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ABSTRACT 

Experiments were performed to study the effects of electric current and sample orientation on flame 
spread along the polyethylene (PE) insulation on copper wires. The flame spread rate vs. inclination angle 
showed a non-monotonic trend i.e., flame spread rate first decreased and then increased as the inclination 
angle increased. The molten polymer coating flew along the wire during the spread if the wire was 
inclined. For upward flame spread, a periodic flame spread phenomenon was observed due to the flowing 
of molten polymer. A sub-flame was observed to spread in the opposite direction to the primary flame. 
The flowing of molten insulation has little influence on upward flame spread rate. With the increase of 
the electric current, both the amount of molten insulation and the flame spread rate increased. The 
downward spread was shown to be more susceptible to the electric current in this study. For downward 
flame spread, the flowing molten polymer brought heat from the burning region to the preheat region and 
promoted the flame spread. A flame spread model concerning with both the orientation angle and electric 
current was developed in this study. 

KEYWORDS: Flame spread, electric wire, orientation effect, molten insulation. 

NOMENCLATURE 

c constant pressure specific heat (J/(kg·K)) 

h  average convection coefficient (W/(m2·K)) 
H∆  latent heat of pyrolysis (J/kg) 

I  constant electric current (A) 

fL  flame length (cm) 

hL  flame preheat length (cm) 

pL  pyrolysis length (cm) 

Nu  Nusselt number (-) 
Q  heat flux (W) 

q ′′  heat flux per unit area (W/m2) 

r  radius (cm) 
Ra  Rayleigh number 
T  temperature (K) 

′ρ  electrical resistivity (Ω·m) 

α  thermal diffusivity (m2/s) 
β  volumeric thermal expansion coefficient (K-1) 

λ  thermal conductivity (W/(m·K)) 
ε  emissivity (-) 
ν  kinematic viscosity (m2/s) 
σ  Stefan-Boltzmann constant (W/(m2·K4)) 
φ  inclination angle (grad) 

Φ  Joule heat (W) 

Subscripts 

a   ambient 
c   core 

f   flame 
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t  time (s) 

fV  flame spread rate (cm/s) 

Greek 

ρ  density (kg/m3) 

g   gas 

p   polymer coating or pyrolysis 

0   Original 

INTRODUCTION 

Flame spread along the polymeric coatings on electrical wires is of interest for fire prevention and 
has been widely studied in recent years [1-3]. Fujita et al. performed a series of experiments to study 
the effects of external flow velocity [1], wire size [2], ambient pressure [3] and oxygen 
concentration [4] on flame spread over polyethylene (PE) wires in microgravity. Takahashi et al. [5] 
studied the influence of external flow velocity on the volume change of the melted insulation in 
microgravity. Huang et al. [6] developed a model to explain the ignition and ignition-to-spread 
phenomenon of electrical wires. 

Previous studies usually considered the burning of horizontal wires, and limited studies were on the 
orientation effect. However, in practical application, flame spread over wires occurs at many 
different orientation angles. Hu et al. [7] studied the limiting oxygen concentration for extinction of 
upward spreading flames over inclined wires with opposed-flow. Lu et al. [8] studied the interaction 
between the wire inclination and horizontal wind. Hu et al. [9] found that as the inclination angle φ  

varies from – 90° to + 75° (relative to the horizontal plane, ‘–’ means downward spread and ‘+’ 
means upward spread), the flame spread rate (FSR) of electrical wires first decreases then increases 
(‘U’ shape), which is quite different from low thermal conductivity materials such as paper [10] or 
wood [11]. Explanations of this phenomenon are that for electrical wires with high thermal 
conductivity metal cores (such as Cu), heat conduction through the metal core from the burning 
zone to pyrolysis zone dominates the flame spread process, while for low thermal conductivity 
materials, heat conduction through the solid media could be neglected. 

However, it has been found by Yoshinari et al. [12, 13] that for vertical wires, the downward FSR is 
dominated by the downward dripping of the molten insulation, but is comparatively not sensitive to 
the core material. During the flame spread process, the polymeric coating first melts, and then 
decomposes to release combustible gases for burning. If the polymeric coating melts faster than its 
burning, the molten insulation begins to accumulate and flows along the wire (if the wire is 
inclined) or drip down (if the wire is horizontal).The phase change process has been numerically 
analyzed by Kim et al. [14, 15]. Wang et al. [16] found that the accumulation rate of molten 
insulation increases with the increasing current. Therefore, the effects of flowing molten insulation 
on wire fire should be concerned especially for cases with large current. When predicting the FSR, 
Hu et al. [9] neglected the heat flux from the flame to the preheat region ahead of the pyrolysis front 
in the energy balance equation of wire burning. However, surface heat flux in the preheat zone is 
very important for flame spread, especially for upward flame spread. In addition, the orientation 
angle was not included in the model of Hu et al. [9]. 

