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Abstract
A series of experiments were conducted in the 3.6-s microgravity drop tower and normal gravity to investigate the effect of solid
fuel curvature, conduction, and reradiation on the flame extinction of spherical polymethyl methacrylate (PMMA). In the
semi-quiescent microgravity environment, flame extinctionwas observed if the PMMAdiameter was larger than 40mm, because
of a smaller flame conductive heating in larger diameter (i.e., the curvature effect). Compared to the droplet combustion with a
low evaporation point and fast heat convection in the liquid phase, the solid fuel has a high pyrolysis point and large transient heat
conduction. Thus, the large surface reradiation effectively cools down the fuel surface to promote extinction. Also, as the initial
burning duration increases, the conductive cooling into the solid fuel decreases, which delays or prevents the flame extinction in
microgravity. The extinction criterion for microgravity flame is explained by the critical mass flux and mass-transfer number.
This work helps to understand the curvature effect of solid fuel on flame extinction and the material fire safety in the microgravity
spacecraft environment.
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NomenclatureSymbols

A area (mm2)
B mass-transfer number (−).
cg specific heat of gas (J/kg/K).
cp specific heat of solid (J/kg/K).
d diameter (mm).
deq equivalent diameter (mm).

FSR flame stand-off ratio (df/ds).
Δhc heat combustion (J/kg).
Δhpy enthalpy of pyrolysis (J/kg).
L characteristic length (mm).
m mass (g).
m⋅″ mass flux (g/m2/s).
k heat conductivity (W/m-K).
q⋅″ conductive heat flux (kW/m2).
r sphere radius (mm).
t time (s).
t0 initial burning duration (s).
T temperature (K).
V Volume (mm3)
Xr fraction of flame radiation (−).
YO2 mass fraction of oxygen (−).

Greeks
δ depth (mm).
ε radiative emittance (−).
η ratio coefficient (−)
κ fuel curvature, 1/r (mm−1).
υ air to fuel stoichiometric mass ratio.
ρ density (kg/m3).
σ Stefan-Boltzmann constant (W/m2/K4).
Φ thermocouple diameter (mm).
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Subscripts
∞ ambient.
cond conduction.
crt critical value
f flame.
in in-depth net net heat flux
py pyrolysis.
r radiation.
re reradiation.
s solid or surface.
sh shell.

Introduction

Fire remains a significant risk for spaceflight that merits re-
search for future flights, especially with the prosperous appli-
cation of light polymer materials in the spacecraft (Friedman
1996; Bobola and Pate 2011; Huang et al. 2020). Spacecraft
fire safety issues started receiving researchers’ attention from
the early 1907s. Since then, great efforts have been made to
investigate the mechanism of flame spread, extinction, flam-
mability, and the fire performance on many types of materials,
such as polymers, electrical wires, and fabrics (Ikeda 2018;
Nagachi et al. 2019; Thomsen et al. 2019. With the active and
consistent international research collaborations, the under-
standing of microgravity fire dynamics has been continuously
improved (Ross 2001; Urban et al. 2018). In addition to pro-
viding the direct fire-safety strategy for spacecraft, the micro-
gravity experiment of fire researches achieved the simple com-
bustion environment to eliminate the buoyancy effect, which
benefits the fundamental combustion research. The burning of
spherical fuels with a spherical flame can be considered as the
one-dimensional (1-D) combustion system by diminishing buoy-
ancy and natural convection (Mikami et al. 2018a; Mikami et al.
2018b; Vang and Shaw 2020). This 1-D combustion system can
provide ideal conditions for understanding the effect of the cur-
vature and geometry on combustion characteristics, especially
for the liquid droplet combustion and with the classical
d-square law (Law 1982; Dietrich et al. 2014).

