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Abstract: The melting and dripping of burning thermoplastics can cause a new ignition and form a
plastic pool fire, resulting in a significant fire risk. This work investigates the burning dynamics of
polyethylene (PE) vs polypropylene (PP) pools fully melted at 380-410 °C on a hot plate with a
controlled area and initial temperature. For PE, three burning patterns are observed and defined under
different bottom boundary temperatures. When the boundary temperature is lower than the melting
point of thermoplastic, burning Pattern I (near-limit flame) appears shortly and extinguishes quickly.
Above the melting point of PE, the flame becomes stronger and can last for the longest period before
quenching (Pattern II: transitional flame). PP does not have this transitional-flame stage due to a higher
melting point and lower pyrolysis point. When the plastic pool temperature exceeds its flashpoint of
about 300 °C (~60 °C below its pyrolysis point), the flame becomes intense and quickly burns out the
molten pool (Pattern III: intensive flame). The burning processes of molten thermoplastics show a clear
difference from the burning of ethanol and paraffin wax. This study promotes the understanding of the
melting and burning of plastics in real fire scenarios and helps quantify the hazards of dripping and

flooring fires.
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Highlights
e The ignition and burning dynamics of thin thermoplastic pool fire are explored above a hot boundary.
o Flashpoints of both PE and PP plastic pools are measured to be about 60 °C below its pyrolysis point.
e Three burning patterns, (I) near-limit flame, (1) transitional flame, and (III) intensive flame, are found.

o Different burning features between conventional liquid fuels and plastic fuels are compared.
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Nomenclature

Symbols Greeks
A area (mm?) o thickness (mm)
B mass transfer number (-) y pixel ratio
Bi Biot number (-) v stoichiometric air-fuel ratio (-)
¢ specific heat (kJ/kg/K) p density (kg/m?)
h convection coefficient (W/m?-K)
Ahe heat of combustion (MJ/kg) Subscripts
Ah,,  heat of pyrolysis (MJ/kg) cond  conduction
k thermal conductivity (W/m-K) c cooling

" mass flux (g/m?-s) ex external
Nu Nusselt number (-) f flame
q" heat flux (kW/m?) F fuel

thermal inertia i inner

Ra Rayleigh number (-) p polymer
t time (s) py pyrolysis
T temperature (°C) r remaining
Ty boundary temperature (°C) u up

1. Introduction

The thermoplastic material has an increasing market share in every part of our daily lives (e.g.
building, manufacturing, cloth, vehicle and necessities) in view of its low cost and good ductility.
Thermoplastics, such as polyethylene (PE), polyethylene chloride (PVC), polypropylene (PP) and
expanded polystyrene (EPS), can repeatedly deform and reshape at high temperatures. Thus, they can
undergo softening, melting, flowing and pyrolysis processes, so they are different from thermosets [1].
Nevertheless, as a by-product of petroleum, plastics are flammable in nature, and the burning of plastics
contributes significantly to the fire intensity and toxic smoke. Driven by the gravity and surface tension
forces, the hot molten plastics in fire tend to generate discrete drips or merge into a dripping stream,
showing complex fire behaviours. Then, the flame can move with molten plastics, burning as extensive
pools, as observed in the 2017 London Grenfell Tower fire [2]. The dripping and pooling of
thermoplastics accelerate the flame spread and pose significant fire safety challenges [3,4] (Fig. 1).

The thermoplastics have specific fire behaviours mainly due to the melting and dripping processes
[5,6]. Previous studies show that the melting process of thermoplastics has a great impact on ignition
[7] and fire spread [8], and the melting of burning plastics could generate the plastic drips with flame,
named dripping fire [9—11]. Regarding the fire hazard of melting and dripping plastics, the standard fire
tests, e.g. UL-94 [12] and EN-13823 [13], have highlighted the dripping ignition phenomenon in
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material classification. Many researchers have measured the mass, size and temperature of drops from
burning a vertically oriented plastic sample, based on the UL-94 polymer vertical burning test [14—17].
Numerical modelling has successfully predicted the drip size, generating time [18], and the subsequent
free fall process with flame shedding [19]. The continual dripping flame is capable of starting a new
fire after landing on other fuels [20]. As revealed in our recent works, dripping ignition is a type of pilot
ignition where the ignition of thin fuel follows the classic thermally thin ignition theory [9]. In addition,
the property of target materials, such as permeability, also plays an essential role in affecting the

dripping ignition process [10].

Plast'tc pool fire
/

Fig. 1. (a) Plastic pool fire in a real cable fire accident [21] (b) The plastic advertising light caught fire and
formed a drip pool at ground [22], and (c) pooling of burning PP chair.

