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Abstract

The flammable thermoplastics are widely used in our daily life and manned space travels in
microgravity, posing a potential fire risk. This work studies the flame spread along with the thin
polyethylene (PE) film (15-100 pm) in the microgravity drop tower and normal gravity. Microgravity
flame spread faster than vertically downward flame spread in normal gravity due to the weak buoyancy
flow and greater flame preheating length. For the ultra-thin film, the influence of melting on the opposed
flame spread is negligible. The upward flame spread rate reaches a maximum constant (45 £10 mm/s
for 20 pm film) when the inclination angle is larger than 30°, due to the dripping removal of molten fuel.
The upward flame spread rate changes under the competition between the enhanced flame heating by
buoyancy and the dripping removal of the molten fuel. The vertically upward spreading flame cannot
be maintained due to the dripping removal of the molten fuel, and a critical extinction condition was
determined and analyzed. This work provides valuable data on flame dynamics in plastic films and can

help develop more sophisticated material flammability tests for fire safety in space travel.

Keywords: microgravity combustion; PE; inclination angle; flame spread; extinction

1

This version of the article has been accepted for publication, after peer review (when applicable) and is subject to Springer Nature’s AM terms of
use (https://www.springernature.com/gp/open-research/policies/accepted-manuscript-terms), but is not the Version of Record and does not reflect
post-acceptance improvements, or any corrections. The Version of Record is available online at: http://dx.doi.org/10.1007/s12217-022-09945-4.


https://doi.org/10.1007/s12217-022-09945-4
mailto:xy.huang@polyu.edu.hk
mailto:sfwang@imech.ac.cn

F. Zhu, X. Huang, S. Wang (2022) Flame spread over polyethylene film: Effects of gravity and fuel inclination,
Microgravity Science and Technology, 34: 26. https://doi.org/10.1007/s12217-022-09945-4

Nomenclature
Symbols
Bi Biot number (-) p thermal expansion coefficient (K™!)
c specific heat (kJ/kg/K) 0 length (m)
D Diameter (m) 0 angle (°)
g gravitational acceleration (m/s?) A heat conductivity (W/m/K)
h convection heat transfer coefficient (W/m?/K) I viscosity (kg/m/s)
l length (m) v kinematic viscosity (m?/s)
L characteristic length (m) p density (kg/m?)
Ly latent heat of vaporization (J/kg) o surface tension (N/m)
M mass (g) T thickness (m)
m mass loss rate (g/s) Subscripts
Nu Nusselt number (-) o0 ambient
Pr Prandtl number (-) b burning
q" heat flux (kW/m?) cr critical
R radius (m) dr drip
Ra Rayleigh number f flame
t time (s) g gas
T temperature (K) ig ignition
V spread rate (m/s) m melt
Greeks s solid
«a thermal diffusivity (m?/s) tot total

1. Introduction

Fire safety is an important issue in human-crewed space missions, where a large amount of
combustible plastics were inevitably used. However, in case of a fire event, the capacity of firefighting,
smoke ventilation, and human evacuation are limited (Ross 2001). Various ground-based fire tests,
spacecraft experiments, and numerical simulations have been made to study the fire behaviors of solid
fuels in microgravity(Fujita 2015; Rojas-Alva and Jomaas 2022). For example, the microgravity flame
spread dynamics and typical fuels, such as cellulose papers (Olson 1991; Olson et al. 1989;
Ramachandra et al. 1995; Vetturini et al. 2020; Wang et al. 2015), PMMA (Hu et al. 2014; Link et al.
2018; Olson et al. 2004; Urban et al. 2019; Wang and Zhu 2019; Wu et al. 2020b; Wu et al. 2020a; Zhu
etal. 2019), thin wires (Fujita et al. 2002; Nagachi et al. 2019; Takahashi et al. 2013), PDMS membranes
(Rojas-Alva et al. 2022) and fabrics (Takahashi et al. 2020; Takahashi et al. 2019; Zhao et al. 2017),
have been investigated and compared with normal-gravity dynamics. In particular, thermoplastic