The burning of a solid polymer sphere is similar to the
droplet combustion except for the flame standoff ratio FSR
and the temperature in the condensed-phase (Raghunandan
and Mukunda 1977). Specifically, the pyrolysis temperature
of solid polymers (>300 °C) is much higher than the evapo-
ration point of most liquid fuels. The solid fuel temperature
will continue to increase above the pyrolysis point, resulting in
large surface reradiation (Bhattacharjee et al. 2017; Olson and
Ferkul 2017). Moreover, the conductive heat flux into the
solid interior is transient due to transient temperature gradient
and smaller conductivity, which is different from the
semi-uniform temperature inside the liquid droplet due to the
large convective heat transfer. Both heat losses of surface

reradiation and solid conduction will affect the microgravity
flame extinction on solid fuels. Yang et al. (2000) studied the
burning behavior of the PMMA spheres whose diameters
were less than 6.4 mm at a reduced-gravity environment.
They found that the transient diameter of the PMMA exhibit-
ed two distinct periods: the square of the diameter remains
constant firstly and then linearly decreased with time.
Johnston et al. (2017) have measured the local burning rate
of PMMA spherical shell samples at different oxygen concen-
trations. Migita et al. (2020) used a low-pressure environment
to achieve the pseudo-1-D combustion system of PMMA.
Endo et al. (2020) reported the result of the PMMA sphere
aboard the International Space Station and developed a model
to illustrate flame growth and extinction. Except for represen-
tative fuel PMMA; Hu et al. (2012) have investigated the
burning behavior of spherical methenamine (C6H12N4) during
the transition from normal-gravity to reduced-gravity.
Recently, Sun et al. (2020) showed that the burning rate con-
stant of polyethylene droplet is much larger than those of
liquid hydrocarbon due to bubbling and fuel ejection.

The planar solid fuel, as an extreme type of sphere, has
been studied extensively (De Ris 1969; Williams 1977;
Fujita 2015). As the mass flux of spherical solid fuels is in-
versely proportional to diameter in a quiescent environment
(Raghunandan and Mukunda 1977), several microgravity ex-
perimental studies have shown that the flame cannot spread
over thick PMMA in a quiescent environment (Bhattacharjee
and Altenkirch 1991; West et al. 1996; Takahashi et al. 2002;
Bhattacharjee et al. 2003; Zhu et al. 2019). Thus, there could be
a critical (maximum) diameter for the PMMA sphere to main-
tain the flame. Nevertheless, the curvature effect is mostly stud-
ied with cylindrical fuels (Delichatsios et al. 2000; Olson and
Hirsch 2011; Link et al. 2018; Wu et al. 2020). So far, there are
limited studies on the effect of solid conduction and surface
radiation on the extinction of spherical solid fuels.

To further illustrate the effect of solid conduction and sur-
face radiation on the extinction of spherical solid fuels,
PMMA spheres with different diameters (10–40 mm) were
tested in amicrogravity environment. As a reference, the burn-
ing behaviors, heat conduction, and temperature profile of the
PMMA sphere in normal gravity are quantified and compared.

Experiments Setup

Microgravity Experiments

The microgravity experiments were conducted in the Chinese
Academy of Science’s 3.6 s Beijing drop tower with a 10−3 g
gravity level (Zhang et al. 2011; Wang et al. 2015).The sche-
matic of the microgravity experiments is shown in Fig. 1(a).
The PMMA spheres diameters varied from 10 mm to 40 mm,
where the minimum diameter is greater than the previous
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research (Yang et al. 2000). The tested PMMA spheres were
burnished from the commercial cast PMMA plane. A K-type
thermocouple (Omega Engineering Inc), with 0.075 mm bead
head diameter, was threaded through a hole beneath 1/4d of
the sphere surface to measure the solid phase temperature,
where the hole with a diameter of 0.05 mm was drilled during
manufacturing. Besides, a steel rod was installed inside the
sphere to fix the test sample. The distances between the
PMMA sphere and the table and the fixing frame are 20 cm
and 7 cm to reduce their influence on the flame. The ignition
was achieved by a spiral heating Ni-Cr wire. After ignition,
the heating wire would be moved down immediately to avoid
the disturbances on further combustion.

