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a b s t r a c t 

Microgravity experiments of polyethylene (PE) droplet combustion were conducted by a 3.6-s drop tower 

with the gravity level of 10 −3 ~10 −4 g to investigate the burning behaviors and fire hazards of molten 

thermoplastics in the spacecraft. Pre-ignited droplets with a diameter of about 3 mm were continually 

generated and detached from burning PE tubes. Once the drop capsule started free-fall, droplets entered 

the microgravity environment with an initial velocity of 10–35 cm/s (Stage I). A comet-shape flame with 

an intense bubbling and ejecting process of the moving droplet was observed, and the burning-rate con- 

stant ( K ) was found around 2.6 ± 0.3 mm 

2 /s. After the droplet landed on the floor, it could rebound 

with a near-zero velocity, showing as a spherical flame (Stage II). The combustion of PE droplet followed 

the classical d -square law with K = 1.3 ± 0.1 mm 

2 /s. The measured large burning-rate constant (or the 

volume shrinkage rate) of the moving droplet was caused by the robust bubbling process, which reduced 

the bulk density of molten PE and ejected unburnt fuel (about 25% of total mass loss). However, the ac- 

tual mass burning rate of the PE droplet should be smaller than most hydrocarbon liquids because of a 

smaller mass-transfer number ( B ≈ 2). The flame burning rate of PE droplet is 4 ± 1 g/m 

2 -s per unit 

flame-sheet area that may be used to estimate the fuel mass-loss rate and fire heat release rate in micro- 

gravity. This novel microgravity combustion experiment on the thermoplastic droplet could expand the 

physical understanding of fire risk and hazard of plastic material in the spacecraft environment. 

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

The microgravity environment allows for an analytical descrip-

tion of the droplet combustion process by eliminating the buoy-

ancy and natural convection [1] . The classical theory of one-

dimensional (1-D) droplet combustion was first formulated by

Spalding and Godsave in the early 1950s [2 , 3] . Since then, nu-

merous microgravity experiments and numerical simulations have

been performed subsequently to understand the combustion of liq-

uid fuel droplets, as well as to verify and update the classical d -

square law [2 , 3] . A wide range of droplet sizes up to 5 mm and

fuel types, e.g., heptane, octane, diesel, methanol, have been tested,

which have been reviewed in detail (e.g. [4–9] ). 

In addition to liquid-fuel droplets, the combustion of plastic

spherical fuels in a solid phase was found roughly following the

classical d -square law even if burning in normal gravity [10 , 11] .
∗ Corresponding author at: Department of Building Services Engineering, The 

Hong Kong Polytechnic University, Hong Kong, China. 
∗∗ Corresponding author. 
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ome unique burning behaviors of plastic fuels, like bubbling

nd bursting, were found in burning three different plastic ma-

erials, polymethylmethacrylate (PMMA), polypropylene (PP), and

olystyrene (PS), with diameters from 2 to 6.35 mm in low-gravity

ircraft experiments [12 , 13] . Recently, a series of drop tower exper-

ments on the PMMA sphere with a diameter of 10–40 mm were

onducted to investigate the curvature effect on the flame extinc-

ion of solid fuels in microgravity [14] . Nevertheless, in all these

xperiments, spherical plastic fuels either were thermosets or did

ot fully melt into the liquid, so that the condensed-phase heat

ransfer will play an important role in the burning phenomenon

15] . 

Different from thermosetting polymers (e.g., cast PMMA), ther-

oplastic polymers, such as the polyethylene (PE), will first melt

nto liquid before ignition. Thus, the burning of molten thermo-

lastics is close to liquid fuel combustion, although the pyrolysis

f melts is fundamentally different from the evaporation of liq-

id [16] . On Earth, the molten and burning thermoplastics tend to

evelop the flooring [17] and dripping [18 , 19] as driven by grav-

ty. In microgravity, the burning thermoplastic materials tend to

hrink into a ball under the surface tension force [20 , 21] , which

ehaves like the classical droplet combustion. Today, thermoplastic
. 

https://doi.org/10.1016/j.combustflame.2020.08.032
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Nomenclature 

Symbols 

A area (m 

2 ) 

B mass transfer number (-) 

c p specific heat (kJ/kg-K) 

d diameter (mm) 

D mass diffusivity (mm 

2 /s) 

�h c heat of combustion (MJ/kg) 

