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Abstract:

The flame spread over combustible materials is often affected by the fire thermal radiation and convection
and the heat exchange with adjacent objects, which are especially complex on melting thermoplastics. This
work chooses polyethylene (PE) tubes with a 2-mm thin wall to study the flame-spread behaviors under
three heating conditions, (a) hot inner boundary, (b) hot ambient, and (¢) external radiation. The tubes could
simulate the insulation of electrical wires, and the inner boundary was controlled by flowing oil through at
a constant temperature. Results show that just above the fuel molten point, the flame-spread rate
unexpectedly decreases with the increasing environmental temperature, because the conductive cooling
changed to convective cooling of molten PE. A thin layer of fuel can remain after the flame spread, and as
the boundary temperature increases, the remaining PE decreases while the dripping mass increases. Under
intense heating, burning behaviors eventually become similar regardless of the heating scenario. This work
helps understand the flame spread and phase change of thermoplastic fires, particularly wires and cables,

under various heating scenarios of realistic fire events.
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1. Introduction

The spread of flames over the surface of a solid combustible material is often used to determine the
material fire hazards and the guidelines for fire suppression [1]. Flame spread is a complex process
involving the interaction between the condensed phase (heat transfer, melting, thermal decomposition) and
the gas phase (transport, mixing, chemical kinetics) [2,3]. Thus, it depends on the fuel type and chemistry
as well as environmental conditions like airflow, pressure, and oxygen concentration [3—5]. In a real fire,
the flame spread can also be affected by ambient temperature and the external radiation from the flames
and/or hot smoke layer from a nearby fire. In addition, heat and mass transfer in condensed phases can also

affect the spread of the flame, especially for thermoplastic fuels with complex phase-change phenomena.
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Nomenclature

Symbols p density (kg/m)

A cross-section area (mm?) o surface tension (Pa)

Bo Bond number (-) Ty viscous stress (Pa)

c specific heat (kJ/kg'K) Ty Marangoni surface tension (Pa)

D diameter (mm)

g gravity acceleration (m/s?) Subscripts

h convection coefficent (W/m?K) a ambient

k thermal conductivity (W/m-K) b burning

L heating length (m) c core/cooling

m mass (g) dr dripping

Nu Nusselt number (-) ex extinction

q" heat flux (kW/m?) f flame

temperature (°C) g gas

u velocity (mm/s) in inner boundary

Vs flame-spread rate (mm/s) ir irradiation

Y mass fraction (%) m melting
outer/oven

Greeks py pyrolysis

0 thickness (mm) r remaining

i dynamic viscosity (Pa-s) S surface

Fundamentally, most fire spread is controlled by heat transfer processes [2,3,6]. Many studies have
focused on the effect of flame radiation and other external radiation on the flame spread over solid fuel [7—
13]. Measuring the flame-spread rate under the external radiation is also a part of the ASTM E-1321-90
standard (also known as LIFT test) to quantify the material fire hazards [14,15]. In general, the rate of flame
spread over a solid surface increases with the external heating until the ignition temperature is reached,
above which a gas phase premixed type flame propagation occurs [8,9]. A real fire environment with fire
irradiation and hot smoke can extend material flammability limit to a lower pressure and oxygen
concentration [10—13]. Also, the flame spread can be affected by heat conduction from adjunct objects [16]
like the fire in the facade sandwich panel [17]. Similar processes are also often observed in fires of electric
wires and cables which are made up of an inner metal core and an external plastic insulation [5,18,19].

The fire spread on thermoplastics becomes more complicated when it involves melting and dripping of

the material. Thermoplastic is a group of polymers that have the tendency to melt, such as polyethylene
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(PE), polyethylene chloride (PVC), polypropylene (PP), and expanded polystyrene (EPS). Once heated, the
solid thermoplastic can melt and the liquid can flow and drip, extending the fire hazards [20-24]. Thus,
their fire dynamic differs from both solid and liquid fuels. Thermoplastics are widely used as wire insulation
and building facade panels, posing a fire risk [18,25,26]. When the flame spreads over the wire insulation,
the heat transfer through the core in the axial direction may become important, especially for a copper or
aluminum core [18]. At the same time, the core could act either as a “heat source” or “heat sink,” heating
or cooling the insulation, respectively. For example, Kobayashi er al. [21,27] found that the copper core
could act as a “heat source” in the preheating region melting the insulation and accelerating the flame spread,
but act as a “heat sink” in the burning region behind the flame front enhancing the burning and reducing
the dripping. On the other hand, the wire core, being an excellent thermal conductor, can also be affected
by external heating sources. Huang et al. [28] showed that the wire core was a “heat sink” to remove the
heating from an igniter coil, whereas it was also a “heat source” to enhance the ignition under external
radiation [13]. Moreover, the inner Joule heating also contributes to ignition and fire spread, especially
under short circuit and overheating [29—32]. Thus, it is important to understand the complex flame spread
and phase change (e.g., melting and dripping) for thermoplastic fuels under realistic fire heating scenarios.