A GoPro Hero7 digital camera with a resolution of 1920 by
1080 at 120 fps was applied to record the burning process. In
addition, a LED backlight system was set at the opposite side
of the digital camera and flashed at 1 ~ 1.5 Hz frequency to
illuminate both the outline and flame of the sphere.
Experiment apparatuses were installed inside an enclosed cap-
sule with 1 m3 void space, where the test environment is in a
normal atmosphere. The sufficient inner space of the capsule
makes it reasonable to ignore the oxygen consumption during
experiments. After starting the camera and the data logger, the
heating wire was energized to ignite the PMMA sample, and it
would be retracted after ignition. The ignition process lasted
about 10 ~ 40 s. After ignition, a transition burning stage was
required, which enabled the flame to cover the PMMA sphere
fully. However, the pre-burning time was minimized to ensure
the spherical shape of the sample. Eventually, the capsule was
released when the flame was stable. Table 1 lists the initial
burning duration (t0) before the drop for each test.

Normal-Gravity Reference Experiments

A series of normal-gravity experiments were conducted in the
same environmental conditions with microgravity tests except
for the gravity level. Normal-gravity tests mainly measured

the diminishing diameter and temperature evolutions of the
PMMA sphere, which were useful for estimating the heat flux
of solid-phase conduction after entering the microgravity con-
dition. Consistent with microgravity experiments, the diame-
ters varied from 10 mm to 40 mm were tested in
normal-gravity experiments. Differently, one K-type thermo-
couple with 0.075 mm bead head diameter was embedded
2 mm underneath the sphere surface at the bottom side with
±0.25 mm uncertainty. Another the same thermocouple was
placed at the surface to measure the surface temperature, as
shown in Fig. 1(b). The surface thermocouple was fixed on
the sample holder, which was slowly moved to allow the
thermocouple to always contact with the spherical surface.
The response time is estimated to 0.34 s when temperature
increases from 38 °C to 427 °C. The spherical PMMA sam-
ples were vertically held 10 cm above the ground. The PMMA
sphere and the sample holder were placed on an electronic
mass balance (Sartorius BL310) with an accuracy of 0.01 g
to measure the mass change of the PMMA sphere. A heating
wire was used to ignite the sample from the bottom andmoved
away once the sample was ignited. Besides, a digital camera
(Nikon D7200, 30fps) was placed normal to the centerline of
the PMMA sphere for recording the overall burning process.

Fig. 1 (a) The schematic of the microgravity drop-tower experiment. (b) The detailed position of thermocouple in normal-gravity experiments

Table 1 The initial burning duration before drop in all microgravity
tests

Diameter
d (mm)

Repeat times Pre-drop burning
duration t0 (s)

10 2 16, 34

14 1 20

16 1 57

20 2 11, 22

30 1 54

35 1 34

40 3 36, 49, 65
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Results and Discussions

Burning and Extinction in Microgravity

Figure 2 shows the photographic sequences of the burning
behaviors in normal gravity and microgravity. As the
PMMA sphere has a small solid regression rate in micrograv-
ity combustion experiments (Johnston et al. 2017), the diam-
eter of the PMMA sphere is nearly equal to the initial diameter
even at the end of experiments. Just before the capsule
dropping, a stable flame is established in normal gravity, and
the yellow flame is observed, which is caused by soot radia-
tion. After entering the semi-quiescent microgravity condi-
tion, the flame responds instantaneously and expands away
from the surface of the sphere, as shown in Fig. 2.
Meanwhile, the brightness of the flame decreases with time.
For a small-sized PMMA sphere (i.e., 10-mm diameter), the
bright yellow flame can always be observed until the micro-
gravity test was ended, indicating soot production formed.
However, as the diameter of the sphere increased to more than
20 mm, the yellow flame faded gradually, and the flame color
became weak blue as time went by. In short, the experimental
results show that the spherical flame becomes weaker as the
diameter increased.