�h py heat of pyrolysis (MJ/kg) 

k conductivity (W/m-K) 

K burning-rate constant (mm 

2 /s) 

Le mix mixed Lewis number (-) 

˙ m mass-loss rate (kg/s) 

˙ m 

′′ 
mass flux (g/m 

2 -s) 

Nu Nusselt number (-) 

PE polyethylene 

Pr Prandtl number (-) 

Re Reynolds number (-) 

t time (s) 

T temperature (K) 

v velocity (cm/s) 

V volume (mm 

3 ) 

Y mass fraction (-) 

Greeks 

η pyrolysis efficiency (%) 

ν stoichiometric air-fuel ratio (-) 

ρ density (kg/m 

3 ) 

Subscripts 

0 initial 

I/II stage one/two 

∞ ambient 

e end or ejection 

f flame 

F fuel (gas) 

g gas 

h droplet height 

i inner region of flame 

l liquid fuel 

l-g liquid-gas interface 

o outer region of flame 

O oxidizer 

py pyrolysis 

s droplet surface 

w droplet width 

aterials are widely used for wire insulations and electrical de-

ices aboard the spacecraft [22] . Thus, it is important to examine

he combustion of thermoplastic droplets and its fire risk in micro-

ravity spacecraft. 

So far, very limited microgravity combustion experiments are

vailable for the thermoplastic droplet. Most thermoplastics are in

he solid phase at room temperature and have high melting and

yrolysis points. Thus, the time required for melting the entire PE

article into a liquid droplet and forming a stable flame takes sev-

ral seconds, which is comparable to the short microgravity period

f the drop tower. For example, the ignition delay time of PE thin-

lm almost took the entire microgravity time [23] . Although plastic

uels can be ignited and generate dripping before the microgravity

ime, the droplet will detach under gravity in a random fashion.

hus, it is challenging to heat, melt uniformly, and ignite the ther-

oplastic droplet, and synchronize the droplet detachment time

ith the free-fall time. 
In this work, the microgravity combustion of molten PE droplet

as studied in a 3.6-s drop tower with a gravity level of 10 −3 –

0 −4 g. The pre-ignited PE droplets were continuously generated

nd detached from burning wires. The burning rates of PE droplets

ith and without forced flow were measured, which were verified

gainst the classical d -square law and compared with liquid-fuel

roplets. The unique phenomena of the PE droplet combustion,

uch as rebound, sliding, bubbling, and bursting (or ejecting), were

iscussed, which could shed light on fire hazards in spacecraft

nvironments. 

. Experimental methods 

The experiments were conducted in the 3.6-s drop tower in the

ational Microgravity Laboratory of China (NMLC), which offers a

icrogravity level of about 10 −3 ~10 −4 g for the single-capsule test

24] . The effective space inside the sealed capsule was about 1 m 

3 ,

o that it includes about 300 g oxygen under the oxygen concen-

ration of 21% and the pressure of 1 atm ( Fig. 1 (a)). Thus, for a

hort burning duration, the influence of oxygen depletion by com-

ustion could be neglected. Inside the capsule, there was a test

rame with the ceiling and floor made of the aluminum panel and

ll sides open to the capsule ( Fig. 1 (b)). Within the test frame,

 customized PE droplet generator, high-speed camera, and data

ollection system were installed ( Fig. 1 (b-d)). Once all preparation

orks were finished, the scaled capsule was held by an electro-

agnetic head that could be elevated to the top of the tower for

ontrolling the release. 

In previous normal-gravity dripping experiments [18 , 19] , the

ully liquidized PE droplet attached to a flame was generated from

he burning PE tubes. The ignition time of the PE tube by an elec-

ric coil or a torch took about 10 s. After ignition, it took a few

ore seconds for the flame to develop, melt PE completely, and

hen flow along the tube or form a detached PE droplet. As the mi-

rogravity period in the drop tower test was limited to 3.6 s, ignit-

ng PE like previous 1 g tests before the free fall was also preferred.

evertheless, unlike the typical liquid fuel droplet, with gravity, it

as also extremely difficult to hold the PE particle/droplet (such

s by fine wires) during heating, melting, and burning processes.

t is because the surface tension of PE dramatically changed with

he temperature and the bubbling phenomenon and became non-

niform inside. Meanwhile, it was almost impossible to control the

elease time of the drop capsule simultaneously when PE was fully

olten while just before detached, as proved by six failed prelim-

nary drop tests. 