Most past studies focused on the discrete dripping behaviour. However, when the burning of
thermoplastics becomes intensive, a large number of drips is generated. Then, they tend to merge into
dripping streams and form a pool fire on the ground, expanding the fire hazard [15]. Statistics show that
over 74% mass loss of plastics in fire accidents were consumed by plastic pool fires [23,24].
Considering thermoplastics are solid at room temperature and have high melting and pyrolysis points,
so their pool fire will be different from either solid fuel (e.g., wood and wax) or liquid fuel (e.g., ethanol
or oils). Consequently, it is necessary to investigate the burning behaviour of thermoplastic pool fire.
Xie et al. [25] designed a novel T-shape trough to investigate flooring and dripping flow behaviour. By
measuring the flowing speed of several thermoplastics, PE showed a higher fire risk because of a faster
expansion of plastic pool fire [26].

Several large-scale tests investigated the loop mechanism between the plastic wall fire and the
plastic pool fire [26,27] and the radiant heat flux [28]. So far, limited studies have discussed the burning
of melted plastics in the early fire stage and the influence of ground temperature. The boundary
temperature is one of the crucial parameters in the study of conventional pool fires [29]. Moreover, in

practical dripping fire scenarios, the ground temperature would increase from the room temperature to
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over 600 °C in compartment fire [30]. Therefore, this study aims to investigate the boundary
temperature effects on burning thermoplastic metals and explore the differences between burning
molten plastics and simple solid/liquid fuels.

In this work, the thermoplastics are preheated uniformly in a sealed furnace to generate melts before
dripping and ignition on the ground. Then, we focus on the flashpoint of molten plastic and the effect
of ground temperature on the burning dynamics and patterns of a plastic pool fire. For comparison, the
burning of another two simple fuels, wax and ethanol with different melting points, is also tested to

determine the uniqueness of plastic pool fire, and the fire hazard of dripping fire can be determined.

2. Experimental setup
2.1. Plastic drips and pool fire

This work tested two typical thermoplastics, PE and PP, while their melts were burning in a ceramic
crucible with a 30-mm diameter and controlled boundary temperature, as shown in Fig. 2. Before
experiments, plastic melts were generated by adding a fixed volume of plastic pellets into a customized
furnace. The sealed furnace was a cylindrical shape and had an efficient volume of 15 mL. It was
powered by six uniformly distributed rod heaters, so that the plastic pellets could be uniformly heated

and melted into a fluid. Each time, 2.6 g PE or 2.0 g PP was filled into the furnace and fully molten.

(a) Plastic and crucible before testing

(b) Schematic diagram of dripping generator

heaters

TC & Plug

After
ignition

Fig. 2. Experimental setup (a) materials and crucible before testing and (b) the thermoplastic melts and

drips generator and the hot plate for controlling boundary temperature.

PE has a higher pyrolysis point (370 = 10 °C) than the 340 = 10 °C of PP [31], as found from the
thermo-gravimetric analysis (TGA) in Fig. A1 of Appendix. Therefore, the preheating temperature was
set to 410 °C for PE pellets and 380 °C for PP to generate the completely liquified melts, and ensure the
melts can be ignited after dripping [25]. The DSC curves in Fig. Al show that PE also has a melting
point (or flowing temperature) of 130 °C, which is lower than the 180 °C of PP [32]. Thus, PE needs a

lower temperature to overcome its viscous and surface tension forces to flow freely. The
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physicochemical properties of PE and PE are summarized in Table 1.

A thermocouple probe with a 1.5-mm diameter was inserted from the bottom dripping tube, which
could monitor the temperature of melts and act as a plug to prevent the leakage of melts. When the melts
reached the target temperature, the piston would squeeze all melts out of the vessel through the dripping
tube to generate the dripping flow.

After a free fall of 20 cm, the dripping melts were collected by a thin-wall disc crucible of 30 mm
diameter. Thus, the initial thickness of molten plastic was fixed to 4.8 mm for PE and 4.5 mm for PP.
The diameter of the crucible was 30 mm, which was six times greater than its depth, so that the
dominating heat transfer process was in the depth direction and approximately 1D. The calculated Biot
Number (Bi = h,,/h;,) was smaller than 0.1, so the thin plastic pool had a uniform temperature.