Figure 3a and b show the variation of flame width and
height versus time with the PMMA spheres diameter of 10–

40 mm, respectively. Note that the flame width in Fig. 3a
refers to the largest flame width at the lower hemisphere.
Right after the start of the microgravity environment, flame
height decreases while the width increases, because of the
sudden absences of the buoyancy force. As shown in Fig.
3a, the flame width of the larger PMMA sphere overshoots
dramatically compared with the smaller sphere. When the
40mm sphere close to its extinction points, the flame becomes
unstable which expressed as the fluctuation of the flame
width. In contrast, flame widths with smaller PMMA sphere
diameters (10 mm and 20 mm) produce little fluctuations with
time. The flame height is appreciably wavered, as shown in
Fig. 3b. Specifically, the flame height of the PMMA sphere
with smaller diameters (10 mm and 20 mm) generates less
fluctuation and always decreases with time. While the flame
height of the sphere with larger diameters (30 mm and 40mm)
overshoots again with time and generate more random fluctu-
ation. When the cabin is dropped, the mass flux of the larger
diameter sphere decreases more abruptly which leads to the
flame is near to the extinction. The near-limit flame is more
sensitive to the change of environment condition. Besides,
there is residual buoyancy in the cabin during the transition
of gravity and the fluctuation of flame height is probably at-
tributed to the buoyancy-induced instability. The gas-phase
reaction needs several seconds to reach the steady-state, thus
the flame will generate more random fluctuation in the height

Fig. 2 Image of the transition of
flame from normal gravity to
microgravity (see Videos S1)
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direction to reach a new equilibrium. Compared to Fig. 3a and
b, it is found that the time required for flame height to reach a
steady state is longer than it for flame width. The PMMA
spheres less than 30 mm in diameter have no noticeable
change within approximately 2.5 s in the flame width and
height, indicating that the flame transits into a relatively stable
state. After the transition to the microgravity environment
about 3 s, the flame shape is almost stable, the flame height
and width are increasingly close, and the flame would even-
tually shrink into a spherical shape due to the absence of the
buoyancy convection, as shown in Fig. 2.

Both the sphere diameter and the pre-drop burning duration
have an effect on the flame quenching. Before the flame ex-
tinguishes, the flame will oscillate several times, as shown in
Fig. 4, and the oscillation frequency is about 2 Hz. Previous
researches also reported similar flame oscillations phenome-
non when the diffusion flame is at near-limit conditions before
extinction (Chan and Tien, 1978; Johnston et al. 2017. Olson
et al. 2019). For the 35 mm diameter sphere with 34 s
pre-burning time, the flame color changes from the yellow
to blue, and flame oscillate was observed (Video S2), but
the flame was not extinguished as a weak flame still exists
until the microgravity time terminated. While when the diam-
eter increases to 40 mm, it will be extinguished within 3.6 s if
the t0 is below 50 s (Video S3). Therefore, the PMMA sphere
with a large diameter is more difficult to sustain a flame after
entrance the microgravity environment. However, the flame
extinguishing not only depends on the sphere diameter, but

also the pre-drop burning duration before the microgravity
test. When the burning duration (t0) is larger than 50 s, the
flame will not extinguish during 3.6 s of microgravity time.
With the initial burning time increases, the conductive cooling
effect decreases due to a small temperature gradient inside the
solid fuel. Thus, extinction only can be observed when the
initial burning duration before the drop is shorter than 50 s.

Reference Burning Case in Normal Gravity

The effects of ignition and pre-drop burning duration on the
regression of fuel diameter were investigated on the ground to
select a reasonable and reliable ignition protocol in the
drop-tower test. With the gravity-induced upward buoyancy
flow, the burning rate in the horizontal direction is slightly
lower than that in the vertical direction, as expected. Thus,
to ensure the spherical shape of fuel, the time for ignition
and initial burning cannot be too long. To further correct the
inevitable change of sphere shape, the equivalent diameter
was also calculated based on the real-time measurement of

fuel mass (m ¼ ρsπd
3
eq=6 ). Thus, the equivalent diameter

can be expressed as:

deq ¼ 6m
ρsπ

� �1=3

ð1Þ

Figure 5 shows the square of the height, width, and
equivalent diameter of PMMA versus time. The width