In this work, a study is conducted of the effect of three heat transfer mechanisms: internal heating,
elevated ambient temperature, and external radiation, on the spread of flames over an insulated wire. This
is done by testing the spread of flames over thin-wall PE tubes under these three heating conditions that
mimic the real fire scenarios. The internal heating is achieved by flowing hot oil through the tube at a
controlled temperature. An oven and radiant lamps are used to control ambient temperature and external
radiation separately. The flame-spread rate, as well as the mass fractions of PE burning, dripping, and

unburned (or remained), are quantified and discussed using a simplified heat-transfer analysis.

2. Experiment methods

This work aims to study the effect of various heating scenarios on the fire spread over a thin
thermoplastic material that simulates the insulation of an electrical wire/cable. The external heating can be
viewed as the radiative and convective heat flux from the adjacent flame or hot smoke layer, and the internal
heating as the conductive heat flow through the wire core, as illustrated in Fig. 1a. Compared to a flat fuel,
an axisymmetric tubular fuel has no edge effect, so both the external heating and internal heating (e.g.,
Joule heating from the wire core [18,29]) are more uniform, as illustrated in Fig. 1b. Generally, three
different heating conditions are most common in fire scenes, (a) internal convection or conduction, (b)

external hot environment, and (c) external radiation.

2.1 Thin fuel samples

A typical thin-wall PE tube, which is often used as wire and cable insulation, is selected here to study
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the melting and dripping dynamics during the flame spread over insulated wires. The PE sample has a
density of 930 kg/m? (p,), a low melting point of 105~110 °C (T,), and a high pyrolysis temperature of
about 400 °C (T, ), see the TGA analysis in Fig. Al of the Appendix. To hold the burning PE tube and
prevent its bending, a thin-wall (0.18 mm) hollow stainless steel (SS) tube was inserted as the core, as
illustrated in Fig. 1b. The combination of the outer PE tube and the inner SS tube has also been used

previously as a laboratory wire to study the wire fire behavior [13,28].
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Fig. 1. Diagrams for the external and internal heating of thin fuel: (a) flat fuel and (b) tubular fuel.

Table 1. PE tube configurations: outer diameters (Z), inner diameter (D¢), thickness (dp), and cross-section area

ratios (Ad/Ao) [13,21].

Type D, (mm) D, (mm) J, (mm) A/A,
19% (Cu)
1 8.0 3.5 2.25
4% (SS)
37% (Cu)
2 9.0 55 1.75
5% (SS)

Two sizes of PE tubes were used in the experiments, and their configurations are summarized in Table
1. The thickness of the SS tube (0.18 mm) is much smaller than the inner radius of the PE tube, so that the
thermal resistance of the core wall is minimized. The length of the hollow SS tube was 160 mm, longer
than that of the PE tube (120 mm), and its end was connected to the sample holder. In addition, the copper
(Cu) core was inserted into the PE tube to mimic a wire and study its overall role as “heat source” or “heat

sink” under irradiation.

2.2 Internal heating method
The internal heating of the PE tube is produced by flowing a hot vegetable oil of a prescribed constant
temperature through the SS-tube core (Fig. 2a). Thus, the resulting heating is a controlled boundary
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temperature (T;,). The thin-wall SS tube ensures that the inner temperature of the PE tube is basically the
same as that of the oil, while minimizes the influence of the heat transfer in the axial direction. The oil flow

is driven by a small pump and connected via a high-temperature soft rubber pipe. The oil was stored in a 1-

L Pyrex beaker and heated by a hot plate, monitored by a thermocouple (TC 1).
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Fig. 2. Diagrams for horizontal flame spread over a PE/SS tube under (a) the internal heating by hot-oil flow,

(b) the hot ambient temperature, and (c) the radiant heat flux.
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During the internal heating experiment, the oil was first heated slightly above the testing temperature,
and then, pumped to the SS tube through connecting pipes. The flow rate was controlled by the power of
the pump and fixed to 4 mL/s. The resulting flow speed of the oil was about 50 cm/s for the 3.5-mm SS
tube and 20 cm/s for the 5.5-mm SS tube, which was much faster than the rate of flame spread (~1 mm/s).
Two thin thermocouples of 0.1-mm thick bead were inserted into the tube to monitor the inlet (TC 2) and
outlet (TC 3) temperatures of the oil flow. Compared to the inlet temperature, the outlet temperature was 2-
3 °C lower before the ignition due to the ambient cooling, while it was 5-10 °C higher when there was flame.