This crucible fixed the burning area of the formed plastic pool and was placed above the hop plate.
The temperature uncertainty of the hot plate is +1 °C. A thin thermocouple (with a 0.1-mm bead diameter)
was fixed on the bottom of the cylinder crucible to measure the temperature of a thin plastic pool. The
accuracy of thermocouple is 0.1 °C. The plastic pool temperature was slightly higher than the set hot-
plate temperature, and the pool is too small to affect the hot-plate temperature. Right after landing, the
plastic pool was still above the pyrolysis temperature; thus, it had a good flowability and could be
piloted easily. This study adopted a spark to pilot a flame on the dripped plastic pool. Note that the spark
only acts as the pilot source, which can avoid transporting additional energy to the dripping melts. In
this way, the initial condition of dripping melts is well controlled. The spark is applied immediately

after dripping and will be removed once the flame ignition is observed.

Table 1. Properties of four fuels at standard conditions (1 atm and 0 °C) [33-37].

Drip Type PE PP Paraffin Wax  Ethanol
Density, p (kg/md) 920 900 913 757
Specific Heat, ¢, (kJ/kg-k) 2.3 2.4 2.6 2.46
Thermal conductivity, k (W/m-K) 0.4 0.11 0.23 0.16
Melting point, T;,, (°C) 115 155 48-68 -114
Pyrolysis point, T,,, (°C) 370+ 10 340+ 10 - -
Boiling point, Ty, (°C) - - 330-370 78
Flashpoint, T¢;qsp, (°C) 310+ 10 260 £ 10 270 £ 10 13
Initial layer thickness, § (mm) 4.8 4.5 5.0 5.0
Bi (-) 0.02 0.05 0.02 0.03

2.2. Measurements and controlling parameters

In the experiment, the hot plate temperature was varied to investigate the burning behaviours of the
plastic pool. The hot plate controlled the bottom surface temperature (73) of the crucible that varied

from 25 °C to 450 °C, which was measured and calibrated by its default temperature sensor.
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Measurements showed that before extinction, the temperature of thin-layer fuel was within 10 °C of the
set bottom boundary temperature. The plastic residue after extinction was measured by the scale with
0.001 g accuracy. A digital camera was applied to record the burning phenomenon. We can further
abstract the flame sustained time and the flame features based on the video. In addition, an infrared
camera was used to measure the temperature of plastic pool surface and check its uniformity.

For comparison, two simple hydrocarbon fuels, pure paraffin wax (CyHan+2) and ethanol (CoHeO),
were also burned in the same crucible under the controlled boundary temperature. The ethanol has a
very low melting point, so it is liquid at room temperature. The melting point of wax is above 48 °C, so
it is a solid fuel at room temperature. Exactly 2.8 g ethanol or 3.2 g wax was added to the preheated
crucible during the test. Then, the initial thickness of the fuel is the same as the depth of the crucible,

which is 5 mm. Their detailed properties are summarized and compared in Table 1.

3. Experimental results
3.1. Burning patterns

For thermoplastics, their low melting point and high pyrolysis temperature show unique burning
behaviours, different from either non-flow thermosets or pure liquid fuels. In this experiment, the
preheating temperatures of thermoplastics are over 200 °C higher than their melting point and above
their pyrolysis temperature. Thus, the produced molten plastic is highly fluid, and its dripping flow is
accompanied by white smoke (i.e., re-condensed pyrolysis gases). After dripping on the hot surface, the
drips are still in a high temperature and highly fluid, so they are flooring around the surface to increase
the surface area, driven by gravity (see Fig. 3a). At the same time, the landed molten plastic is gradually
cooled by the cold bottom boundary surface and eventually re-solidified, where the whole process has

no flame due to the lack of a pilot source.

(a) Dripping processes on target surface ( T, = 25 °C)

2560 ms

Dripping
flow \
0

Fig. 3. (a) The dripping, free landing, and flooring processes of molten PE on a cold surface of 25 °C, and
(b) increasing burning area of PE molten layer on the hot plate of 350 °C (see Video S1).
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A flame will be ignited if a pilot spark is applied immediately after the dripping (see Fig. 3b),
because the dripped melts are still higher than the pyrolysis temperature. The molten layer will burn
more stably and intensively as the hot-boundary temperature increases. Then, the burning area will also
increase dramatically along with the flooring and burning progress, because the surface tension of melts
is reduced quickly under the flame heating. In short, the free burn on the hot boundary is extremely
complex due to the motion and uniform melts and the changing fuel area and thickness. Therefore, this
study collects and burns the dripped plastic melts in a thin-layer crucible to guarantee a uniform fuel
surface and constant burning area.