In this study, the effects of direct current I (0 ∼ 7 A) and inclination angle ϕ, (−90° ∼ +60°) on flame 
spread over PE insulated copper wires were studied. A periodic spread phenomenon was observed 
in upward flame spread due to the flowing of molten insulation. A flame spread model concerning 
with electric current and orientation angle was developed. 
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EXPERIMENTAL 

A schematic drawing of the experimental apparatus is shown in Fig. 1，which mainly consists of a 
rotary stand, a sample holder, an ignition part and two constant current sources (CCS). PE insulated 
copper wires (inner diameter: dc = 0.5 mm and outer diameter: dp = 0.8 mm) were used as samples 
in the tests. The copper wires were applied with constant currents from 0 to 7 A by CCS 1 with a 
precision of 0.1 A. And a coil heater (NiCr) located at one end of the sample wire was charged with 
6 A current by CCS 2 for ignition. A weight coupled with a pulley fixed on the sample holder was 
used to keep the sample straight during the experiments. A protractor was used to accurately set the 
angle of wire φ  (relative to the horizontal plane, ‘−’ means downward spread and ‘+’ means 

upward spread) ranging from −90° to +60°. During the experiments, a side-view video camera 
(SONY NEX-5R, 30fps) was used to record the flame spread process. The characteristic parameters 
of flame shape and propagation velocity were obtained by image processing algorithm. 

 

Fig. 1. Flame spread apparatus. 

In the tests, the sample wire was ignited after being energized for 3 minutes (to make the sample 
wire reach a relative thermal equilibrium). Once ignition occurred, the ignition current was cut off 
immediately, while the electric current in the sample wire was still on. Effective length of the 
sample wire was 25 cm (distance from the ignition point to the pulley). Each test condition was 
repeated at least three times to ensure reproducible results. All experiments were performed under 
laboratory conditions of approximately 20 ± ℃ and 30 ± 5 % relative humidity. 

RESULTS AND DISCUSSION 

Periodic flame spread phenomenon 

During the flame spread, the insulation melts, flows into the burning region and accumulates into a 
ball. When the ball is large enough, part of it flows down along the inclined wire. For downward 
flame spread (ϕ < 0), part of the molten ball flows down from the burning zone to the preheat zone, 
losing heat to the preheat fuel and is not burnt. However, for upward flame spread (ϕ > 0), a 
periodic spread phenomenon is observed. In Fig. 2, variations of the flame shape with time in one 
cycle of the periodic spread phenomenon for ϕ = +15° are shown. As the molten ball flows along 
the wire, it remains burning and consumes gradually, which results in the appearance of a subflame 
downstream. Height of the primary flame decreases first because of the flowing down of molten 
liquid, and then recovers itself as the flame continues to melt the unburnt fuel. The sub-flame moves 
in the opposite direction to the primary one. It decreases in size with time as the molten ball 
consumes gradually. In Fig. 2b, it is seen that the flame even breaks off (1.40s) with I = 3 A. 
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Fig. 2. Variations of flame shape with time at ϕ = + 15° with (a) I = 0 A and (b) I = 3 A. 
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Fig. 3. Propagation of (a) pyrolysis front and (b) flame tail with time at I = 0 A in upward spread. 

Figs. 3a and 3b illustrate the propagation of pyrolysis front and flame tail as a function of time with 
different orientation angle at I = 0 A in upward flame spread. The flame tail moves periodically with 
time and the cycle is shorter for the larger orientation angle. The pyrolysis front moves linearly with 
time and is shown not to be affected by the flame tail. In this study, the average movement rate of 
pyrolysis front is taken as flame spread rate (FSR). Note that for upward flame spread, though the 
flame shape varies periodically, structure of the primary flame just before the sub-flame appears is 
used for model prediction of flame spread hereinafter. 

Flame shape and flame spread rate 

Figure 4 shows the variations of flame length Lf and pyrolysis length Lp with inclination angles. 
Definitions of flame length and pyrolysis length are given in Fig. 4a. Length of the wire surrounded 
by the flame is defined as pyrolysis length. One can see that both Lf and Lp first decrease and then 
increase as the inclination angle increases from –90° to +60°, which shows a “U” trend as is 
described in the work of Hu et al [9]. The smallest values of Lf and Lp appear at ϕ = 0. As the current 
increases, both the flame length and pyrolysis length increase. In Fig. 4a, as the electric current 
increases, the flame length data of downward spread are more scattered than that of the upward 
case, which indicates that the electric current has a stronger effect on flame length in downward 
spread.  