The vegetable oil used had a boiling point of about 280 °C, so the highest flow temperature tested was
set to 240 °C. The lowest flow temperature tested was 0 °C, when the oil was cooled in an ice bath. After
the inlet temperature was stabilized at the prescribed temperature, the PE insulation tube was ignited with
a propane flame at the inlet side of the oil so that the direction of flame spread was the same as the direction
of the oil flow. If the oil temperature was low, ignition would require a flame heating for 2 min. As the oil

temperature was increased, the ignition became easier.

2.3 External heating methods

A hot oven of 180 L was used to simulate the hot environment (e.g., a fire scene), and the whole test
setup was placed inside the oven (Fig. 2b). The oven could be set to ambient temperatures ranging from
20 °C to 225 °C, so the overall heating included both convection by the hot air (major heating mode) and
radiation from the inner walls (minor). After the oven temperature reached the prescribed value and became
stable, the experimental set up containing the PE tube was placed into the oven and then preheated for 3
min. The heating process of PE inside the oven is shown in Fig. A2 of the Appendix. An electric coil was
used to ignite the PE tube without opening the oven door. The power of the coil was 70 W, and the ignition
lasted for 20 s. There was a window on the oven door that allowed the video capturing for the fire spread.

External radiation is another heating scenario in fire events. In this work, the external heating was
generated from three infrared lamps that were equidistantly placed at the 120-degree interval in a cylindrical
lamp holder (Fig. 2¢). The radiant heaters (Ushio QIH120-500T/S) were quartz infrared halogen lamps
with an effective length of 150 mm, fitted into a parabolic strip reflector [13]. Irradiation to the fuel sample
was measured by a Schmidt-Boelter radiometer (MEDTHERM Co.). The PE tube sample was placed
horizontally on the axis of the test cylinder. The maximum radiation tested in the experiment was set to 11
kW/m?, which is the critical heat flux for the piloted ignition of PE. In the experiment, the lamps were
turned on to preheat the PE for 1 min, and then the propane flame was used to ignite the fuel. With a hollow
SS tube core, the ignition was easily achieved after the flame heating for less than 30 s. As the external
radiation was increased, the ignition became easier. In addition, a solid copper (Cu) core was applied to

further characterize the influence of core material.
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2.4 Measurements

To quantify the flame-spread rate, the entire burning progress of the PE tube was recorded with a video
camera (Nikon D3200, 30 fps). The flame leading edge and the melting front of the PE were tracked from
the video images using a MATLAB code to calculate the flame-spread rate. Both tracking methods provided
very similar flame-spread rates, as shown previously [13,21]. At least three repeating tests were conducted
for each case to minimize the random errors.

The mass loss fraction is another parameter quantified in this study. Before the experiment, the mass of
12-cm PE sample tube was measured. During the experiment, an analytical scale, with a precision of 1 mg,
was placed 10 cm below the fuel to capture the dripping PE. Especially for the hot oven test, the dripping
PE fuel was collected by a thick aluminum plate which could quickly cool down the landing drips and
extinguish the dripping flame. Finally, the collected dripping mass was measured by the analytical scale to
calculate the mass fraction of burning and the dripping fuel. Based on the mass conservation of PE tube,
the mass of burnt (mm;,) and their mass fractions (Y; = m;/m;) can be estimated given the initial mass (m,),

mass of dripping (mg,-), and mass of remaining (m,) [21,33] as
my = Mg, + M, +Mmy (1a)
1= YdT‘ + YT‘ + Yb (1b)

where subscripts dr, r,and b present the dripping, remaining and burning, respectively.

3. Results
3.1. Fire phenomena

After the PE was ignited and the flame spread became relatively stable, the start point of measurement
was set as 0 s (Fig. 3), and more details are shown in Supplementary Videos S1-3. The endpoint was set to
when the flame leading edge reached the other end of the 12-cm PE tube, so that the average flame-spread
rate could be calculated. Once heated, PE tubes became more transparent, as their temperature become
closer to the glass transition temperature (see Fig.A3a). Such a color change could be used to track the
melting front and the flame inception. Under external radiation, because the lamp illumination was strong,
the flame-spread rate was obtained by tracking PE’s melting front.

