100 Hz. However, this tendency deviates from the linear trend as time proceeds. 

Figure 3 shows the flame images obtained at (a) X = 150 1 mm during the linearly-varying regime 

and (b) X = 220 1 mm near the wire end of wire by changing the voltage at fAC = 60 Hz and 600 Hz. 

The flame spreads from right to left. As previously reported [6], the flame leans forward to the burnt 

side during the linearly-varying regime in Figure 3(a). As shown in Figure 3(b), while, the flame 

shapes are appreciably modified near the wire end with applied electric fields. For example, at fAC = 60 

Hz, the flame leans toward the unburned side and the flame height decreases with the increase of 

applied voltage. The flame width, which is a covered wire length by the flame in horizontal direction, 

increases. At fAC = 600 Hz, the flame leans toward the burnt side and both the flame height and width 

increase appreciably with the applied voltage. Further increase of voltage to 4 kV causes the flame to 

be extinguished before reaching the location X = 220 mm. 

3.2 The flame spread rate with AC near the wire end 

(a)                                                                                        (b) 

Figure 3. Flame images (a) at X = 150 1 mm during the linearly-varying regime and (b) X = 220 1 mm 

during near the wire end with applied various voltages and fAC = 60 Hz and 600 Hz. 

 

(a)                                                                                   (b) 

Figure 2. (a) Electric fields intensity with axial distance for VDC = 3 kV at the radial distance of 3.0mm, 

(b) Temporal position of flame front at various applied AC frequency for VAC = 3 kV. 
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The flame spread rate, Sw = dX / dt, as a function of voltage at several frequencies in case of linearly-

varying regime and nonlinearly-varying regime of near the wire end is shown in Figure 4 with the 

error bars. In Figure 4(a) which is linearly-varying regime, the spread rate decreases with voltage and 

frequency for frequency fAC ≤ 80 Hz and then increases at VAC= 4 kV for fAC ≥ 100 Hz and VAC= 3 kV 

for fAC ≥ 400 Hz. These behaviors are consistent with our previous study [6]. In Figure 4(b), on the 

other hand, the result exhibits complex behavior depending on the voltage and frequency. For fAC = 10 

Hz and 20 Hz, Sw decreases up to 3 kV and then slowly increases up to 4 kV. For fAC = 30 Hz, Sw 

increase slightly up to 2 kV, decreases up to 3 kV, and then increases up to 4 kV. For fAC = 60 Hz, Sw 

increases up to 2.25 kV, decreases up to 3 kV, and then increases up to 4 kV. For 80 Hz ≤ fAC ≤ 200 

Hz, Sw decreases up to 2 kV, and then increases up to 4 kV. For 400 ≤ fAC ≤ 1000 Hz, Sw decreases up 

to 2 kV, increases up to 3 kV and decrease sharply up to 3.5 kV by the dripping of molten PE, and 

then the flame was extinguished after 4 kV. Such behaviors of flame spread rate near the wire end are 

quite different from that in linearly-varying regime as shown in Figure 4(a). The variation of spread 

rate has piecewise linear tendency up to 2 kV. For VAC = 2-3 kV and 3-4 kV, also, the linear tendency 

is observed. In this regard, the dependence of spread rate on voltage, dSw/dVAC, was determined as a 

function of frequency by linear fitting for each voltage range. 

The result for each voltage range is shown in Figure 5 with flame shape photos. In the low voltage 

regime I of VAC ≤ 2 kV (a), three distinct sub-regimes can be identified depending on the frequency, 

the voltage dependence of spread rate increases up to 60 Hz and decreases up to 1000 Hz. And the 

spreading flame leans toward unburned side in regime I-1; the flame either leans toward the unburned 

side or is nearly vertical in regime I-2; and it leans toward the burnt side in regime I-3. 

In the intermediate regime II of VAC = 2-3 kV (b), which can be also divided into three sub-regimes 

depending on AC frequency, the voltage dependence of spread rate changes little up to 30 Hz, sharply 

(a)                                                                                           (b) 

Figure 4. Flame spread rate with applied voltage at several frequencies in (a) the linearly-varying regime 

and (b) near the wire end. 

 

(a)                                                        (b)                                                        (c) 

Figure 5. Characteristics of the flame spread rate with applied frequency in (a) regime I, (b) regime II and 

(c) regime III with flame shapes 
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increases in 60 ≤ fAC ≤ 200 Hz and then drastically increases again from 400 Hz to 1000 Hz. And the 

flame images in this intermediate voltage regime show that the flame slightly leans toward unburned 

side in regime II-1, is slanted toward unburned side and the flame width enlarges in regime II-2, and 

then leans toward the burnt side and the width is significantly widen in regime II-3. This implies that 

flame shape such as the height and width can affect flame spread rate appreciably [6]. 