materials, such as polyethylene (PE) and polyurethane (PU), are widely used for electrical wires and
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insulation materials in human-crewed spacecraft. When the thermoplastic is heated, it will first melt
into liquid before ignition (Nagachi et al. 2019; Takahashi et al. 2013). In normal gravity, the
thermoplastic melts will flow and drip driven by gravity force, but in microgravity, the surface tension
tends to pull the melt into spherical shapes (Takahashi et al. 2013) and burn like a droplet (Migita et al.
2020; Sun et al. 2020). Such phase-change processes of thermoplastics can also change the flame-spread
behaviors in microgravity, which are still not well understood.

The thermoplastics can be made into thin film due to their excellent transparency, ductility, and
malleability. For example, PE film is widely used for food bags and greenhouse farming in the space
environment. Due to the small thermal inertia and a low oxygen index (Tewarson 2003), the PE film
can be ignited easily and support flame spread (Ikeda 2018). For a thermally thin solid fuel, the flame
spread rate decreases with the increase of the sample thickness (Quintiere 2006). Moreover, a steady
flame spread rate can be achieved easily for a thin fuel, when the rate of burnout equals the rate of
piloted ignition. With the increase of the opposed flow velocity, three regimes can be identified, (1) the
low-velocity Radiation Regime (or oxygen-limited Regime), where flame spread rate increases, (2) the
Thermal Regime, where the flame spread rate is independent of the opposed flow, and (3) the Kinetic
Regime, where the flame spread rate decreases until extinction (Bhattacharjee et al. 2003; Fernandez-
Pello et al. 1981; Olson 1991; Olson et al. 1989). The low-velocity regime and the extinction by limited
oxygen (smothering) can be easily observed in microgravity due to the removal of buoyancy flow and
the increasing role of the radiative and conductive heat losses (Altenkirch et al. 1998; Bhattacharjee et
al. 2005; Link et al. 2018; Olson et al. 2004; West et al. 1996; Wu et al. 2020b; Wu et al. 2020a; Zhu et
al. 2019). Three similar regimes can also be observed under the concurrent airflow (Kumar et al. 2003;
Loh and Fernandez-Pello 1985; Lu et al. 2019a; Urban et al. 2019). When the fuel thickness further
decreases to ultra-thin, the flame spread rate becomes comparable with the airflow velocity, which
changes the flame from the concurrent spread to the opposed spread (Vetturini et al. 2020).

For the fire safety of manned spacecraft, solid materials used in the cabin must pass strict ground-
based fire safety standard tests to evaluate their flammability properties, such as Test 1 of NASA-STD-
6001B (NASA-STD-6001B 2011), which tests the upward flame spread over the target material.
Multiple ground-based fuel inclination tests have confirmed that the vertical upward flame spread is the
fastest model that can represent the worst fire scenario, such as found in thin plastic sheets (Quintiere
2001) and paper (Comas and Pujol 2013; Quintiere 2001), thin wire (Hu et al. 2015; Lu et al. 2019b),
and thick PMMA (Drysdale and Macmillan 1992; Gollner et al. 2013; Ito and Kashiwagi 1988; Zhou
et al. 2020). However, it still is a big approximation to use ground-based experiments to guess the
material flammability and fire behaviors in microgravity. Especially for thermoplastic materials, the
flow and dripping of melts driven by gravity may change the flammability, flame-spread rate
(Kobayashi et al. 2020), and extinction limit (Miyamoto et al. 2016). Thus, the conventional ground-
based experiments may no longer reflect worse fire scenarios, which can be referred to for the fire safety

in microgravity. For example, experiments showed that the ignition delay time of PE was shorter in the
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microgravity field due to the lack of cooling by natural convection (Ikeda 2018). So far, very limited
combustion experiments are available for the thermoplastic polyethylene film.