To better control the time of dripping and the release of the

apsule, a new statistic approach was adopted. Four PE tubes with

n inner diameter of 3 mm and an outer diameter of 4 mm were

laced vertically and held by a corundum core. They were ignited

imultaneously by the nichrome coil, as shown in Fig. 1 (c-d). Then,

he burning liquid PE flowed down along the core, detached as a

olten-PE droplet with a flame. The PE droplet had an initial di-

meter ( d 0 ) of 3.0 ± 0.5 mm and a dripping frequency of 3 Hz.

ith four burning wires, the overall dripping frequency was 12 Hz,

o about 4 PE droplets could appear in the air at the same time.

hen, even if the capsule was released randomly, there was a high

robability of having 1~2 burning PE droplets in the air while en-

ering the microgravity environment. 

Another ten drop tests were conducted with this new method

f generating PE droplets, in which five tests successfully captured

ix droplet combustion processes in microgravity, and four droplets

urned for more than 1 s. Particularly, two PE droplets bounced

ack after landed on the floor, showing two stages of burning.

heir moving and burning processes were recorded by a high-

peed camera (AOS TRI-VIT) at 500 fps with a resolution of about

.1 mm/pix. An LED backlight from the side was applied to help
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Fig. 1. (a) The single drop capsule before sealing, (b) Test frame within the drop capsule, (c) PE tube ignitor and droplet generator, and (d) the diagram of the experiment 

setup and PE droplet combustion process. 
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visualize the droplet within the flame. All recorded videos were

analyzed frame by frame with an in-house MATLAB code to mea-

sure the velocity of PE droplet and smoke, as well as the diameter

of droplet and flame. 

3. Results and discussions 

3.1. Flame shapes 

3.1.1. Comet flame of moving droplet 

Figure 2 (a) shows the trajectory and the burning process of

the PE droplet in the microgravity drop period. Because an initial

downward velocity was required for the droplet to detach from the

parent fuel, the PE droplet had an initial velocity. Thus, the Stage-I

burning of the moving droplet showed a comet-shaped flame. The

observed yellow flame might be the soot shell or the inner layer of

the flame sheet, where the outer blue flame layer was not visual-

ized by the current high-speed imaging sensor. The soot radiation

could also contribute to the pyrolysis of the PE droplet. There was

inevitably a small flow induced by flames on PE tubes, so the burn-

ing environment was semi-quiescent. Nevertheless, such a back-

ground airflow was no more than 5 cm/s, based on the measure-

ment of the smoke motion. 

Moreover, a strong bubbling process was found inside the PE

droplet, so the PE droplet was highly porous and different from

conventional droplet combustion [5] . This intense bubbling pro-

cess led to strong bursts (or ejections [25] ) of tiny PE droplets

( Fig. 2 (b)). Most of the bursts were too weak to penetrate the

flame sheet but only deformed the local flame shape and burnt out

within the flame. Nevertheless, some ejected fuel (mostly tiny liq-

uid PE particles) was strong enough to penetrate through the flame

sheet and even change the trajectory of the moving droplet. The

frequency of these strong bursts was measured to be 11 ± 2 Hz.

Previously, bubbling and bursting were also found in the normal-
ravity combustion of PE droplet [11] , and the microgravity com-

ustion of PMMA [26] , PP, and PS, where PP had a bursting fre-

uency of 5 Hz [12] . 

Figure 2 (c) shows a typical evolution of droplet velocity ( v )

ithin the comet flame. Before detaching from the PE tube ( t I <

), the molten PE flowed downward and formed a dripping flow, as

t was dragged by the gravity, which helped overcome the surface-

ension and viscous forces. The moment of detachment coincided

ith the moment of capsule drop ( t I = 0) when the PE droplet

eached its maximum velocity of about 35 cm/s. Afterward, the PE

roplet started to move in the semi-quiescent air and continuously

ecelerate because of the air drag. Such a deceleration was calcu-

ated as about 0.2 m/s 2 (or 0.02 g). Right after the detachment, the

ame may not be able to cover the entire droplet. However, during

he deceleration process, the droplet became fully covered by the

omet flame. 