The bottom boundary temperature has a crucial impact on the temperature of the plastic pool and
the following burning behaviours. As the hot-boundary temperature increases, three types of flame were
observed subsequently, namely, (I) near-limit flame, (II) transitional flame, and (III) intensive flame.
For example, when the boundary temperature was at room temperature (no heating at T, =25 °C), the
flame of the burning PE melt layer was weak and gentle, mainly showing a blue color (Fig. 4a). This
near-limit flame will only be sustained for a short time (less than 30 s) and then quickly quenched by
the cold boundary. The plastics also quickly re-solidifies, where the reduction in fuel mass and thickness

is very small (see Section 3.4).

(a) Near-limit flame of PE molten layer ( T, = 25 °C)

(c) Intensive flame of PE molten layer ( T;, = 450 °C)

Burn out

20 mm

==

Fig. 4. Molten PE pool fire, (a) near-limit flame without bottom heating, (b) long-lasting transitional flame

at 250 °C boundary temperature, and (c) the intensive flame of PE molten layer at 450 °C boundary

temperature, where a spark is used as the pilot source (see Video S2).
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Continuing rising the bottom temperature over the melting point of the PE (i.e., T, >150 °C), the
transitional flame will appear, where the portion of the blue flame is reduced with the increasing
boundary temperature (Fig. 4b). Moreover, the sustained time of transitional flame is much longer
compared with the near-limit flame, but there is still fuel remaining after extinction that is thinner and
molten. The extinction of transitional flame is also caused by quenching. Further increasing the bottom
boundary temperature, the molten layer will be bubbling during the burning process, showing an
intensive flame (Fig. 4c). The intensive flame has a bright yellow colour and a long, turbulent plume.
Finally, the entire molten layer was consumed by flame. Table 2 summarises the detailed characteristics

for identifying the three burning patterns.

Table 2. Characteristics of three burning patterns of molten pool fire.

Flame type Features Burning duration Extinction
Near-limit flame ]
S mostly blue, short and laminar Short Quenched
(failed ignition)
I Transitional flame changing from blue to yellow  Increasing with Ty and longest Quenched
I Intensive flame yellow, tall and turbulent plume Reducing with intensity Burnout

3.2. Burning duration, flame height, and flashpoint

Fig. 5(a) summarizes the flame burning duration of PE pool fire at different bottom boundary
temperatures. Pattern I (near-limit flame) has a shorter flame sustained time. The flame could appear
because the dripping melts are hot enough to be ignited. But the flame is difficult to sustain and is
quickly quenched by the cold boundary. Thus, Patten I is identified as the failed ignition. Whereas in
Pattern I, the flame duration is significantly enhanced. The plastic melts are burning in a mild and
stable way, observing as a long-lasting flame. The burning duration in this pattern gradually increases

as the bottom temperature increases, so the flame in Pattern II is defined as the transitional flame.

(a) Flame sustained time vs. T, of PE (b) Flame sustained time vs. T, of PP
Near—llimit fransitionlal Inténsive I Near—llimit I I Inténsive |
flame flame flame flame flame
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Fig. 5. Flame duration of molten plastic pool fire at different bottom boundary temperatures, (a) 4.8-mm

thick PE and (b) 4.5-mm thick PP.
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When the boundary temperature continually increases over 310 °C, the flame duration is gradually
reduced with the increasing boundary temperature because of the growing burning intensity. The
burning of PP shows similar flaming behaviours, as shown in Fig. 5(b), but the region of Pattern II
(long-lasting transitional flame) does not exist or is too small to be observed. Therefore, the sustained
time suddenly increases to the longest point without transition.

Different burning patterns also can be easily identified in the flame height evolution diagram. Fig.

6 plots the evolution of flame height under different boundary temperatures for the (a) PE and (b) PP,
respectively. For PE, three trends correspond to the three burning patterns in Fig. 6a. For near-limit
burning Pattern I (T, <150 °C), the flame height is lower than 20 mm, and it quickly diminishes until
extinction. For the transitional Pattern II, the flame height reaches the maximum height first and then
slowly decreases with time. For the intensive burning Pattern III, the peak flame height is clearly greater
than other patterns, appearing as an intensive yellow flame. The burning duration reduces with the
boundary temperature because the overall burning rate is enhanced. Then, we can define the flashpoint
of plastic pool when an intensive burning Pattern III occurs, that is, 310 + 10 °C for PE. For PP, its
burning only shows the near-limit burning Pattern I and the intensive burning Patten III, while the long-

lasting transitional (Pattern II) flame is not observed around 200 °C (see Fig. 6b).

(b) PP flame height evolution

(a) PE flame height evolution
140 140
@ + T,=50°C | 2 @ + T,=50°C |
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Fig. 6. Flame height of (a) PE and (b) PP at different bottom boundary temperatures.