Flame spread rate as a function of inclination angle is plotted in Fig. 5. The dependences of FSR on 
inclination angle and electrical current are similar to that of the flame length. The FSR varies with 
the inclination angle as a “U” trend. The FSR data of different currents are more scattered for 
downward spread indicating that the electric current has a stronger effect on downward FSR than 
upward FSR. The primary reasons are explained as follows. As the electrical current increases, the 
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polymeric coating melts faster and more molten insulation flows along the wire if the wire is 
inclined. The FSR depends more strongly on the heat flux to the surface in the preheat zone than on 
the surface heat flux in the burning zone [17]. For upward flame spread, the molten insulation 
brings heat to the burning zone, while for downward spread, the molten insulation brings heat to the 
preheat zone and makes greater contributions to flame spread. 
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Fig. 4. Variations of (a) flame length and (b) pyrolysis length with inclination angle. 
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Fig. 5. Flame spread rate as a function of the inclination angle. 

Both flame length and pyrolysis length are characteristic lengths that are related to the heat transfer 
process from the flame to the wire. Heat balance analyses concerning with the two characteristic 
lengths, orientation angle and electric current are conducted in the next section to predict the FSR. 

Flame spread model 

A simplified description of steady-state flame spread over a thin electrical wire at a constant 
velocity of Vf is illustrated in Fig. 6. Several assumptions are adopted here: (1) the coordinate system 
is fixed to the location of the flame; (2) both the PE insulation and core wire are thermally thin so 
that temperature profile across the cross-section of PE or metal core is uniform; (3) heat conduction 
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through the PE insulation is ignored; (4) the complex shape change of polymer during the melting 
process is ignored; (5) flame radiation heat feedback is ignored; (6) heat flux from the molten 
insulation to the wire is ignored. 

After being energized for 3 min before ignition, temperature of the wire reaches steady state, which 
gives: 

2
1 02

2 ( ) 0p a
c

I r h T T
r

′ρ − π − =
π

, (1) 

where r is radius, with the subscript c for core and p for polymer coating, ′ρ  is the electrical 
resistivity, Ta is the ambient temperature, T0 is the thermal equilibrium temperature of the wire 

before ignition and h  is the average convection coefficient over the wire surface. Then we obtain 

2

0 2
1(2 ) ( )

a
p c

I
T T

r h r

′ρ= +
π π

. (2) 

h  can be calculated as follow [18]: 

( )
( )

g g

3

2

/ ,

sin

n
d d

a
d d

h Nu d CRa d

g T T d
Ra Gr Pr

= λ = λ

β − φ
= =

ν

, (3) 

where λg is the thermal conductivity of gas, β is the volumetric thermal expansion coefficient, ν is 
the kinematic viscosity, C = 1.02, and n = 0.148.  

ΦɺΦ

Φ

 
Fig. 6. Illustration of the flame structure and temperature profile of wire during steady-state spread:  

(a) upward spread, and (b) downward spread. 

Equations of heat transfer between flame and wire can be expressed as: 

( ) ( ) ( )2 2 2
0 0in p c p f p p c c c f cQ r r V c T T H r c V T T + Φ = π − ρ − + ∆ + π ρ −  , (4) 
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where Qin is the incident heat flux from flame to wire, c is the heat capacity, Tc is the temperature of 
copper wire at the flame tail, H∆  is the latent heat of pyrolysis of the polymer coating (254 kJ/kg 
for PE [9]), and Φ is the Joule heat produced in the control volume expressed as: 

2
2 ch

c

I L
r

′ρΦ =
π

, (5) 

where Lch is the length of the control volume. Then the FSR can be obtained from Eq. (4) as: 

( ) ( ) ( )2 2 2
0 0

in
f

p c p p p c c c c

Q
V

r r c T T H r c T T

+ Φ
=

 π − ρ − + ∆ + π ρ − 

, (6) 

Upward flame spread 

For upward spread (as shown in Fig. 6a), the incident heat flux from flame to wire is: 

1 2in fp fpQ Q Q= + , (7) 

where Qfp1, Qfp2 are the heat convection between flame and polymer coating in the preheat zone 
(Region I in Fig. 6a) and the pyrolysis zone (Region II in Fig. 6a), respectively 

The heat flux per unit area from flame to wire can be expressed as [19]: 

( ) ( ) ( )
( )

0 exp , 0

0 , < 0
h

p

q x L x
q x

q L x

′′ − >′′ =  ′′ − <

ɺ
ɺ

ɺ
, (8) 

where Lh is the flame preheat length expressed as h f baL L L= − , and (0)q′′ɺ  is the surface heat flux 

per unit area at x = 0, which can be estimated as: 

( ) ( )20 f pq h T T′′ ≈ −ɺ , (9) 

where 2h  is the average heat transfer coefficient over the wire surface in Region II. We can see 

from Eqs. (3) and (9) that as the inclination angle increases, h  increases and therefore ( )0q′′ɺ  

increases. 