Behind the moving droplet, there was a smoke tail leaking from

he tip-open comet flame ( Fig. 2 (a)), and the flame length became

elatively shorter ( Fig. 2 (d)). The smoke could primarily be the

ondensed tiny PE particles. The main components of PE pyrolysis

as include ethane (27.4%), propane (26.6%), and methane (22.7%),

hile ethylene is 1.4%, and large molecules ( > C 7 ) is 1.9% [27] . Thus,

he smoke tail may also include some unburnt pyrolysis gases of

arge molecular weights like aromatic compounds [28] , as well as

oot. The soot concentration might also increase with decreasing

o-flow velocity. The existence of smoke tail indicated the comet

ame reached its smoke point. Similar tip-open flame phenomena

ad been observed in many past microgravity tests, which may be

ssociated with the extinction of the flame near its tip due to in-

ense radiative heat losses from soot [29–31] . More likely, the tip-

pen flame can be considered as a blow-off phenomenon, which

an be quantified by a critical Damkohler number, where the ra-

iatively cooled flame increases the chemical time to be compara-

le with the flow residence time [6] . The smoke-point flame length
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Fig. 2. (a) Snapshots of Stage-I microgravity combustion of the PE droplet and comet-shaped flame (Video S1), (b) bubbling, burst, and ejection processes, (c) velocity of PE 

droplet, and (d) length of comet flame. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) 
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1 Leidenfrost phenomenon indicates a cold droplet floats above the hot object, 

while here is a hot droplet floating above the cold object. 
n microgravity was correlated positively with the co-flow veloc-

ty [31–33] . Comparison between Fig. 2 (c) and (d) shows a similar

rend between the droplet velocity (or relative flow velocity) and

he flame length. 

.1.2. Spherical flame of semi-quiescent droplet 

Once landed on the floor, the PE droplet can rebound as an in-

act liquid ball occasionally ( Fig. 3 (a) and Video S1), and such a

ebound process was observed twice out of six droplets. Once re-

ounded ( t II = 0), almost a perfect spherical flame can be observed

n the Stage-II droplet combustion. After the rebound, the upward

elocity of the droplet became minimal ( v < 8 cm/s) and com-

arable to the background airflow velocity (~5 cm/s), as shown in

ig. 3 (b). Due to the air drag, the velocity of rebounded droplet de-

reased to near zero at t II = 0.65 s with a similar deceleration of

.1 m/s 2 . Afterward, the droplet moved randomly, caused by the

ombined effect of bubbling bursts, air drag, and remaining micro-

ravity. 

Excluding the transition from the comet flame to spherical

ame, the valid time of Stage-II burning is about 1 s. Compared

o the Stage-I burning of the moving droplet, the droplet combus-

ion in this semi-quiescent environment is more stable, because of

 larger flame standoff distance and a lower flame heat flux. For

he same reason, only a weak burst was observed, where ejected
uel vapor or tiny particles could not penetrate through the flame

heet, but only slightly change the motion of the near-stationary

roplet. 

On the other hand, some other landed PE droplets had a larger

nitial downward velocity. Thus, after landing, they were com-

ressed and eventually absorbed by the molten layer on the floor

 Fig. 4 (a) and Video S2), which was similar to the phenomenon

requently observed in normal gravity [34] . On the floor, previous

E droplets re-solidified into a random shape, which guided later

roplets to move randomly after landing. Figure 4 (b) and Video S3

how a droplet sliding horizontally on the floor after landing. It

s because PE droplet was always enveloped by the pyrolysis gas

ayer that prevented direct contact with the cooler floor. In other

ords, this is an inverse Leidenfrost phenomenon 

1 [35] . The pyrol-

sis gas layer was also expected to play an essential role in the re-

ound process ( Fig. 3 (a)). Although the microgravity environment

imits the overall motion of fuel, such an inverse Leidenfrost phe-

omenon could increase the mobility of burning fuel droplets and

reate an additional fire risk for spacecraft. 
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Fig. 3. High-speed snapshots of the rebounding burning PE droplets after reaching the ground, (a) the Stage-II spherical flame after rebound (Video S1), and (b) velocity of 

PE droplet after the rebound. 

Fig. 4. High-speed snapshots of other possible phenomena after the burning PE droplets reaching the ground, (a) absorbed droplet (Video S2), and (b) the sliding droplet 

(Video S3) under the inverse Leidenfrost effect. 
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Table 1 

Measured droplet initial diameter ( d 0 ) , end diameter ( d e ), and burning-rate constant 

( K ) . 