For this PE tube, the flame spread was always accompanied by dripping (see Fig. 3), so that the flame
did not burn out the plastic fuel [22,23]. Especially, when the PE tube was burning at a high ambient
temperature (200 °C), multiple dripping flows were generated (Fig. 3b and Video S2). When the burning
drips landed on the Aluminum board, the dripping flame was quickly quenched. Then, all the dripping mass
(mg,) was collected and measured by the electric scale. In addition, there was unburnt PE remaining on the

SS tube in the internal heating tests, even under the hottest oil temperature (75, =240 °C). This observation
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was very different from fire spread test in the base case (no internal and external heating), where all PE
tube was burning out in the end, and the remained polymer was negligible (Fig. 3b and c). This is probably
due to the oil keeping the PE below its melting point near the SS tube and the PE from burning. After the
experiment, the remaining PE (was peeled off from the SS core, and the residual mass (m,.) was measured.
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Fig. 3. Snapshots of flame spread over the horizontal 9/5.5-mm PE tube with a hollow SS tube core in the (a)
an internal hot-oil flow (T;;,,=50 °C, Video S1), (b) hot environment (7,,=220 °C, Video S2), and (c) base case
(no extra heating, Video S3).

3.2. Flame-spread rate

Fig. 4 summarizes the flame-spread rate on the PE tubes of two diameters under three heating scenarios,
where the flame-spread rate here is an averaged value for the same 10-cm distance under one specific
heating condition. For the internal heating test, the boundary condition has been carefully controlled, so the
flame spread is almost steady state. For the external heating by the external radiation or the hot ambient, it
is difficult to achieve a completely steady-state, because the flame on wire can also affect the environment.
Nevertheless, for the hot oven test, although the temperature of the PE tube still increases after ignition, the
rate of temperature rise is still quite small, especially for the lower ambient temperature; thus, using the

averaged flame-spread rate for the comparison is reasonable (Fig. A2).
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Fig. 4. The rate of flame spread for PE tube with SS core under (a) internal oil-flow, (b) hot environment, (c)

external radiation, and (d) the flame-spread rate as the function of temperature for three heating scenarios.

Note that the flame-spread rate was not affected by the dripping process in the burning zone, because
the flame spread is mainly controlled by the heat transfer in the preheat zone. Overall, the flame-spread rate
is enhanced by any of the three heating scenarios. Moreover, the diameter has no significant effect on the
flame-spread rate. For the heating scenario (a) internal heating by controlled inner-boundary, the flame
could successfully spread over the 9/5.5-mm PE tube only when the inner oil temperature (T;;,,) was higher
than 50 °C. For 8/3.5 mm tube, the flame could spread even when the oil temperature was reduced to
0 °C (Fig. 4a). More importantly, when the inner boundary temperature was in the range of 120 °C to 180 °C,
the fire spread rate decreased or remained constant. A similar result was also observed in the heating
scenarios of a hot ambient (Fig. 4b) when the ambient temperature increased from 120 °C to 180 °C. This
unexpected behavior is a result of an enhanced cooling by the solid thermoplastic melting into liquid

(discussed in Section 4.1).
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Nevertheless, such an unexpected behavior was not observed under the external radiation, where the
flame-spread rate increased monotonically with the irradiation level (Fig. 4c). To link the external radiation
with temperature, the surface temperature of the PE tube under certain external radiation was measured
right before the ignition. Fig. A2a of the Appendix shows that the PE temperature is increased by irradiation
before ignition and after flame spread. Then, the flame-spread rate can be compared as the function of the
temperature in three heating scenarios, as summarized in Fig. 4d. Unlike the internal heating and the hot
ambient providing a constant preheating temperature to the PE tube, the continuous preheating by the
external radiation kept increasing the surface temperature of PE during flame spread, so that the spread rate
continued to increase. Therefore, an averaged surface temperature is adopted to represent the preheat
temperature under irradiation. For example, the under the irradiation of 11 kW/m?, the PE surface
temperature was measured as 210 £10 °C, equivalent to preheating at a hot ambient of T, =210 °C.