In the preheat region, Qfp1 can be expressed as: 

( ) ( ) ( )1
0

2 0 exp 2 0fp p h p hQ r q x L dx r L q
∞

′′ ′′= π − = π∫ ɺ ɺ . (10) 

In Region II, 

( )2 2 0fp p pQ r L q′′= π ɺ . (11) 

At the flame tail, thickness of the molten insulation reduces to zero and the wire core is exposed to 
the flame. In Region III (as shown in Fig. 6a), heat flux from the flame is negligible and temperature 
of the wire core decreases rapidly due to heat loss to the environment. Therefore, it’s reasonable to 
assume that temperature of the wire reaches the maximum at the flame tail, and then Tc can be 
determined by  

( ) ( ) ( )2 2 4 4
3(0) 2c c c a c aq I r r T T h T T′′ ′+ ρ π π = εσ − + −ɺ   (12) 
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By substituting Eqs. (5), (10) and (11) in Eq. (6), upward FSR can be predicted as: 

( )( )
( ) ( ) ( )

2 2

2 2 2
0 0

2 0 /p c f

f

p c p p P c c c c

r q I r L
V

r r c T T H r c T T

′′ ′π + ρ π
=

 π − ρ − + ∆ + π ρ − 

ɺ
. (13) 

Downward flame spread 

For downward flame spread (Fig. 6b), the incident heat flux from flame to wire inQ  is: 

1 2in fp fp fcQ Q Q Q= + + , (14) 

where Qfc is the heat flux from flame to exposed wire in Region III (in Fig. 6b). The heat flux per 
unit area from flame to wire can be expressed as: 

( ) ( )
( )

( )( )

exp , 0

0 1, 0

exp ,

h

p

pp p

x L x

q x q L x

x Lx L L

 − >
′′ ′′= − < <
 < −− +

ɺ ɺ , (15) 

where Lh is the flame preheat length approximated as [20]: 

( )1/3
2 2 sinh g g gL u g∞≈ α ≈ α α φ , (16) 

where gα  is the thermal diffusivity of gas. 

Heat fluxes from flame to wire are: 

Region I: 

( ) ( ) ( )1
0

2 0 exp / 2 0fp p h p hQ r q x L dx r L q
∞

′′ ′′= π − = π∫ ɺ ɺ , (17) 

Region II: 

( )2 2 0fp p pQ r L q′′= π ɺ , (18) 

Region III: 

( ) ( )( ) ( ) ( )( )2 0 exp / 2 0 1 exp 1 /
P

f

L

fc c p p c p f p
L

Q r q x L L dx r L q L L
−

−
′′ ′′= π + = π − −∫ ɺ ɺ   (19) 

Temperature of the copper core reaches the maximum at x = – Lf , and Tc can be determined by: 

( ) ( )( ) ( ) ( ) ( )2 2 4 4
30 exp / 2f p p c c c a c aq L L L I r r T T h T T′′ ′− + + ρ π π = εσ − + −ɺ   (20) 

By substituting Eqs. (14) and (17)-(19) into Eq. (6), the downward FSR can be predicted by: 

( ) ( ) ( )( ) ( ) ( )
( ) ( ) ( )

2 2

2 2 2
0 0

2 0 2 1 exp 1 0 'p p h c p f p f h c

f

p c p p p c c c c

r L L q r L L L q I L L r
V

r r c T T H r c T T

′′ ′′π + + π − − + ρ + π
=

 π − ρ − + ∆ + π ρ − 

ɺ ɺ
  (21) 

The predicted flame spread rates under various conditions are obtained by deriving characteristic 
lengths into Eq. (13) or (21), which are plotted in Fig. 7. Gas phase properties are all evaluated at 
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the film temperature. It is observed that for opposed-flow flame spread, the predicted values are 
much smaller than the experimental ones, which is primarily attributed to that flame radiation 
feedback and heat flux from the molten material (liquid-phase Marangoni convection and dripping 
heating) are ignored in the model. For upward flame spread, our model achieves a good accuracy. 
As φ  increases, the flame sheet moves closer to the sample wire, the flame length elongates and 

results in a larger heat flux from flame to fuel, which finally leads to a larger FSR as suggested by 
Eq. (13).  
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Fig. 7. Comparison of calculated flame spread rate with experimental values. 

CONCLUSIONS  

Effects of constant electric current and orientation angle on flame spread over PE insulated copper 
wires were studied in this paper. The flame spread rate was shown to increase with the increasing 
electric current. The current had a larger influence on downward flame spread compared with 
upward spread. For downward spread, the flowing molten liquid brought heat from the burning zone 
to preheat zone and promoted the spread. For upward flame spread, a periodic flame spread 
phenomenon was observed due to the flowing of molten polymer. A flame spread model concerning 
with both the orientation angle and electric current was developed. Good accuracy was observed 
between the calculated and experimental flame spread rate. 
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