There are three factors contributing to different burning behaviours between PE and PP pool fires.
Frist, the melting point of PP is about 40 °C above that of PE. The melting temperature is controlled by
the arrangement and nature of the repeating unites for polymer [38]. PE has a lower melting point
because of a higher degree of symmetry structure without ramification groups. Consequently, PE is
easier to sustain a flame than PP. Secondly, PP has a slightly lower pyrolysis point than PE [39] (see
Fig. A1), so it is easier to enter the intensive burning pattern. Thirdly, the liquid components of PP
pyrolysis products (i.e., tar) mainly include alkanes and naphthene with molecular chains of C9-C28,

while PE pyrolysis liquid products contain larger alkanes, C8-C43 [40]. The hydrocarbons become
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harder to ignite as the molecules get bigger, mainly because of the increased latent heat of evaporation
and the greater Van der Waals attractions for bigger molecules. Numerical simulations are needed in
future work to further quantify influence of these three factors.

When the boundary temperature is over 250 °C, PP directly enters the intensive burning stage,
expressing apparent enhancement of flame height and complete consumption of the molten layer. Thus,
the flashpoint of molten PP is 260 = 10 °C. The sudden access of Pattern III for PP might be due to its
shorter carbon chain and the rapid decomposition rate once ignited [41]. In other words, the PP shows
lower thermal stability than PE, which is decided by the presence of methyl group ramification in the
PP structure. Moreover, the remaining fuel layer not only includes the liquid virgin plastic, but also
contains its liquid products of pyrolysis. Overall, PE is easier to sustain a flame due to a lower melting
point, but more difficult to enter the intensive burning pattern due to a harder pyrolysis, showing the
transitional flame Pattern. In contrast, PP is either failed to ignite or sustain an intensive flame, and such

behaviours are more like a conventional liquid fuel.

3.3. Remaining thickness of molten layer

For Patterns I and II, the flame will be quenched eventually, and partial fuels are remaining. The
mass of remaining mass (m,) is measured by the electric scale after the test. Then, the remaining

thickness of the plastic molten layer can be calculated as:

my

6= A )

where the density of the polymer (p,,) are 920 kg/m’ for PE [42] and 900 kg/m’ for PP [43]. Fig. 7 plots

the calculated thickness of the molten layer. The red dashed line indicates the original thickness before

ignition, which is 4.8 mm for PE and 4.5 mm for PP.

(a) Thickness vs. T}, of PE (b) Thickness vs. Tj, of PP
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Fig. 7. The remaining thickness of the molten layer for (a) PE and (b) PP, under three burning patterns (I)

near-limit flame, (II) long-lasting transition flame, and (III) intensive flame.
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For PE in Fig. 7a, when the boundary temperature is in the Pattern I, the remaining thickness is
reduced slightly, matching the quickly quenched flame in Pattern I. The remaining thickness gradually
reduces with boundary temperature when it is in the range of 175 °C to 320 °C (Pattern II), which is
homologous to the increasing burning rate and longer flame sustained time. For the intensive burning
Patter 111, all fuels are consumed in the end, so the remaining thickness reduces to zero.

Differently, only two patterns are identified in the burning of PP in Fig. 7b. In Pattern I, the
remaining thickness slightly decreases with the increasing boundary temperature. Then, the remaining
thickness suddenly drops to zero when the boundary temperature is over 225 °C, because PP enters the

intensive burning stage without the transition. The possible reasons are discussed in Section 3.2.
3.4. Burning flux and heat release rate

As the mass change of the fuel burning is negligible compared to the heavy hot plate, the mass loss
cannot be measured directly by a precision scale. Alternatively, the burning rate, represented by the
fuel-surface burning mass flux, is estimated by measuring the flame area and flame burning flux [44].
The video processing method is described in the Appendix. Consistent with the trend of flame height,
three patterns of burning PE are observed in Fig. 8a. Pattern I (Near-limit flame) has the smallest fuel-
surface burning mass flux and the shortest burning duration. For Pattern II (transitional flame), both the
burning duration and the burning mass flux increase with the bottom boundary temperature. As expected,

Pattern III shows the largest burning flux under both the hottest boundary and intensive flame heating.

(a) Burning flux of PE with different T, (b) Burning flux of four fuels
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Fig. 8. The burning mass flux, (a) PE under different boundary temperature and (b) comparing four types
of fuels, PE, PP, paraffin wax, and ethanol.