In addition, the flame-spread rates on PE tube with Cu core were also measured to investigate the core
effects under external radiation (Fig. 5). As the Cu core has a larger heat capacity, it has stronger cooling
effects on the PE tube. Then, there would have two ignition results. If applying the flame ignition for 2 min
(strong ignition), no PE remained on the Cu core after the flame spread. On the contrary, if only applying
the flame ignition for 1 min (weak ignition), a layer of PE would remain on the Cu core. Without external
radiation, compared with the thin SS tubular core, the flame spread over PE on the Cu core (strong ignition)
is clearly faster than that on the SS core. However, the external radiation weakens the effect of the Cu core
on accelerating the flame spread. One probable reason is that Cu has a higher reflectivity, so the overall
radiation absorption by PE and Cu core is smaller. The radiation absorption by fuel as found important

previously by comparing black and clear PE [34].

(a) 3.5-mm Cu core (b) 5.5-mm Cu core
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Fig. 5. The flame-spread rate under the external radiation over the horizontal PE tube with (a) 3.5-mm Cu

core and (b) 5.5-mm Cu core.
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More interestingly, there is a weak-ignition mode for flame spread over PE on Cu core under a low
external heat flux (§,< 5 kW/m?). When the flame ignitor heats the PE, the Cu core acts as a “heat sink” to
prevent or prolong the ignition [28]. Therefore, if the ignition is too weak to ignite the entire fuel layer, it
is still possible to achieve a flame spread that only involves the outer-layer fuel (6, ). At the same time, part
of PE remains on the Cu core after flame spread like the internal heating case in Fig. 3a. Once raising the

irradiation above 5 kW/m?, no PE will remain on the core, so that only one flame spread model exist.

3.3. Mass loss fractions

Fig. 6 describes the mass loss fraction as a function of oil temperature for the two sizes of PE tubes.
Within three repeating tests, the uncertainty of mass fraction is less than 10%, showing a good repeatability.
Note that without the internal oil flow, there is no remaining PE (Y, = 0) after the flame spreads over.
Clearly, as the inner-boundary temperature increases, more fuel drips, while less fuel remains. The amount
of remained PE can be observed by the thickness of the remaining PE, as seen in Fig. 3a. Note that even
when the boundary temperature increases to 240 °C, there is about 15% PE left on the SS tube. This
indicates that in the burning region (within the flame), the applied hot boundary is still a “heat sink”
compared with the pyrolysis temperature (Tj;, < Thpy).

In contrast, without the cooling from the oil flow, the SS tube could be heated by the flame to above
600 °C [21], which is higher than the pyrolysis temperature of PE (~400 °C in Fig. A1). Thus, no fuel would
remain on the hot SS tube that is directly heated by the flame. More interestingly, the burning fraction (V)
does not change by the inner boundary temperature for the two tube sizes, even though the flame-spread
rate doubles when Tj, increases to 240 °C. As expected, the value of Y} is also close to the base case

without the internal heating flow.

(a) 8/3.5 mm PE tube (b) 9/5.5 mm PE tube
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Fig. 6. Mass fractions of dripping (Yy,-), burning (Y}), and remaining (Y;.) in flame spread over the (a) 8/3.5

mm, and (b) 9/5.5-mm horizontal PE tube, with a hollow SS tube core and an inner oil flow.
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Fig. 8. Mass fractions of PE wires with Cu core under (a) strong ignition, and (b) weak ignition.
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Under external heating by either the hot ambient or external radiation, there is no remaining PE after
the fire spread. Thus, only two mass fractions are measured: dripping (Y;,) and burning (V;). Fig. 7 shows
the mass fraction of dripping and burning as a function of ambient temperature and the radiation heat flux
separately with two wire diameters. The burning and dripping fractions are almost constant under external
radiation (Fig. 7b). Differently, in the hot ambient, the dripping fraction has a clear increase with
temperature when the temperature is lower than the melting temperature of PE (~125 °C), but it becomes
stable at a hotter ambient. In short, the mass fraction of burning (Y;) is almost stable, regardless of the
heating condition, especially when the PE temperature is higher than the melting point.

Fig. 8 plots the mass fraction of the PE tube with Cu core under external radiation. With a strong ignition,
no PE fuel remained on the Cu core. However, with a weak ignition, partial fuel remained when the external
radiation is lower than 5 kW/m?. The diameter of Cu core has a noticeable effect on the mass loss fractions.
Generally, when a high-conductance metal is attached to the thermoplastics, the burning and fire-spread

behaviors become more complicated. Nevertheless, the mass fraction of burnt fuel is still relatively stable.