In this work, we investigate the microgravity flame-spread behaviors on thin PE film (15 — 100
um) via the drop tower experiment. The comparative normal-gravity experiments are conducted for
flame spread over PE films of different inclinations to identify the scenarios that have the largest fire
hazard and are closest to the microgravity. In addition, the effects of melting and dripping of molten PE

on flammability and flame spread are discussed.

2. Experiments

2.1. Microgravity Experiments

The microgravity experiments were conducted in the 3.6-s drop tower in the Chinese Academy of
Science, which offered a microgravity level of 10 g for the single-capsule test (Sun et al. 2020; Wang
et al. 2015; Wu et al. 2020b). Sample holders used in the experiments were shown in Fig. 1. The HDPE
(high-density polyethylene) film sample was 50 mm wide and 80 mm long. The film sample was
mounted and flattened on a thin inert mica frame which was 1-mm thick. PE films with four thicknesses
of 15, 20, 30, and 40 um were used in the microgravity experiments. However, for the 40-um sample,
the flame was just formed after the capsule was on ground. For 20-um sample, the flame spread
experiment was repeated to verify the reliability. The thermogravimetric analysis (TGA) analysis of the

PE sample can be found in the Appendix and Fig. A1, where its pyrolysis temperature is about 410 °C.
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Fig. 1. The PE film sample and the sample holder used in the dfop tower microgravity experiments.

Ignition in these experiments was achieved just prior to the drop in normal gravity using a Ni-Cr

heat wire. To achieve a uniform ignition in one end, a 1 cm-long ignition tissue paper strip with an area
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density of 8 g/m? was wrapped by a heating Ni-Cr wire and placed on the top of the PE film (see Fig.
1). The power supply of the ignition wire was 132 W (12 V and 11 A). Ignition in normal gravity
generally occurred after heating for about 3 s. After a stable flame was formed and spread away from
the hot coil, the capsule was then released. Due to the initial upward buoyancy flow, the observed flame
spread was opposed in nature. Note that without gravity and buoyancy flow, the concepts of upward
and downward flame spread as well as the fuel orientation in normal gravity become invalid. Inside the
drop capsulate, an on-board video camera was placed to capture the flame evolution before and during
the drop test from the front view.

To evaluate the influence of the ignition hot wire on the deformation of PE film and the rate of
flame spread, additional base experiments were carried. The 20-um PE film was positioned 2 mm below
the hot coil, and the coil igniter had sufficient ignition power and lasted for more than 1 min. Results
showed that even with a greater ignition power and duration, the film was not curling, deformed, or

pyrolyzed by the hot coil, so the influence of igniter on the flame spread was limited.

2.2. Normal gravity experiments

The same PE film sample, test apparatus, and ignition methods were used in the normal-gravity
test. In addition, the sample holder was made to be rotatable to test the flame spread under different fuel
inclinations, as shown in Fig. 2(a) and (b). A GoPro Hero 7 digital camera with a resolution of 1920 by
1080 at 24 fps was used to record the front view of the burning process. To facilitate the observation
and image analysis, all tests were performed in a dark room. In order to observe the dripping moving
and burning process, a high-speed camera (AOS TRI-VIT) at 500 fps with a resolution of about 0.1
mm/pixel was used from side. Two mass balances, which were placed up and down respectively, were

used to measure variation of the fuel mass and dripping mass simultaneously.
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Fig. 2. Illustrations of (a) side-view and front-view of the fuel sample, (b) experimental set up and (c)

flame spread configurations and fuel inclinations in normal gravity.

PE films with eight thicknesses of 15, 20, 30, 40, 60, 80, 100, and 375 um were used in normal
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gravity experiments. The samples were tested over angles ranging from +90° (vertical upward) to -90°
(vertically downward), where 8 < 0 represents a downward flame spread, and 6 > 0 represents an upward
flame spread. Once the fuel sample was ignited, the buoyancy force maintained an upward flame above
the PE sample. All the tests were repeated at least three times to reduce random error. As a reference,
the flame spread over the tissue paper with a thickness of 45 um and an area density of 8 g/m? were also

tested for comparison.