Fig. 8b compares the burning rate evolution for four types of fuel under the same boundary
temperature (300 °C). The intensive burning of PE and PP has a similar curve and peak value of the
burning rate. The liquid ethanol shows the highest burning rate as expected, because the liquid fuel has
a large mass transfer (B) number (see Section 4.2). In fact, the flashpoint, boiling point, and the heat of

evaporation for most liquid fuels are much smaller than those for thermoplastics. For the paraffin wax,
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its melting point is as low as 50 °C. However, its flashpoint is around 270 °C and comparable to PP, and
its boiling point is 350 £ 20 °C (see Table 1), lower than the boundary temperature. Therefore, the
burning rate of wax is lowest among all fuels.

Fig. 9 summarises the peak burning flux for four different fuels varying with the bottom boundary
temperature, where all of them show very different burning patterns and regions. More detailed burning
process of four fuels can be found in Supplemental Video S3. For PE in Fig. 9a, the bottom boundary
temperature is divided into cooling and heating effect, based on the trend of burning flux in Fig. 8a.
Specifically, when the initial bottom temperature is below 300 °C, the peak burning flux is near-constant
and below 10 g/m?-s, which is decided by the initial temperature of dripping melts. In this temperature
span, the boundary cooling is stronger than the flame heating. Thus, the flame is quenched in the end.
Over 300 °C, the cooling from the bottom boundary can be offset by the flame heating from the top, and

the latter can further increase the temperature and burning rate of plastic pool.
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Fig. 9. The burning mass flux and HRR vs. different bottom boundary temperatures, (a) PE, (b) PP, (c)

paraffin wax, and (b) ethanol.

Similarly, the burning of PP also shows two regions under different bottom boundary temperatures
(Fig. 9b). Below 250 °C, the peak burning flux is near-constant and below 10 g/m?-s, indicating that the
boundary temperature shows the cooling effect at a low-temperature span. Further increasing the
temperature over 250 °C, the burning intensity is boosted continually, showing a bright yellow flame.

In addition, a strong bubbling phenomenon is observed on the top surface inside the intensive flame.
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Different from the bubbles found in the conventional boiling process, the observed pyrolysis bubbles
on the pool surface are much smaller and can barely move inside the condensed phase.

For wax pool fire (Fig. 9¢), the flame can be established successfully when the fuel temperature is
over its flashpoint of 270 = 10 °C, and no transitional flame is observed. As the wax temperature is
slightly lower than the heating boundary, it can sustain a robust flame, when heated by a hot boundary
over 300 °C. Once the pool flame can be sustained, the peak burning flux gradually increases with the
increasing boundary temperature. Between 300 °C to 350 °C, the burning wax shows a calm liquid
surface during burning. When the fuel is over boiling point, a strong bubbling process can be observed,
and the flame becomes intensive and turbulent.

The ethanol can be easily ignited at room temperature because of the lower flashpoint (13 °C). After
the pool fire is established, two types of flame are observed in Fig. 9d, classified by the boiling point of
the fuel. For instance, the burning of liquid fuel is much more peaceful when the boundary temperature
is below 80 °C, while over this point, the intensive boiling process is observed at the condensed phase,
and the flame becomes turbulent. Moreover, when the temperature is higher than 350 °C, the Leidenfrost
effect is observed for the burning of boiled ethanol. In other words, the film boiling appeared, where a
gas layer formed between the liquid fuel and the hot boundary, resisting the conductive heat transfer, so
that the burning rate reduces with boundary temperature. However, the Leidenfrost phenomenon was
not observed on burning plastic fuels and wax, probably because the boundary temperature in this
experiment is not high enough. Such Leidenfrost phenomenon may be observed for plastic pools by

further increasing the boundary temperature above 500 °C.

4. Discussion
4.1. Pool temperature and boundary cooling

In the experiment, the evolution of plastic pool top surface temperature (7;,) was monitored by the
IR camera. Fig. 10a shows a group of PE pool surface temperatures during the burning process under
different bottom boundary temperatures. In burning Pattern II, the top surface temperature is levelling-
off around 450 °C, when the flame extinction occurs after the long transitional burning. Comparatively,
the temperature in Pattern I cannot reach 450 °C before it is quickly decayed, because of the stronger
cooling from the bottom surface. When the bottom temperature exceeds 450 °C, the burning enters an
intensive burning Pattern I1I. Bubbles are observed at the top surface. The overall temperature in Pattern
III is higher than the other two patterns, and the temperature drop after burnout.