4. Discussion
4.1. Effect of phase change on fire spread

A locally reduced fire-spread rate was observed when the inner boundary temperature or the ambient
temperature was just above the melting point of PE (Fig. 4a-b). To explain this behavior, a heat-transfer
analysis for the flame spread over a thin fuel is applied to the preheating region ahead of the flame front. A
schematic of the control volume where the heat transfer analysis is applied is shown in Fig. 9a. The inner
boundary temperature of this control volume is well controlled in the internal heating test by the constant

oil temperature. The hot flame is clearly the heating source (6'1}'), while the inner boundary is the cooling
source (qy ) because of Ty, < T, =~ 400 °C. Considering that flame spread over a solid is fundamentally a

continuous ignition process [2], the fuel has to be preheated to the pyrolysis temperature before ignition.

Then, the flame-spread rate (Vf) is expressed qualitatively [15] as

(4f — Gin)L  Driven Force
Vf =~

(2a)

ppCpOpAT "~ Thermal Inertia

where q'', p, c, and L are heat flux, density, specific heat, and heating length, respectively, and
subscripts f, b,and p represent the flame, inner boundary, and polymer. The temperature difference (47T)

is between the pyrolysis temperature (T,,) and the inner boundary temperature (T}) as
AT = Ty, —Tp, (3)

For all three heating scenarios, T;, increases, and AT decreases, as the boundary temperature or radiant
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flux increases. However, the spread rate does not always increase in a monotonical manner; instead, it
decreases when the boundary temperature is between 110 °C and 180 °C (see Fig. 4).
To explain all these trends, we shall further consider the overall heat flux at the inner boundary (¢;y,),
Nu=1 (T;, <T,, conduction)
i, = heAT = Nu-2AT, (4)
p Nu>1 (T;, > T,,, convection)
which describes the two-stages cooling effect. If the boundary temperature lower than the molten points,
the conductive cooling effect is dominated. Once the temperature exceeds the melting point, the cooling
effect transforms into convective cooling. Also illustrated in Fig. 9a, if the boundary temperature increases
above the melting point, the cooling effect (i.e., Nu and h.) is enhanced from conduction to convection as

the solid PE layer melts into liquid. Then, the flame-spread rate in Eq. (2a) becomes

v~ —t < a5 —hc> 2b)
ppcplp \Tpy = Tin

Thus, regarding the flame-spread rate, the “hot” boundary can be either a “heat sink” or a “heat source,”

depending on the internal cooling (h.) and the relative magnitudes between Ty, Ty, and Ty,

(a) Preheat zone (b) Boundary effect
1! AN
s1¥ 9r ¥ s ¥ \ 4
; |
Tin = Tm 7;-”’
(Conduction) !
i Premixed
7, Vg, ¥ \ 4 T flame
....... >3
14
Y a ¥ T ¥ A4
Op| ¢
Y R >
Tin > Tm Tm """ ~
(Convection) | ! S Y
! R‘ $--.._\)
Y1, ¥, ¥ ¥ T oy Tin

Fig. 9. Illustration of (a) heat transfer in the preheat zone, and (b) effect of inner boundary temperature (T;,) on

n

the temperature difference (4T), convection coefficient (h), flame heating (¢f /AT), and the flame spread (V).

Fig. 9b illustrates the dependence of inner-boundary temperature on several key parameters. If T;, <

T, the conduction occurs within the solid fuel layer, i.e., h, = k;, /8, = const. If the inner boundary

becomes hot enough to melt the PE (T;, > T,,), the convection heat transfer occurs, which is evidenced by

observed liquid motion. This convection is a combined effect of Marangoni convection (major) and natural
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convection (minor). This convective cooling (h.) increases with temperature, because the viscosity of
molten polymer decreases rapidly with the increasing temperature [35]. Although the effective flaming

heating, c'[]'c' /(Tpy — Tin), also increases with Ty, its initial rate of increase is smaller than the rapid increase

of hc, because of Ty, < T,,,. Therefore, due to the competition between the effective flaming heating

"

(g5 /AT) and the boundary cooling (h.), the flame-spread rate can decrease locally when the inner-boundary

temperature is just above the molten point of fuel (see Fig. 4). Note that this behavior should only occur to
with low melting point and low-viscous materials, such as thermoplastics.

Further increasing the inner-boundary temperature, the decrease of AT = T, — T;;; dominates the
flame acceleration. As the inner-boundary temperature is near or higher than the pyrolysis point of the fuel
(AT — 0), the flame-spread rate will not go infinite as predicted by Eq. 2(a). Instead, the entire fuel will
quickly melt, drip, and pyrolyze; and then, the pyrolysates start to mix with air during the preheating stage.
After ignition, the fire spread may become the propagation of a premixed flame, which is a gas-phase
phenomenon and similar to flame spread over the liquid fuel above the flashpoint [36]. Although the heat
transfer process became more complicated in a hot ambient, test results show that the cooling effect is still

enhanced by the phase change process in the preheating zone.