3. Results and discussion

3.1. Microgravity opposed flame spread
Fig. 3 shows the flame spreading over PE with a thickness of 15 and 20 pm before and during the

microgravity drop period (see Video S1 in the Supplemental Materials). The influence of ignition was
minimized because the PE film was ignited, and the flame spread away from the coil ignitor before the

drop.
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Fig. 3. Images of the flame spread process under microgravity environment, (a) 15-um PE film, and (b)

20-pm PE film (also see Videos S1 and S2).

For the 15-um film (Fig. 3(a)), a short, weak, and dark red flame was observed right after entering

the microgravity environment (see ¢ = 0 s). After about 0.2 s, a continuous flame was sustained. Then,
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the flame front separates into several sub-fronts (flamelets), and some flamelets were extinguished
locally. Thus, only a small part of the film was still burning like the fingering phenomena (see ¢t = 1.8 -
3.6 s). During this process, the flame becomes weak, and the film edge was curling towards the direction
of flame spread due to the larger surface tension at the relatively cold region (or the Marangoni
effect).For the 20-um film (Fig. 3(b)), a bright yellow flame, which is caused by the pyrolysis of the PE
film, can be observed right after the drop (see Video S2). At about ¢ = 0 s, the flame starts to break up.
After about 1 s, the original bright and orange-color flame became weak and pale blue, and at about ¢ =
2 s, the separation is completed. At about 3 s, the uniform flame gradually extinguishes, and only a
small flamelet survives a little longer approaching the lower right corner. Moreover, the PE film was
curling in the direction of flame spread, and the whole film edge continues to move and shrink after the
flameout. The flame spread behaviors for the 30-um and 40-pum films are similar to the 20-pum film. In
general, for a thinner PE film, the flame leading edge tends to split and partially extinguished in

microgravity, while for a thicker PE film, the flame leading edge tends to keep together and continuous.

3.2. Downward flame spread in normal gravity

Fig. 4 shows the evolution of vertically downward (6 = -90°) flame spread over a 20-um PE film
in normal gravity (also see Video S3). Similar to the opposed flame spread in microgravity in Fig. 3,
the uniform flame first forms and then separates into multiple flamelets, and the local extinction also
occurs temporarily during the downward flame spread. Some flame sub-front spreads in the transverse
direction locally. Similar flamelets separation and the near-limit fingering flame spread had been
observed in thin filter paper previously in both microgravity and normal gravity (Olson et al. 1998; Zhang
et al. 1992; Zik and Moses 1998). However, different from the microgravity opposed flame spread, the
overall downward flame spread in normal gravity is stronger and more uniform than the microgravity
flame spread in Fig. 3, so the flame can burn out the entire fuel.

There are two reasons for the stronger opposed flame spread in normal gravity. Firstly, when the
flame is locally extinguished, the hot PE film can continue to curl and move downward (i.e., like a
dripping flow), driven by both surface tension and gravity, to sustain a continuous flame leading edge.
Secondly, the flame in the normal gravity is stronger due to a sufficient oxygen supply induced by the
buoyancy. The flame is orange-color, bright, and strong (i.e., more soot particles formed), so that the
flame radiant heating is much greater than the weak and blue flame in microgravity. In short, both the
dripping of molten PE and the strong flame heating are responsible for maintaining such a more robust

downward flame spread.
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Fig. 4. Images of vertically downward flame spreading process under normal gravity (z =20 pm).