In the long-lasting transitional burning Pattern II, the flame is quenched, when the fuel layer
thickness is lower than a specific value. After measuring the temperature evolution for both bottom and

top surfaces, we can calculate the heat flux of cooling for the molten layer in pattern II as

1! k
4c = hipAT = Nug(Tu —Tp) 2)
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where T;, and T}, are temperatures of plastic pool top and bottom surfaces, respectively; § indicates the
thickness of the molten layer, which is regressing gradually with the burning process. Based on the

burning flux in Fig. 8a, the transient conductive heat loss can be calculated and plotted.

(a) Temperature evolution of top surface (b) Heat flux and temperature evolution when T,=250 °C
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Fig. 10. Temperature evolution of PE molten layer for (a) top surface under three burning patterns and (b)

top and bottom surface under a transitional flame and the calculated cooling heat flux.

Fig. 10b shows the measured T;, and T, and the calculated ¢, of PE pool when the boundary
temperature is 250 °C. Initially, the top surface temperature is much greater than the bottom temperature,
because of the flame heating, showing a relatively large cooling flux. When the flame becomes weaker,
the temperature difference (AT) approaches a constant before flame extinction, indicating a steady
burning state. Because the thickness of the molten layer decreases continually, the heat flux of cooling
increases. Finally, the flame has been quenched. When the transitional flame is extinguished, the cooling
heat flux is 14 kW/m? with a 1.5 mm final fuel thickness (see Fig. 7). This result gives useful information
in preventing the self-sustained plastic pool fire. When the boundary temperature is in the transitional
region, it is important to reduce the fuel thickness lower than the critical thickness for quenching. In

this way, the fire risk of long-lasting plastic pool fires can be significantly reduced.
4.2. Heat transfer analysis

A simplified one-dimensional heat and mass transfer model is applied to analyse the boundary
effects on the burning of the molten layer. According to the burning rate of the stagnant layer model

[45], the burning rate of the hot molten layer can be estimated using the mass transfer number as
i h
mp = —In(1 + B) Ba)
Cp

where B is the mass-transfer number, ¢, is the specific heat of molten plastics, and h is the convective

heat transfer coefficient. As the molten plastic layer is in the liquid phase and always hotter than the

boundary layer, the Nusselt number is adopted to correlate the heat transfer coefficient [45] as
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1
Nu = 0.54 Ra% (10* < Ra < 107,Pr > 0.7) 4)

Then, the burning rate equation becomes
1k
my = 0.54Ra%—In(1 + B) (3b)
becy

The cooling effect from the bottom boundary shows a great impact on the mass transfer number.
Then, B number should be modified by adding the additional heat loss.

_ Ahc/v — cpg (pr - TOO)
Ahpy - Q

)

where Ah, is the heat of combustion; v is the stoichiometric air-fuel ratio; Ty, and T, is the pyrolysis

temperature and the ambient temperature separately; the resistance of mass transfer process includes
the Ahy,, is pyrolysis heat and the thermal inertia. Q is the thermal inertia driven by the heat transfer
process on the top surface of plastic pool.

1! I 17

_ CIf - QTe,r — qc
- 7
mg

Q (6)

where g is the heat flux from the flame, ¢, .- is the re-radiative heat loss, and ¢ is the cooling from
the bottom boundary layer in Eq. (2).

For Pattern | near-limit flame, the flame is weak and mostly blue, showing limited heating ability.
On the other hand, the temperature difference between the top and the bottom boundary is larger, which
means the cooling from the bottom boundary might dominate the burning intensity. With the increasing
boundary temperature, the cooling from the bottom boundary is reduced. Then, the value of ¢. is
reduced in Eqg. (6), resulting in the larger value of thermal inertia Q. Back to Eq. (5), the increasing
thermal inertia induces a larger B number. Similarly, the B number continually increased with the
boundary temperature for the burning Pattern Il. For the intensive burning Pattern I11, the flame heating
flux (gf) controls the burning rate, and it dramatically increases with the boundary temperature and
flame size. Thus, as the boundary temperature increases, the B number increases, and the burning rate

keeps increasing in Pattern Il1.