4.2. Distribution of thermoplastic fuel mass

To explain the varied mass fraction of remaining (Y;) in different heating scenarios, a detailed heat-
transfer process within the fuel layer in the burning zone should be considered, as illustrated in Fig. 10.
Although the inner temperature (Tj,,) can be higher than PE’s molten point, the molten layer near the inner
boundary cannot move fast enough compared to the flame-spread rate because of the high viscosity [37].

At the end of the burning zone, the outer surface temperature decreases to the pyrolysis point, and then

extinction occurs under a minimum flame heat flux (¢ ., ). Thus, near extinction, the heat balance satisfies

(T - T ) N7
kpc6—rm = h(pr - Tc) = dfex (5)

Therefore, after extinction, the mass fraction of the remaining fuel can be estimated as

ﬁ _ kp(Tc - Tin)

6

Y, = -
p Af exOp

(6)

which decreases with the increasing Tp, as seen in Fig. 6.

Because the heating from the flame is insensitive to the inner-boundary temperature, a constant mass
of burning fraction means the residence time of melts (t,.) on the core is almost invariable. This residence
time should have three components, (1) the flow time around the core, (2) the accumulation time to a molten

ball (drip) below the core, and (3) the constant free-fall time of drip after the detachment.
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Fig. 10. Illustration of (a) overall heat transfer and temperature profile in different zones, and (b) the heat

transfer and temperature profile in fuel for steady burning and near extinction.

The flow time around the core should be controlled by the balance between the resistance of viscous

stress (7,,) and the drive of Marangoni surface tension () in the axial direction as

du Uy 7a)
T, = U— = U— a
K dr Sm
0 T 00| Ty — T,
“ = 5ra5" orl 5 (7)

where the liquid on the bottom is hotter than that on the top, because of a thinner flame-standoff distance
on the bottom (Fig. 3). Thus, the liquid moves from bottom to up against gravity. This upward flow was
also observed in the experiment via the motion of black residue (soot) which floated on the liquid surface,
and such flow velocity (u,,) increases with the thickness of the melting layer, as

9o | T =T O
aT D Um

Umnm =

(8)

Therefore, for the accumulation time of the molten ball, the balance between gravity and surface tension

becomes important, and controlled by the critical Bond number (or E6tvés number) as

_ ppgD?
O-m

Bo

)
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A similar balance exists for different boundary temperatures, as the measured mass of a single droplet
is similar. The viscous effect becomes negligible because the molten ball hangs below the core statically
(u = 0). Also, because the size of the droplet is relatively small (about 2 mm) [21,38], a thicker moving
layer (8,,) only increases the number of droplets in the same location, but not increases the time of
accumulation for each droplet. Therefore, the overall residence time for the molten layer within the flame
is similar, resulting in a similar mass fraction of burning.

With various external radiations and different core materials, the mass fraction of burnt fuel is still
relatively constant (Fig. 8). There are two possible reasons:

1) For the fuel inside the burning zone, the flame can effectively block the external radiation [39]. In
contrast, there is no radiation blockage in the preheat zone, so the external radiation can effectively
accelerate the flame spread while not enhance the burning rate.

2) The external radiation is much smaller than the flame heat flux within the flame. The maximum flame

heat flux may occur below the tube sample where the flame standoff distance (&y) is the smallest.

The flame heating is much larger than the partially blocked external radiation as

=T 0062400 =400 _ W /m? > o7 10
5 00001 /m> g (10)

qr ~ kg

Therefore, regardless of the heating scenario, the burning fraction (Y}) is almost constant, especially when
the preheating temperature of PE is higher than its melting point. In other words, in real fire cases, if the
temperature excesses the melting temperature of PE, there could be a similar burning behavior in different

fire events.