Fig. 3 Variation of flame shape
with time during a drop: (a) flame
width and (b) flame height

Fig. 4 Flame oscillation near the extinction limit (d = 40 mm)
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and height of PMMA are measured based on the
frame-by-frame analysis of the video. The measurement
error is estimated to be ±5% where the uncertainty is
caused by the bubbling effect at the sphere surface. The
equivalent diameter has no significant change before igni-
tion. Once ignited, the PMMA would first swell and bub-
ble to cause a small degree of visual expansion (Yang et al.
2000), and afterward, the diameter monotonically de-
creases. The time required when the equivalent spherical
diameter drops by 5% are 37, 55, 110, 182 s for diameters
of 10, 20, 30, and 40 mm, respectively. In other words, the
reduction of equivalent diameter of fuel are all less than
5%, and the ratio of width to height is greater than 95%
before the drop. Thus, the diameter and shape of the
PMMA sphere have no significant change before the drop.
After the stable flame has been established, the square of
diameter decreases almost linearly with time, which indi-
cates that the PMMA sphere still roughly obeys d-square
law in the normal gravity.

Figure 6(a) shows the surface temperature of the PMMA
sphere with diameters of 10, 20, 30, and 40 mm, where t = 0

corresponds to the moment that the PMMA is ignited. The
thermocouple data are not corrected by radiation and conduc-
tion because the corrections of solid-phase are estimated only
about 10 K at surface temperatures. The pyrolysis temperature
(Tpy) of PMMAdepends on the heating rate (see TGA curves in
Fig. 9(a)), and ranges from 650 K to 700 K, which also agrees
with the literature value of 673 K (400 °C) (Takahashi et al.
2019). The surface temperature shows a rapid increase during
the ignition process and increases above 700 K within 5 s. In
other words, the average surface heating rate is about 50 K/s (or
3000 K/min), as shown in Fig. 9(a), and independent of fuel
diameter, because of the flame heating. Once the stable flame is
established, the surface temperature is about 723 K (or 450 °C),
and as expected, it is near the end temperature of pyrolysis, as
shown in Fig. 9(a). The surface temperature has a little fluctu-
ation in the experiments probably due to the bubbling phenom-
enon. To facilitates the analysis in the present study, it is as-
sumed that the surface temperature of the sphere equals 723 K.

Figure 6(b) shows the in-depth temperature 2-mm below
the PMMA sphere with diameters of 10, 20, 30, and 40 mm.
The in-depth heating rate is about 3 K/s (or 180 K/min), which
is much smaller than the surface (Fig. 9(b)). Note that the
in-depth heating rate is still greater than that of most TGA
tests. Immediately after ignition, the in-depth temperature for
the smaller PMMA sphere rises faster. There are two reasons,
(1) for the larger sphere, it is harder to heat its inner part due to
the substantial thermal inertia; and (2) the solid conduction
heat flux is stronger for the smaller sphere because of the
curvature effect. Once exceeding about 670 K, the measured
in-depth temperature rises rapidly with a strong bubbling pro-
cess, and the thermocouple may get detached.

More importantly, Fig. 6 shows a significant time lag be-
tween the surface and in-depth, which can cause a time vari-
ation of the conductive heat loss (q⋅″cond;s ) into the sphere.

Thus, by changing the initial burning duration before free fall,
the net heat flux on the fuel surface will be varied, which
affects the following burning and extinction behaviors in
microgravity.