5. Conclusions

This work investigates the burning behaviours and quantifies the fire hazards of the accumulated
molten drips. The burning of PE pool shows three burning patterns: when the boundary temperature is
lower than the melting point of PE, burning Pattern I (near-limit blue flame or failed ignition) appears
shortly before quenching. Above the melting point, the flame becomes more robust and lasts for a longer
period (Pattern II: transitional flame). After quenching, a thin layer fuel remains, and its thickness

decreases with the increasing boundary temperature. When the plastic pool exceeds its flashpoint, the
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burning becomes intensive with a yellow flame to burn out the fuel (Pattern III: intensive flame). PP
does not have this transitional-flame stage due to a higher melting point and lower pyrolysis point.
The boundary temperature can be divided into cooling and heating regions for the plastic pool fire.
At the cooling region, the cooling effect is dominated the burning process. Thus, the flame is finally
quenched by the cold boundary. Over its flashpoint, the peak burning flux start to increase with the
boundary temperature. The boundary temperature would promote the burning intensity, showing a
greater fire risk. Different from the boiling process in the pool fire of wax and ethanol, the plastic pool
fire only shows the bubbling process on the top surface, and the pyrolysate bubbles are much smaller
that can barely move inside the condensed phase. This study promotes the understanding of the melting

and burning of plastics in real fire scenarios and helps quantify hazards of dripping and flooring fires.
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Appendix

The plastic sample was grinded into powders for thermogravimetric analysis (TGA) analysis, using
PerkinElmer STA 6000 Simultaneous Thermal Analyzer. The initial mass of PE and PP sample is 2-3
mg. The sample were heated at the constant rates of 30 °C/min and 60 °C/min. Two oxygen
concentrations were selected, 0% (nitrogen) and 21% (air), with a flow rate of 20 mL/min. The repeating
tested were conducted to ensure the repeatability of the testing results. Fig. A1 shows the mass-loss rate
(DTG) and the heat flow curve (DSC) for PE and PP, respectively. Regardless the oxygen concentration,
the rapidly increasing mass loss rate is around 370110 °C for PE and 340410 °C for PP, which indicates

the pyrolysis point of these two thermoplastics. In DSC curves, the melting point can be identified

where the PE has the lower meting temperature than PP.
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Fig. A1. TGA-DSC results of thermoplastic sample under air and nitrogen flow at the heating rate of 30

K/min and 60 K/min, normalized mass loss rate for (a) PE and (c) PP; heat flow as a function of

temperature for (b) PE and (d) PP.

The burning mass rate can be estimated by quantifying the flame area and flame mass flux. The

flame sheet is simplified into an axis symmetrical shape. Although the camera only captures the 2-D

pictures, and the flame is in a 3-D geometry, the flame surface can be estimated using the symmetry

property of the flame shell. In other words, the total flame area consists of several cylindrical side
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surfaces along the flame height as

4 = Z 7(x1 — %,)672 (41)

Where the x; and x, is the sequence number of the pixel at horizontal direction; 6 is the thickness
of each flame shell ring, we choose one-pixel thickness for this study; y is the length to pixel ratio,
which is 0.06 mm/pixel. A Python code was developed to help process the video to get the flame area
of each burning scenario.

The flame mass flux (Th}'c') is defined as the ratio of fuel-burning rate to the flame sheet area. Without

the heavy hot plate, the mass loss of plastic melts can be directly measured by an electric scale with
0.001g accuracy. Moreover, the plastic melts are burning on the rock wool board. In this way, a stable
plastic pool flame is observed, because the rock wool has the larger permeability and low conductivity,
which are benefits to sustain the plastic pool fire at room temperature [10]. By measuring the average
flame area and mass loss within this period, the mass loss related to the unit flame area can be calculated.
Table A1 shows the flame area and the mass loss rate in quantifying the base flame mass flux for four
fuels. The flame burning flux for PE, PP, wax and ethanol were measured as 3.8 g/m?-s, 4.2 g/m>-s, 2.0

g/m?-s and 5.6 g/m?*-s separately.

Table A1. Measurements of base flame mass flux for four fuels, where the relative uncertainty is 10%.

PE PP wax Ethanol
Flame sheet area (mm?) 1042 875 394 1651
Total mass loss (g) 0.30 0.28 0.06 1.45
Burning duration (s) 75 75 75 156
Flame burning flux (g/m?-s) 3.8 4.2 2.0 5.6

Finally, the fuel-surface burning mass flux () under different boundary temperatures can be

estimated as
A
. f 11
mp =—m A2
V= (42)

where A is the flame shell area; m}' is the fuel mass flux on the flame sheet; Ay is the fuel surface area,
which equals the cross-sectional area of the crucible. Fig. A2 shows the flame area and the estimated
burning rate under three boundary temperatures. When the mass flux lower than 4.5 g/m?-s, the flame

was oscillated and became unstable, indicating the burning entered the near quenching stage. The

extinction happened when the burning mass flux is lower than 4 g/m?-s.
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Fig. A2. PE molten layer under three boundary temperatures, (a) measure the equivalent flame area, and

(b) fuel-surface burning flux (mp).
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