4.3. Influence of the copper core
As shown in Fig. 5, two stable flame-spread modes are observed on the wire with a Cu core, depending
on the ignition heat flux. Choosing such a outer layer as the control volume (see Fig. 10), the flame-spread
rate of weak ignition may be expressed as
@)+l

Vi w-ig & 2
fw-ig pPCP5mAT ( C)

where g, is the irradiaton. During the flame spread, the Cu-core boundary still acts as the “heat sink” to
cool the inner layer of PE, and the effective fuel thickness is smaller (6,, < &,).
For a strong ignition, the entire fuel layer is ignited, so that the flame-spread rate may be expressed as
(G5 + dir + Gin)L
ppCpO, AT

Vi sig = 2d)

where the Cu core acts as a heat source in the fuel preheat zone, as observed previously in [21,40]. For a
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larger core, the heating effect of the core is usually larger, unless the flame is near the extinction limit [13].
On the other hand, the entire PE layer (6,) is involved in the flame spread, so the actual fuel thickness is
larger. Therefore, depending on the relative magnitude between ¢f, ¢iy,and §;p, as well as that between
6, and &y, the flame-spread rate under a weaker ignition can either be larger or smaller, as seen in Fig. 5.
As the irradiation (g;,.) increases above 5 kW/m?, the entire PE layer can always be ignited and evolve in
the flame spread, so there is only one flame-spread mode. Thus, it is worth noting that the flame-spread
phenomena on the plastic insulation of realistic wires and cables are more complex, so does the role of

heating and cooling by environment and core material.

5. Concluding remarks

In this work, the flame spread over thin tubular PE fuel is investigated under three possible fire heating
scenarios, (a) inner-boundary temperature, (b) hot ambient, and (c) external radiation. The overall flame-
spread rate increases when the temperature is increased by three heating scenarios. However, the flame-
spread rate decreases when the environmental temperature is just above the melting point of the fuel
(120~180 °C). The phase change results in a convective cooling effect, which is more effective in heat loss
than conductive cooling.

The PE could remain attached to the core after flame spread if the inner-boundary temperature is below
the pyrolysis temperature of fuel. With the boundary temperature increasing, more PE dripped, and less fuel
remained. On the other hand, the mass fraction of burning is insensitive to temperature in the three heating
scenarios within the tested range. This work helps understand the flame spread and phase-change processes

of thin thermoplastic fuels under different heating scenarios in realistic fire events.
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Appendix

The thermogravimetric analysis (TGA) analysis of PE sample was conducted with a PerkinElmer STA
6000 Simultaneous Thermal Analyser. The initial mass of PE sample was 3-5 mg, and samples were heated
at the constant rates of 20 and 50 K/min. Two oxygen concentrations were selected, 0% (nitrogen) and 21%
(air), with a flow rate of 50 mL/min. Experiments were repeated twice for each case, and good repeatability
is shown. Fig. Al shows the mass-loss rate curves of the PE insulation sample. In general, the
decomposition temperature increases with the heating rate, while decreases in an oxidative atmosphere.
Previous measurements showed that the heating rate of PE by flame was about 50-200 K/min [21], so that

it is expected that the decomposition of PE within the flame (i.e., without oxygen) occurs above 400 °C.
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Fig. A1. Mass-loss rate in the thermogravimetric analysis (TGA) of the PE in both air and nitrogen.

In the experiment, wires were preheated before ignition. Then, the evolution of surface temperature was
recorded as a function of time. Fig. A2a plots the temperature increasing process under the external radiation
with 3 kW/m? and 11 kW/m?heat flux separately. Obviously, the heating rate is larger for the wire under a
higher heat flux. However, the larger heat flux also means it will take a longer time to reach the steady state.
Specifically, the preheating time is only 1 min in external radiation test. Thus, the temperature was
continually increased and quickly exceeded 165 °C after the preheating stage for the wire under 11 kW/m?
radiation. Differently, in the hot oven test, the surface temperature is always lower than the ambient

temperature, as shown in Fig. A2b. After 3 mins preheating time, the surface temperature of wire is

relatively stable especially for wires in a lower temperature.
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Fig. A2. Temperature propagation of 8/3.5 mm PE tube with SS core under (a) external radiations of 3 kW/m?

and 11 kW/m? and (b) the oven temperature of 50 °C and 150 °C.

Fig.A3a shows the color changing of the PE tube during flame spread. When the temperature of PE

solid exceeds its glass transition temperature, it becomes transparent. We can clearly observe the melting

edge, and the front of the blue flame. The FSR can be measured by tracking the position of the flame front

or melting edge. Fig.A3b plots the position of the flame front and melting edge for a tube in hot ambient

temperature (50 °C). Essentially, the flame front is at the same position with the melting front.
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Fig. A3. The photograph shows the partial transparent PE tube during burning and (b) the positions of the

melting edge and flame front for the PE tube burning in a hot ambient (50 °C).
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