Fig. 5 Time evolution of the square of the height, width, and equivalent
diameter of the PMMA sphere in normal gravity

Fig. 6 Thermocouple
measurements in normal gravity,
(a) surface of PMMA surface, and
(b) 2-mm below the sphere where
t = 0 corresponds to the moment
that the PMMA is ignited
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Heat Transfer Analysis

By choosing the control volume on the surface of the solid
sphere (Fig. 7a), the transient energy conservation can be
expressed as:

ρcp
dTs

dt
þ m⋅″FΔhpy ¼ q⋅″cond; f þ q⋅″r; f −q

⋅″
re;s−q

⋅″
cond;s≥0 ð2Þ

where cp is the specific heat of solid, Ts is the surface temper-
ature, m⋅″FΔhpy is the required heat to pyrolyze the fuel, q⋅″cond; f
is the conduction heat flux of flame, q⋅″r; f is the radiant heat flux

of flame, q⋅″re;s is the surface reradiation heat loss, and q
⋅″
cond;s is

the conductive heat loss into solid fuel, respectively.
Without the forced and buoyancy flow, the heat transfer

from the flame sheet to the solid fuel is controlled by the
heat conduction (q⋅″cond; f ). As a function of fuel diameter

(Armstrong et al. 2006), this flame conductive heating can
be approximated by the steady-state solution as

q⋅″cond; f ≈kg
T f −Tpy
� �

rs2
1

rs
−
1

r f

� � ¼ kg
T f −Tpy
� �

rs 1−
1

FSR

� � ð3Þ

where the kg is the conductivity in the gas phase, and rs is
the radius of the spherical fuel. Instead of using the surface
temperature measured in normal gravity base tests, the py-
rolysis temperature is employed as the surface temperature
of burning PMMA sphere in microgravity, because the sur-
face temperature decreases with the gravity condition
changed (Armstrong et al. 2006). Although the flame tem-
perature also reduced because of the diluted soot concentra-
tion, the temperature difference (Tf − Tpy) between the flame
and solid surface is roughly a constant, due to Tf ≫ Tpy. The

flame stand-off ratio (FSR) is the ratio of flame diameter (df)
to solid diameter (ds).

FSR ¼ d f

ds
¼ ln 1þ Bð Þ

ln 1þ νð Þ=ν½ � ð4Þ

where ν is the air to fuel stoichiometric mass ratio. The value
of FSR is also roughly a constant (Awasthi et al. 2014), be-
cause the mass transfer number (B) is mainly controlled by
material and environmental parameters that have a small var-
iation. Thus, the conductive heat flux from the flame will
decrease with the solid fuel diameter (Fig. 7b). On the other
hand, the radiation heat flux from the flame (q⋅″r; f ) also slightly
decreases as the solid fuel diameter increases, because the soot
concentration decreases as the flame becomes bluer.

For the cooling effect on the fuel surface, the reradiation
heat flux to the environment can be calculated as

q⋅″re;s ¼ εσ T4
py−T

4
∞

� �
ð5Þ

which is almost constant for different fuel diameters, because
of the same fuel and same pyrolysis temperature. Thus, the
quenching effect, caused by the fuel diameter, is dominated by
the solid conduction, especially for thermally thick fuels (Ito
et al. 2005).

Based on the thermocouple measurements of the surface tem-
perature (Ts ≈ Tpy) and the in-depth temperature (Tin), the con-
ductive cooling from the surface into the solid sphere (q⋅″cond;s )
can be estimated by an approximate transient solution as

q⋅″cond;s≈ks
Ts−Tin

δ
1−

δ
rs

� �
þ Vsh

As
ρcp

dT
dt

ð6Þ

where δ is the depth of the embedded thermocouple, Vsh is the
volume of the sphere shell, As is the surface area of the PMMA

Fig. 7 Energy conservation at
solid fuel surface, (a) principle
diagram, (b) surface heat flux vs.
fuel diameter, and the net heat
flux at extinction limits
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sphere. Figure 8 shows the estimated q⋅″cond;s where the initial time
is defined when the PMMA sphere has the same surface and
in-depth temperature, which follows a similar trend in Fig. 7 (b).