In high voltage regime III of VAC = 3-4 kV (c), it shows two distinct sub-regime. The slop of spread 

rate with AC frequency increases slowly and then decreases rapidly. In regime III-1, the flame 

becomes more and more inclined toward the unburned side and the width gradually increases with AC 

frequency. In regime III-2, the flame tends to be slanted toward the burnt side; a part of the molten PE 

drips frequently and the remaining molten PE subsequently sustains flame spread, increases the size of 

molten PE and drips again repeatedly; the number of dripping of molten PE increases significantly 

with the increase in AC frequency, finally leading to the flame extinction for VAC ≥ 3.5 kV. Such 

dripping phenomenon of molten PE can be an important factor in establishing safety strategy of 

electrical wire. 

Table 1 shows the correlation of the rate of change in spread rate with AC frequency and transition 

frequency in each sub-regime with the correlation coefficient. 

Figure 6 shows mean flame height Hm, mean flame width from molten PE to burnt side Wb and 

unburned side Wu, and the flame spread rate Sw with applied frequency. The mean values are the 

averages during X=215-225 mm. In figure 6(a) of VAC = 2 kV, the spread rate increases up to 60 Hz 

and then decreases up to 1000 Hz, and Hm and Wu exhibit reasonably similar tendency. Figure 6(b) and 

(c) show the cases of VAC = 2.5 kV and VAC = 3.5 kV, respectively. In case of figure 6(b) and (c), the 

spread rate can be understood base on the behaviors of flame height and width toward unburned side. 

 

Regime Correlation of the rate of change 

in spread rate, dSw/dVAC 

Correlation coefficient Transition frequency 

I - 1              
     

 [       ] 0.98 fAC = 52 [Hz] 

fAC = 248 [Hz] I - 2             
      

 [      ] 0.99 

I - 3               
      

 [      ] 0.96 

II - 1              
     

 [       ] 0.95 fAC = 46 [Hz] 

fAC = 225 [Hz] II - 2              
     

 [       ] 0.96 

II - 3              
     

 [       ] 0.96 

III - 1              
     

 [       ] 0.94 fAC = 312 [Hz] 

III - 2              
      

 [      ] 0.95 

Table 1. Correlations between dSw/dVAC and applied frequency fAC with the correlation coefficients 

(a)                                                       (b)                                                         (c) 

Figure 6. The flame spread rate Sw, mean flame height Hm, and mean flame width from molten PE to burnt 

side Wb and unburned side Wu with applied frequency at VAC = (a) 2 kV, (b) 2.5 kV, and (c) 3.5 kV, 

respectively with direct photos. 

 

30 Hz 60 Hz 200 Hz 400 Hz 600 Hz30 Hz 60 Hz 200 Hz 400 Hz 600 Hz30 Hz 60 Hz 200 Hz 400 Hz 600 Hz30 Hz 60 Hz 200 Hz 400 Hz 600 Hz30 Hz 60 Hz 200 Hz 400 Hz 600 Hz
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4 Conclusions 

The flame spread rate near the end part of polyethylene-insulated electrical wire with applied AC 

electric fields was investigated experimentally in range of fAC = 10-1000 Hz and VAC = 0-4 kV with a 

single electrode configuration. Temporal flame position with applied AC electric fields was nearly 

linearly increased in most stages of flame spread with showing the similar behavior of previous study 

[6]. Near the end of wire where the electric flux was concentrated, however, temporal position of the 

flame with AC electric fields was accelerated. Three distinct regimes for flame spread rate near the 

end of electrical wire existed depending on the voltage. For a fixed voltage in each regime, distinct 

regimes are also categorized depending on applied frequency. In regime I of VAC ≤ 2 kV, characterized 

value, dSw/dVAC, increased and then decreased with applied frequency. In regime II of VAC = 2-3 kV, 

dSw/dVAC with applied frequency slightly increased, then increased and increased again. Meanwhile, 

that with applied frequency increased mildly and then rapidly decreased in regime III. 

As observed in this experiment, the flame spread rate near the end of electrical wire could be 

significantly modified from that without having electric fields and those at the stage of temporal 

linearly-varying flame spread with applied electric fields. In this sense, the relevant fire safety codes 

are needed to be modified by considering the situation of fire near the end of electrical wire with 

having electric fields. 
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