3.3.  Opposed flame spread rate

For a spreading flame, the leading edge refers to the position where the flame travels with the
fastest velocity, and a local spread rate Vris represented by the traveling speed of the flame leading edge,
and the raw data for the time history of the flame position are shown in Fig. A2. The spread rates of
vertically downward flames determined in this way for the samples with different thicknesses are shown
in Fig. 5(a). The schematic diagram of the flame spread over PE film in the buoyancy-free microgravity,
and buoyancy-driven normal gravity is shown in Fig. 5(b). For the PE film used here, the temperature
profile across the thickness is assumed to be uniform, as Biot number Bi = ht/1; =~ 6 X 107* «< 0.1,
where /s is the thermal conductivity of the PE film, and the detailed calculation is provided in Appendix.
It is evident that the flame spread rate tends to decrease with increasing thickness, and such a trend is
in accordance with the theoretical prediction for thermally thin solid fuels (Quintiere 2006). What is
interesting is that the flame spreads under a microgravity environment is clearly faster than the
downward flame spread in a normal gravity environment.

There could be two factors that contribute to a larger flame spread in microgravity. Firstly, in the
microgravity environment, dripping is absent, the molten fuel tends to accumulate driven by the surface

tension to increase the burning rate and flame length. Secondly, without the upward buoyancy flow, the
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diffusion-controlled flame expands to increase the pre-heating intensity (q;’ = §,on), and the degree of
expansion increases with the size of molten fuel. Nevertheless, such a trend is the opposite to the thin
tissue papers. Olson et al. (Olson et al. 1989) showed that in the microgravity quiescent air environment,
the flame spread rate is 0.54 cm/s, while in normal gravity natural convective environment, the
downward flame spread rate is about 1.12 cm/s. The molten of PE could be the major reason for

difference from the thin tissue paper, but more research are need to further clarify.
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Fig. 5. (a) Variation of the opposed flame spread rate with the sample thickness; and (b) schematic diagram

of the opposed flame spread over PE film in microgravity and normal gravity (downward spread).

For a downward spreading flame, it is driven by the heat transfer in the region ahead of a flame,
i.e., the preheat zone. According to a simplified flame spread model illustrated in Fig. 5(b), the preheat

zone involves the flame heat flux (c'[}) and the heat loss from the surface to the environment (g, ). Thus,

the thermal-driven flame spread rate for a thermally thin fuel can be expressed as

- =) 0
pSCST(Tl-g — TOO)
where ps, ¢s, and 7 are the density, specific heat, and thickness of the solid fuel; 7, and 7% are the ignition
temperature and ambient temperature. Therefore, regardless of the gravity level, the flame spread rate
decreases as the thickness increases and eventually approaches a minimum at the thermally thick limit.
The flame preheating length (8f) can be estimated as
%g

8 = 7, (2)
which decreases as the opposed airflow velocity (V) increases. In the microgravity environment, the
disappearance of the opposed airflow increases the flame preheating length, leading to a microgravity

flame spread rate larger than that in normal gravity, as found in Fig. 5.

Note that in the preheat zone, the thermoplastic material will first melt before pyrolysis and ignition,
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different from thermoset materials like the cast PMMA. Once the thermoplastic in the preheat zone is
melt, it will flow like a viscous liquid under the gravity and surface tension forces. Therefore, the
melting flow can significantly increase the downward flame spread rate, as observed for the thick
PMMA rod (Wu et al. 2020a) and PE wire (Kobayashi et al. 2018), and the observed global motion of

flame also includes the flow of melts (V;,,) as
Viot = Vf + Vn (3)

The flow velocity of melts can be estimated based on the balance between the driven force of gravity

and (Marangoni) surface tension and the resistance of viscous force as

My gsind + ol = Vi 4)
inf + gl
_ [tmGST ¥ Om'm « [2, o 72 (5)
Hmlm
where 6 is the inclination angle of film sample, so 8 = —90° and sinf = —1 for the vertically

downward spread; o,,, and u,, are the surface tension, and viscosity of melts, respectively. The
characteristic length of melts is proportional to the fuel thickness (1;,, & 7), so that the mass of melt also
increases with the thickness (m,,, « I3, o t3). For the ultra-thin PE film, the molten PE in the preheat
zone is also small, and no dripping flow is observed. Thus, the influence of melting flow is negligible
(Vin K V). On the other hand, as the fuel sample becomes thicker, and the preheating length of flame
becomes larger, the melting flow will become important, and the dripping phenomenon will also occur

in normal gravity.