Test Stage d 0 (mm) d e (mm) K (mm 

2 /s) 

1 I 3.20 3.06 2.6 ± 0.3 

2 I 3.32 3.15 2.6 ± 0.2 

3 I 3.35 2.92 2.6 ± 0.1 

4 I 3.38 3.23 2.6 ± 0.3 

5 II 2.10 1.80 1.3 ± 0.1 

6 II 2.03 1.74 1.3 ± 0.1 

f  

r  

c

 

(  

t  

K  

S  

e  

h  

w  

c  
3.2. Burning rates 

During the microgravity combustion, the PE droplet was not

in a perfectly spherical shape but varied continuously with time,

mainly because of the strong internal bubbling and bursting pro-

cesses. Especially right after the detachment and rebound, the

flame may not fully cover the droplet ( Fig. 2 (a,d)), where the vari-

ation of droplet shape and diameter was irregular, so the droplet

diameter in these transitions was not considered in the calcula-

tion of the burning rate. Through the imaging process by MATLAB,

the time evolution of width and height, as well as the eccentric-

ity of the PE droplet, was examined. Despite the imperfect sphere,

the mean eccentricity of PE droplet was less than 0.2, indicating

that shape was close to a sphere (zero eccentricity). As a first ap-

proximation, the diameter of equivalent spherical diameter ( d ) was

calculated based on the volume conservation as 

 = 

1 

6 

πd h d 
2 
w 

= 

1 

6 

πd 3 (1)

Figure 5 plots the measured the d- square of all PE droplets (Stages

I and II). For all experiments, the d- square of PE droplet decreased

linearly with the time, agreeing with the classical d- square law.

The measured data have a relatively larger variation than those

of other liquid fuel droplets [4 , 5 , 7 , 9] , which is attributed to the

shape change induced by bubbling and bursting. Note that even
or the droplet combustion in normal gravity, the d- square law was

oughly satisfied, e.g. [11 , 36] , although the buoyancy flow could

hange with the size and shape of droplet flame. 

Table 1 summarizes the initial diameter ( d 0 ), end diameter

 d e ), and burning-rate constant ( K ) measured in each trial. For

he moving PE droplet in Stage I, the burning-rate constant was

 I = 2.6 ± 0.3 mm 

2 /s, and for the semi-quiescent PE droplet in

tage II, K II = 1.3 ± 0.1 mm 

2 /s, where the uncertainty of repeating

xperiments was reasonable. Because the flame heat flux was en-

anced by the droplet motion, the burning-rate constant in Stage I

as larger, as expected. For the droplet combustion of most hydro-

arbon liquids in the literature, K < 1 was often found [5 , 7 , 9 , 37] , so
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Fig. 5. Measured d -square for the microgravity combustion of PE droplets, (a) the Stage-I comet flame, and (b) the Stage-II spherical flame after the rebound, where different 

symbols represent different tests listed in Table 1 , and the least-square fit is used to estimate the average burning rate constant. 
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hat PE droplet has a much larger burning-rate constant. For exam-

le, even under a forced flow of 5 cm/s, the burning-rate constant

f a methanol droplet was only 0.74 mm 

2 /s [9] . 

In normal gravity, the burning-rate constant of PE spheres with

 or 2 mm diameter was previously found to be 2.5 mm 

2 /s [10] ;

nd for PMMA sphere, the burning-rate was 2.2 mm 

2 /s at 1 atm

11] , which were close to K I = 2.6 ± 0.3 mm 

2 /s in Stage I. It is be-

ause under the normal gravity, the droplet flame could induce a

uoyancy flow of about 30~50 cm/s that was comparable to the

roplet velocity in Stage I ( Fig. 2 (c)). Yang [12 , 13] studied the com-

ustion of 3 mm PMMA spheres in parabolic flight (10 −2 g) with

hree oxygen concentrations. The measured the burning-rate con-

tant at an oxygen level of 19.9% was 1.3 mm 

2 /s, which was close

o K II = 1.3 ± 0.1 mm 

2 /s of semi-quiescent PE droplet in Stage II at

he oxygen level of 21%. 