For the smaller sphere, the conductive cooling effect is
greater at the beginning stage because of the curvature effect,
i.e., smaller rs in the first right term of Eq. (6). Moreover, it is
faster to heat up the smaller sphere and reduce the temperature
difference (Ts − Tin), because of a smaller thermal inertia (the
second right term of Eq. (6)). Thus, the decrease of the con-
ductive cooling effect is faster for the smaller sphere. Because
the temperature gradient and heat conduction inside the solid
are caused by the flame conductive heating, conduction in the
solid-phase is always smaller than that in the gas phase
(q⋅″cond;s < q⋅″cond; f ), and they follow the same trend as

q⋅″cond;s ¼ ηq⋅″cond; f . Thus, we can assume the net conductive

heating as

q⋅″cond ¼ q⋅″cond; f −q
⋅″
cond;s ¼ 1−ηð Þq⋅″cond; f ð7Þ

which increases with the increase of the flame conductive
heating and the decrease of PMMA sphere diameter.
Therefore, the extinction was only observed for the large
PMMA sphere of the 40-mm diameter.

By ignoring the transient term in Eq. (2), the net heat flux
(q⋅″net ) at the fuel surface can be simplified as

q⋅″net ¼ q⋅″cond; f −q
⋅″
cond;s

� �
þ q⋅″r; f −q

⋅″
re;s

� �
≥m⋅″crtΔhpy ð8Þ

where the solid surface should have sufficiently large net heat
flux to pyrolyze a minimum amount of fuel gases for main-
taining combustion. If the net heat flux below this critical

value, the flame cannot be sustained. The net heat flux re-
duced as the solid fuel diameter increases (Fig. 7b).
Therefore, a critical diameter to support the flame exists after
increasing the sphere diameter.

Extinction Limit

The mass flux in the semi-quiescent environment for PMMA
sphere is similar to the droplet combustion theory, and it can
be expressed as:

m⋅″ ¼ 2kg
cgd

ln 1þ Bð Þ ¼ κ
kg
cg
ln 1þ Bð Þ ð9Þ

where κ = 1/r is the curvature of fuel and cg is the specific heat
of gas. Thus, as the increase of diameter (d) or the decrease of
curvature (κ), the mass flux decreases. When the mass flux is
below the critical value of extinction (m⋅″crt ) (Quintiere 2006;
Rich et al. 2007), the flame cannot be maintained for a sphere
larger than the critical diameter (dcrt). For example, the planar
solid fuel can be treated as an extreme type of sphere, whose
curvature is 0. Bhattacharjee et al. (2003) have carried drop
tests of planar PMMA samples with thickness varied from
0.0075 mm to 0.1 mm. The results show that under the same
oxygen concentration, the flame extinction happened when
the fuel thickness increase. In other words, the thermal inertial
effect enhanced with the fuel thickness. In the same way, the
larger diameter sphere has greater thermal inertial, which
causes extinction.

On the other hand, the decrease of the mass-transfer num-
ber (B) can also reduce the mass flux below the critical value.
By considering the surface net heat flux, the B number could
be expressed as

B ¼ ΔhcYO2 1−X rð Þ þ cg T∞−Tpy
� �

Δhpy þ
q⋅″cond;s þ q⋅″re;s−q⋅″r; f

� �
ṁ″

ð10Þ

Clearly, the increase of solid conductive cooling can reduce
the value of B number to lower the mass flux below the ex-
tinction limit. According to Fig. 8, the solid conductive
cooling decreases with the initial burning duration, so that
the later drop could prevent flame extinction, as observed in
the drop-tower experiment. Similarly, extinction could also
occur if the flame radiation becomes weaker. In other words,
for a given fuel diameter, there could be a critical
mass-transfer number for extinction (Bcrt).

Previous research estimated that for PMMAplate, the over-
all heat losses counts for about 80% of the total flame heat
flux, so that the flame would extinguish due to the insufficient
heat feedback to the surface (Olson et al. 2004; Zhu et al.
2019). Similar results were also found for cylinder PMMA
samples (Armstrong et al. 2006; Olson and T’ien 2000). In