3.4. Effect of fuel inclination and gravity

To identify the normal-gravity fire scenarios that (1) have the largest fire hazard and (2) are closest
to the microgravity condition, more normal-gravity flame-spread experiments are conducted for PE
films of different inclinations. Representative flame images for downward (6 < 0) and upward (6 < 0)
flame spread are shown in Fig. 6. The measured flame spread rates under different film inclinations are

summarized in Fig. 7a.

-60° -45° -30° - 15° 30° 45°
Downwardly Spreading Flame < | [ > Upwardly Spreading Flame

Fig. 6. Flame appearance under different angles (z =20 pm).
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For the downward flame spread, the flame leading edge is almost continuous and uniform, and the
luminosity of the flame increases, as the fuel tilted from the vertical position. As the flame is anchored
on the molten film, the flame length is almost the same for all the angles. When -90° < 6 < -60°, the
molten PE adheres to the unburned fuel sample, and no dripping flow can be observed. Therefore, it
also supports that the influence of the gravity force and the melting flow on downward flame spread
over ultra-thin film is negligible (V;, < V¢). As a result, a near-constant opposed flame spread rate is
observed in this inclination region (see Fig. 7a).

With the increase of the inclination angle from -60° to 0° (horizontal), the opposed flame spread
rate increases significantly (see Fig. 7a). By deviating the sample from the vertical downward, the
preheating or contact length between flame and fuel sample increases, so does the effective flame heat
flux. A similar trend was also found for the flame spread over 0.16-mm card by Hirano et al. (Hirano et
al. 1974). It is noted that the flame spread rate in the buoyancy-free microgravity is equal to that at 8 =
-45°, implying that the same contact of the flame with the unburned fuel sample.

Moreover, for § > -45°, the dripping of molten PE starts to occur during the flame spreading
process, and the dripping frequency also increases with the inclination. Such a phenomenon also
indicates a stronger flame heating that can melt more fuel, exceeding the flame burning rate.
Nevertheless, because most melting fuels are dripped to the ground rather than flow on the fuel sample,
the influence of melting and dripping on the opposed downward flame spread over thin PE film is still

relatively small.
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Fig. 7. Variation of flame spread rate with fuel inclination angles and the extinction limit, (a) normal

coordinate and (b) logarithm coordinate, where the film thickness is 7= 20 pm.

For upward spreading flame over thin wires with PE insulation, the rate of concurrent flame can
reach steady-state (Hu et al. 2015; Lu et al. 2019b), despite potential downward dripping flows (Nagachi
et al. 2019). In this study, the upward spreading flame on thinner PE film also reaches a semi-steady
state. The flame spread rate increases with the inclination when the angle is less than 30°. When the

inclination angle is larger than 30°, the upward flame spread rate is almost constant along the fuel
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surface, and a maximum spread rate is reached (see Fig. 7a). The maximum rate is about 45+10 mm/s
for the 20-mm PE film. It is mainly because the dripping removal (detachment) of molten PE that
prevents the further growth of burning zone and flame length.

Note that such a trend of upward flame spread rate on PE film is different from thin papers (see
comparison in Fig. 7b) and thin wires. In fact, for all other thin fuels, the upward flame spread rate
monotonically increases with the increased angle (Hirano et al. 1974; Hu et al. 2015; Lu et al. 2019b)
and reaches the maximum at 90° (i.e., the vertical upward). For flame spread over thin PE-insulated
wires, although the melt droplet sliding along the metal core, dripping is detached from the wire. Thus,
the melt fuel still increases the burning zone and flame length in wire, accelerating the flame spread.