The burning-rate constant depends on the processes of phase

hange and mass transfer. The classical expression of the mass-

ransfer number ( B ) [1 , 4 , 5 , 7] can be applied for the PE droplet as

 PE = 

�h c /ν + c pg ( T ∞ 

− T py ) 

�h py 
≈ 2 (2) 

s methane and ethane are the main compositions of PE py-

olyzates [38] , their properties are adopted for gaseous fuel, where

h c ≈ 50 MJ/kg is the heat of combustion; ν = 14 . 8 is the sto-

chiometric air-fuel ratio; T py ≈ 673 K is the pyrolysis tempera-

ure of PE [16] , and the pyrolysis heat of PE is �h py ≈ 1 MJ/kg

39] . By estimating the flame temperature as T f ≈ 20 0 0 K, the av-

rage temperature between the flame and the droplet surface is

( ̄T ) = 0 . 5( T p + T f ) ≈1300 K. The specific heat of fuel c pg = c pF ( ̄T ) ≈
 kJ/kg-K is used for the mixture of methane, ethane, other heavy

ydrocarbons, and tiny condensed PE particles, where the evapo-

ation is controlled by the heat transfer in the flame inner region

6 , 40 , 41] . 

The value of B here is comparable to the literature value and

ther polymers [11 , 16] , which is much smaller than most liquid

uels, such as methanol ( B ≈ 3.0), heptane ( B ≈ 8.6), and diesel

 B ≈ 11) [5 , 6] . It is because the pyrolysis heat ( �h py ) and temper-

ture ( T py ) of PE in Eq. (2) are much larger than the heat of evapo-

ation and boiling point of most liquid fuels. For the liquid polymer

uel, the surface temperature continues to increase even above the

yrolysis point with a strong the internal heat convection, which

s neglected in Eq. (2) . The fuel mass loss rate ( ˙ m F ) and mass flux

 ˙ m 

′′ 
) increases with B as 
F 
˙ 
 F = −ρl 

d V 

d t 
= 

π

4 

ρl Kd = 

2 πk l −g d 

c pg 
ln ( 1 + B ) (3a) 

˙ 
 

′′ 
F = 

ρl K 

4 d 
= 

2 k l −g 

d c pg 
ln ( 1 + B ) (3b) 

here ρ l is the liquid fuel density, and k l-g is the local ther-

al conductivity for the liquid-gas interface. Therefore, given a

roplet diameter, the mass burning rate of the PE droplet should

e lower than those of heptane and methanol droplets because of

he smaller B number. 

Nevertheless, it is unexpected the measured burning-rate con-

tant of semi-quiescent PE droplet in Stage II, K II = 1.3 ± 0.1 mm 

2 /s,

o be larger than most hydrocarbon liquid fuels with a larger B .

ifferent from the mass-based burning rate, the burning-rate con-

tant ( K ) in d- square law is derived from the volume change of

roplet. In other words, it is essentially a shrinkage rate of the

pherical volume as 

 = −
d 

(
d 2 

)
d t 

= − 4 

πd 

(
d V 

d t 

)
= 

4 

πd ρl 

˙ m F (4a) 

herefore, the only possible reason for a smaller mass burning rate

f PE droplet having a large burning-rate constant should be the

ecrease in liquid PE density ( ρ l ). As a strong bubbling process is

bserved inside the PE droplet, it is expected that the droplet is

orous and has a lower density. 

For the Stage-II droplet combustion with the semi-quiescent

roplet, the burning-rate constant follows the classical expression

5] 

 II = 

8 k l −g 

ρl c pg 
ln ( 1 + B PE ) = 1 . 3m m 

2 / s (4b)

here B PE = 2 from Eq. (2) . Because the existence of multi-phase

uel (complex pyrolysis gases and tiny condensed PE particles seen

n Fig. 6 ) also promotes the heat transfer at the droplet surface, a

elatively large effective thermal conductivity ( k l-g ≈ 0.23 W/m-

) [41 , 42] is chosen, considering that the thermal conductivity of

ethane is 0.17 W/m-K at 10 0 0 K and 0.32 at 1300 K [42] . Then,

he density of the porous bubbling PE droplet is calculated as

bout 560 kg/m 

3 , which is smaller than 930 kg/m 

3 for the non-

orous molten PE [39] , but close to the previous measurement of

E drippings in normal gravity [18] . 

On the other hand, the Stage-I burning process of a moving

roplet is equivalent to the droplet combustion under a forced
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Fig. 6. Schematic diagram of PE droplet, flame, bubbling, burst, and ejection pro- 

cesses. 
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convective environment, and the burning-rate constant may be ex-

pressed as 

K I = 

4 k l −g N u I 

ρl c pg 
ln ( 1 + B PE ) = 2 . 6 m m 

2 / s (4c)

The influence of convective flow is considered by the Nusselt num-

ber ( Nu ) [43] as 

N u I = 2 + 0 . 6 R e 1 / 2 P r 1 / 3 ≈ 3 . 0 ± 0 . 1 (5)

where the mean velocity of PE droplet in Stage I is 25 ± 6 cm/s.