Fig. 8 Calculated heat conduction from the surface to the in-depth as a
function of time for PMMA spheres with different diameters (d), tμgis the
3.6 s microgravity time
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other words, only a small portion of the flame heat fluxmay be
used to pyrolyze the solid fuel. Table 2 lists parameter values
for calculating Bcrt when the flame extinguishes for a 40-mm
PMMA sphere. By solving Eqs. (9) and (10), Bcrt = 1 and m⋅″crt
¼ 3:5 g/m2-s are found, which is comparable to m⋅″crt ¼ 3 ~
5 g/m2-s of the PMMA plate (Olson et al. 2004; Rich et al.
2007). Note that the estimated Bcrt andm⋅″crt could change with
the fuel diameter, which can be further explored in future
microgravity experiments with a longer microgravity duration
(e.g., parabolic-flight and space experiments). Moreover,
many assumptions are used for parameter values, so that the
calculation is only qualitative in nature.

Conclusions

The flame of PMMA spheres with diameters from 10 mm to
40 mm in both in normal gravity and microgravity was inves-
tigated to understand the influencing factors of flame extinc-
tion in microgravity. Flame extinction was observed for a
large PMMA sphere with a 40-mm diameter, if the initial
burning duration is less than 50 s before entering the micro-
gravity environment, which illustrated the curvature effect on
conductive heating from the flame. In addition, the large tran-
sient temperature gradient of the solid and the high pyrolysis
temperature make the extinction of microgravity flame is
more sensitive to the conductive cooling and surface radiation,
respectively. Increasing the initial burning time can delay or

prevent flame extinction in microgravity because of the de-
creasing conductive cooling effect.

The critical mass flux and the mass-transfer number are
adopted to explain the extinction limit for the microgravity
flame of spherical fuel. The critical mass flux is estimated as
3.5 g/m2/s, and Bcrt is about 1. This work helps understand the
curvature effect of solid fuel on flame extinction and material
fire safety in the microgravity spacecraft. Future microgravity
experiments will be conducted on other spherical fuel mate-
rials with detailed numerical simulations to further explore the
concept of material fire-safe shape in the spacecraft.
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Appendix

The thermal analysis was applied to the PMMA sample using
PerkinElmer STA 6000 Simultaneous Thermal Analyzer. The
PMMA sample was heated at the nitrogen gas environment,
where the flow rate was 100 mL/min. The initial mass of
PMMA sample was about 4 mg, which were heated at two
constant rates of 10 and 50 K/min. Figure 9(a) shows the
normalized mass-loss rate vs. temperature at both heating
rates. For the pyrolysis in a larger heating rate, it needs a
higher temperature to reach a certain mass-loss rate. In other

Table 2 Physical constants used
for calculations Parameters Values Units References

cg 1.05 kJ/kg-K (Incropera et al. 2013)

cp 1.13 kJ/kg-K (Armstrong et al. 2006)

Δhc 26.3 MJ/kg (Armstrong et al. 2006)

Δhpy 1615 kJ/kg (Armstrong et al. 2006)

kg 0.1 W/m-K (Incropera et al. 2013)

ks 0.188 W/m-K (Zhu et al. 2019)

T∞ 300 K –

Tpy 670 K (Takahashi et al. 2019)

Xr 0.177 – (Rangwala et al. 2008)

Yo2 0.233 – –

ε 0.85 – (Zhu et al. 2019)

ρ 1190 kg/m3 (Incropera et al. 2013)

σ 5.67 × 10−8 W/m2-K4 (Zhu et al. 2019)

q⋅″r; f 20 kW/m2 (Bonnety et al. 2019)

q⋅″re;s 9 kW/m2 Eq. (5)

q⋅″cond;s 20 kW/m2 Fig. 8

Bcrt 1 – Eq. (10)

m⋅″crt 3.5 g/m2-s Eq. (9)
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words, the pyrolysis temperature increases with the heating
rate. Figure 9(b) shows the temperature increase rate (or the
heating rate in K/min) of the PMMA surface and in-depth
during the experiment with respect to Fig. 6. Clearly, the

heating rates of PMMA within the flame were significantly
larger than the TG tests. Thus, 670 K is a reasonable pyrolysis
temperature for such a large heating rate in the real-scale
experiments.
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