The average fuel melting rate (111,,), burning rate (111;), and dripping rate (g, ) are also quantified

for different fuel inclination angles based on the mass conservation
My = My + Mgy (6)

The melting rate is calculated by the linear fitting of the mass-loss curve; the average dripping rate is
calculated by the landed dripping mass; and then, the burning rate can be estimated. All three mass-loss
rates are summarized in Fig. 8a and compared with the upward flame-spread rate. Note that there is a
clear similarity in the shape of curve between the burning rate and the flame spread rate. As the

inclination approaches to the vertical upward, a larger portion of molten fuel is dripped.
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Fig. 8. Variation of mass loss rate (a) and droplet diameter (b) with fuel inclination angles for upward

spread flame.

For upward flame spread, the flame spread rate is controlled primarily by the flame heat flux to the
unburnt fuel upward (Loh and Fernandez-Pello 1985). For a small flame (<5 c¢cm) in this work, and the
convective heating by the flame contact is dominant over the radiation (Orloff et al. 1975). As a first
approximation, the flame convective heat flux (c']}) is proportional to the natural convection coefficient

(h = AgNu/L) as

, 1 1
4 x h &< Nu o Ra% « (sinf)* (7
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where A4, L, Nu, and Ra are gas thermal conductivity, flame length, Nusselt number, and Rayleigh
number, respectively. Thus, the flame heat flux increases with the increased inclination angle, resulting
in an increased melting rate, agreeing with Fig.8a.

The fast melting process during the flame spread also increase the rate of dripping. There is an

upper size limit of the molten ball (D),

T
Myrg = gme3g = Ol (8)

above which its gravity will overcome its surface tension force (o, ), resulting in the dripping process
(Kobayashi et al. 2017). The critical diameter of the PE droplet at the moment of detachment was
measured, and the maximum diameter and the average diameter were shown in Fig. 8b (see detailed
dripping process in Video S5). Here, the average diameter is defined as the average of all the droplet
diameters during the dripping process. Clearly, the critical diameter is almost the same for all the angles,
agreeing with Eq. (8), and the molten ball drops when the it reaches a critical mass.

In summary, there are two competing mechanisms that control the upward flame spread rate, (I)

the flame convective heat flux (6'1}), and (II) the burning rate or the flame size. As the inclination angle

increases and approaches to vertical upward (90°), the flame heat flux increases, as shown in Eq. (7),
and the total melting rate increases, as shown in Fig. 8. As the inclination angle is less than 30°, the
melting rate increases faster than the dripping rate, resulting in the increasing burning rate. Then, flame
length (65 in Eq. (1)) increases the flame heating and the flame spread rate. As the inclination angle is
above 30°, the burning rate becomes large for all the angles and flame length becomes almost the same,
resulting in a maximum flame spread rate. Therefore, the overall upward flame spread rate changes
under the competition between the enhanced flame heating by the buoyancy and the reduced flame size

by the dripping removal of the molten fuel.

3.5. Self-extinction in normal gravity by dripping

With the increase of the inclination angle, the contacting flame area with the unburned film is
increased, resulting in the increase of the molten PE and the rate of its evaporation, thus, increasing the
flame spread rate. However, as the PE sample is upwardly placed, the molten PE drips and removes the
fuel, resulting in a reduced flame spread rate. When the inclination angle is 90°, the fuel is removed,
resulting in flame extinction. The extinction process for the film with a thickness of 20 um is shown in
Fig. 9 (see Video S95). It is clear that after the ignition of the sample, large PE molten droplet drips to
the ground. After about 2 seconds, the flame extinguishes. When the film thickness is in the range of 15
- 40 pm, the vertically upwardly spreading flames all extinguish. This flame spread behavior is
significantly different from the thermosetting plastics that have no dripping tendency. The schematic
diagram of the flame spread over PE film is shown in Fig. 10. For an upwardly spreading flame, the

molten PE droplet is tilted by the buoyant flow. Once the droplet detached from the unburned film, the
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dripping tail often breaks into small drips. For vertically upwardly spreading flame, the molten PE is

accumulated into one large droplet, as is shown in Fig. 9 and Video S5.