By using the actual density of 560 kg/m 

3 found in Stage II, the cal-

culated burning-rate constant for Stage I is 2.0 ± 0.1 mm 

2 /s, which

is still appreciable smaller than the experimental measurement of

2.6 ± 0.3 mm 

2 /s in Fig. 5 (a). Therefore, there must be some other

factor contributing to such a large burning-rate constant in Stage I.

As observed in Fig. 2 (a,b) and Videos S1–3 and illustrated in

Fig. 6 , the violent bubbling phenomenon in Stage I results in the

strong burst and frequent fuel ejections, which penetrate out of

the flame sheet. Comparatively, bursts, and injections in Stage II

(spherical flame) are weaker, which are not strong enough to pen-

etrate the flame sheet. Therefore, it is possible to define a gasi-

fication or pyrolysis efficiency ( η) to correct the burning rate by

removing the mass loss induced by the strong ejection as 

η = 

combusted fuel 

gasified fuel 
= 

˙ m F, f 

˙ m F 

= 

˙ m F, f 

˙ m F, f + 

˙ m F,e 

(6a)

where the total fuel mass loss rate ( ˙ m F ) includes both the mass-

loss rate due to strong ejections ( ˙ m F,e ) and the actual fuel burn-

ing rate in flame ( ˙ m F, f ). As the conventional equation only con-

siders the mass loss caused by burning, the measured burning

rate should divide the gasification efficiency to express the total

mass loss. Moreover, according to Eq. (4a) , the burning-rate con-

stant is positively correlated with the mass burning rate. Therefore,

the gasification efficiency should be added to modify the measure

burning-rate constant as 

˙ m F = 

˙ m F, f 

η
∝ 

K 

η
(6b)

Note that all weak fuel burst and ejection in Stage II were con-

sumed within the flame, so that ηII ≈ 1. Then, the burning-rate

constant of the PE droplet in Stage I in Eq. (4c) can be corrected as
 I = 

4 k l −g N u I 

ρl c pg ηI 

ln ( 1 + B PE ) (4d)

Accordingly, the gasification efficiency of Stage I can be esti-

ated as 

I = 

N u I 

2 

(
K II 

K I 

)
= 75 ± 10% (6c)

In other words, about 75% of PE droplet is consumed by the

ame, and the rest 25% of PE droplet is lost by the high-frequent

trong ejections. 

.3. Flame standoff distance and burning flux 

The diameter of the PE droplet and spherical flame in Stage II

f two tests was measured by processing the high-speed images in

ATLAB. Simultaneously, the flame standoff ratio (FSR), defined as

he flame diameter ( d f ) divided by the droplet diameter ( d ), can be

heoretically estimated as: 

d f 

d 
= 

ln ( 1 + B ) 

ln [ ( 1 + ν) /ν] 
(7a)

here the ‘theoretical’ value is found to be around 17, which is

maller than the ‘theoretical’ value (about 40) of a typical liquid

ydrocarbon fuel flame [5] . Nevertheless, Fig. 7 (a) shows that the

xperimentally measured FSR for PE droplet is about 4~5. It is

uch smaller compared to the measured FSR for typical liquid hy-

rocarbon fuels (about 10) [5] and methanol droplet (5~6) [44] . On

he other hand, a smaller FSR of 3~4 was observed in the combus-

ion of spherical PMMA [11] . 

The value of FSR is controlled by the mass transfer and strongly

nfluenced by the diffusion coefficients of fuels and oxygen [10] .

sually, the quasi-steady droplet combustion theories over-predict

he FRS by several folds [5] . There are two possible reasons for the

elatively small FSR. Firstly, some pyrolysis gases of large molecular

eight and even the tiny condensed PE particles in the flame inner

egion are more difficult to diffuse to the flame, as illustrated in

ig. 6 . This is also called as the fuel vapor/particle accumulation

ffect and could be represented by the mixed Lewis number ( Le mix )