Before t+0.50s t+0.54s t+058s ¢t+063s t+071ls [t+100s (r+1.04s #+1.09s (#+121s f+125s ¢+203s
ignition

|
|

| ¥
, '\ﬂﬂW‘ﬂﬂﬂW"\ﬂﬂwm P R N
Fig. 9. A typical dripping and extinction process of upward flame spread (6 = 90°) with the 20-um thin PE
film (see Video S5).

(a) Downward flame spread (b) Upward flame spread

Fig. 10. Schematic diagram of the flame spread over PE film with different fuel inclinations, (a) downward

flame spread and (b) upward flame spread.

4. Conclusions
This work investigates the flame spread of diffusion flames along 15-100 um thin polyethylene
(PE) film in both drop-tower microgravity and normal gravity environments. The revealed influence of

gravity and angular orientation on the flame-spread behavior are summarized as follows:
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(1) In microgravity, the uniform flame leading edge cannot be sustained on PE films, and the flame
spreads with partial and local extinction. However, in normal gravity, although the local extinction
occurs during flame spreading vertically downwardly, the leading edge can be sustained uniform with
partial unburned curling edges rolling down. Microgravity flame spread faster than vertically downward
flame spread in normal gravity due to the weak buoyancy flow and greater flame preheating length. For
thin films, the influence of melting on the opposed flame spread is negligible.

(2) The downward flame spread displays a slight increase when the orientation angle is in the
range of -90° to -45° measured with respect to the horizontal (0°). With the increase of the inclination
angle, the flame spread rate has a greater increase. The upward flame spread first increases and then
reaches a constant maximum when the angle is larger than 30°. The maximum flame spread rate for a
20-um thickness PE film is 45+10 mm/s.

(3) For vertically upward fire spreading, the flame cannot be survived after a short spreading due
to the dripping effects of the molten material on the removal of the combustible material. This flame-
spread experiment on the thin PE films could provide valuable data and guidelines for more

sophisticated fire safety tests for space travel.
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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 rate of 10 K/min and under both nitrogen and air environments. Experiments
were repeated twice for each case, and good repeatability is shown. Fig. A1 shows the mass-loss rate
curves of the PE insulation sample. In general, the pyrolysis temperature of PE is about 410 °C, and the

ignition temperature is slightly higher.
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Fig. A1. DTG curves of HDPE at the heating rate of 10 K/min.

The position of flame leading edge as a function of time under microgravity experiments and normal
gravity environment for the vertically downward spreading flame. The coefficients of determination

(R?) for each fitting curve are listed in the Fig. A2.
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Fig. A2. The time evolution of the flame leading edge position for the film with a thickness of 20 um for

(a) downward flame spread and microgravity flame spread (b) upward flame spread.

The Bi number is defined as Bi = ht/A; Bi = ht/Ag, where A is the heat-transfer coefficient, ¢

is the thickness of the film, which is used as the characteristic length, s is the thermal conductivity of

the film. We first determine the flow condition and the heat transfer coefficient.
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_9B(Tig — T,)L?
- av

Ra, =1x 106 « 10°

Thus, the flow is laminar, and we can estimate the convection coefficient as

e = 068+ 0.670Ra;’*
U= B8 T (0,492 Pr)o/16]4/9
NugA
- % = 7.4 W/m2K

Then, the Bi number can be calculated for PE film of t = 40 pum as

Bi="T = 6x 10
l—/1 =

S

where properties of gas are evaluated at the film temperature T = (Tl-g + Tf) /2 =950 K, where T,

is the ignition temperature of the PE, and Ttis the flame temperature. The properties of air are shown in

Table A1. The length of the sample is used as the characteristic length, that is L =0.15 m.

Table A1. Properties of air at 450 K (Incropera et al. 2013)

Parameters Parameter values Units

Ag 0.0643 W/(m K)
v 112.2x10° m?/s

a 155%10° m?/s

Pr 0.723 -

S 0.001 K!

21


https://doi.org/10.1007/s12217-022-09945-4