5 , 6 , 45] as 

d f 

d 
= 1 + L e mix 

ln 

[
1 + c pF 

(
T f − T s 

)
/ �h py 

]
ln ( 1 + Y O, ∞ 

/ νO ) 
(7b)

 e mix = 

( k/ c p ) i 
( ρD ) o 

≈ k F / c pF 

ρO D O 

(8)

here subscripts i and o represent the flame inner and outer

iffusive-convective regions, respectively. The mixed Lewis number

s usually smaller than 1, due to the smaller thermal diffusion of

uel molecules inside the flame. Moreover, the value of Le mix for

he PE droplet flame could be even smaller, because the existence

f tiny condensed PE particles not only increases the effective spe-

ific heat ( c pF ) due to the additional phase change process, but also

lows down the overall diffusion process ( k F ) between the flame

nd the droplet. Note that k F is an overall value that is different

rom k l-g at the liquid-gas interface in Eq. (3) . 

Secondly, because of the limitation of the current high-speed

maging sensor, the observed yellow spherical flame may not rep-

esent the outer boundary of the blue flame [12 , 46] . Thus, the

easured flame diameter was likely under-estimated. Better mea-

urements of droplet flame color and radiation will be conducted

n future microgravity experiments with additional cameras. 

Based on the measurement of flame shape and size, the flame-

heet area ( A f ) of both the Stage-I comet flame and the Stage-II

pherical flame can be estimated. Then, the flame burning flux
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Fig. 7. (a) Flame standoff ratio for droplet combustion in stage II for Tests 5 and 6 in Table 1 and (b) the measured flame burning flux for both comet and spherical flame, 

where the ejected fuel is excluded in Stage I. 
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 ˙ m 

′′ 
f 
), i.e., the burning rate per unit flame sheet area, can also be

stimated as 

˙ 
 

′′ 
f = 

Fuel burning rate 

Flame sheet area 

 

˙ m F f 

A f 

= 

⎧ ⎨ 

⎩ 

η ˙ m F 

A f 
(I : comet flame) 

˙ m 

′′ 
F 

F S R 2 
(II : spherical flame) 

(9) 

Fig. 7 (b) shows the measured the flame burning flux of PE

roplet for both stages, where the ejected tiny PE particles

hat penetrate the flame sheet is not considered in Stage I.

learly, we found the average flame burning flux of PE droplet is

˙  
′′ 
f 

= 4 ± 1 g/m 

2 -s for both burning stages and all tests, which is

lose to the values of heptane (2–5 g/m 

2 -s [47 , 48] ) and methanol

from 2.5 [49] to 5–9 g/m 

2 -s [50] ). Considering the difficulty of

easuring the fuel mass loss rate in microgravity (i.e., the regu-

ar scale fails), by knowing the flame burning flux of the specific

uel and measuring the flame-sheet area, it provides a method to

stimate the fuel burning rate and the fire heat release rate in the

icrogravity spacecraft environment. 

. Conclusions 

In this study, the combustion of the molten thermoplastic

roplet has been tested under the microgravity drop tower. A

nique experimental setup was designed to successfully produce

he pre-ignited PE droplets with a diameter of 2~3 mm and a small

nitial velocity within less than 40 cm/s. Once the drop started, two

tages of droplet combustion were observed, 

(I) a comet-shape flame for a low-velocity droplet with strong

bubbling and ejecting processes and the burning-rate con-

stant ( K ) of 2.6 ± 0.3 mm 

2 /s; and 

(II) a spherical flame after the rebound of the droplet with K of

1.3 ± 0.1 mm 

2 /s. 

The combustion of all PE droplets followed the classical d-

quare law. The measured large burning-rate constant (or the vol-

me shrinkage rate) for moving droplets is caused by the strong

ubbling process, which reduces the bulk density of molten PE. A

asification efficiency was introduced, which estimated the ejected

uel that penetrated trough the comet flame to be about 1/4 of

otal mass loss. However, considering the higher pyrolysis point,

arger heat of pyrolysis, and smaller mass-transfer number ( B ≈ 2),

he actual mass burning rate of PE droplets should be smaller than
he most hydrocarbon liquids. We found the flame burning flux

f PE droplet to be 4 ± 1 g/m 

2 -s per unit flame sheet area that

ay be used to estimate the fuel mass-loss rate and fire heat re-

ease rate in microgravity. This novel microgravity combustion ex-

eriment could help understand the fire risk and hazard of plastic

aterial in the spacecraft environment. 
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