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Experiments are carried out in a simplified drop system, which can provide a 2.3 s 1072 g reduced gravity
period, to investigate the transition of solid material combustion behavior from normal- to reduced-gravity.
A CCD camera records the diffusion flames produced by a solid fuel, Methenamine (CgH12N,4), which easily
sublimes and decomposes to flammable CH,4 and H,. The temperature distribution within the flame is ana-
lyzed by a monochromatic line of sight CCD measurement calibrated by a thermocouple measurement. It is
revealed that during the transition period from normal- to reduced-gravity, the change of the flame shape,
from tall and thin (pear like) to spherical, is faster than that of the luminance which represents the radiation
intensity, indicating a relatively shorter adjustment time scale of dynamical gas flow buoyancy than that of
the heat transfer when subjected to such a sudden change of gravity condition. It is also found that owing to
the change of the flow affecting the oxygen and heat supply, the luminance of the flame as well as the burn-
ing rate, which was deduced based on projected area of the solid fuel according to d-law, first decreases
followed by an increment near the end of the drop where the gravity level slightly increases. The flame tem-
perature gradually decreases, as the flame suddenly goes into reduced-gravity. Interpretation based on
analysis of heat transfer balance and pyrolysis rate as well as the experimental results both indicate that
the transitional effect is less pronounced for a smaller fuel particle than for a larger one, where buoyancy
is stronger under normal-gravity whereas the flame has a larger standoff distance with increasing impor-
tance of the radiation losses from the fuel particle surface under reduced-gravity. The present work is rel-

evant in assessing fire hazards of solid material during space travel as gravity levels change.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Combustion behavior and flame characteristics under micro-
gravity conditions have attracted extensive research interest [1-
18]. Under micro-gravity conditions, the buoyancy force owing to
gravitational acceleration disappears. This makes the combustion,
the flame shape and structure to be different from those under a
normal-gravity condition. Experiments under micro-gravity condi-
tions also provide a way to investigate diffusion and electrostatic
effects, which are much smaller and cannot be distinguished under
normal-gravity conditions. Importantly, the fast development of
space technology in recent years also calls for scientists to under-
stand the combustion behaviors of solid combustible and its flames
from normal to micro-gravity conditions concerning the fire safety
in spacecraft.

There are already several experimental works in micro-gravity
combustion of fuel droplets (e.g. [1-10]), gases (e.g. [11-13]) and
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even solid combustibles [14-20]. The burning behavior of fuel
droplets in microgravity has been investigated extensively for
example by Wang [1], Okai [2], Yang [3], Shaw [4,5] and Manzello
[6,7] for free fuel droplets or near a wall. Yozgatligil [8] has re-
vealed the sooting behavior of ethanol droplet combustion under
micro-gravity conditions through the 2.2-s drop tower at NASA
Glenn Research Center. Ogami [10] and Takahashi [11] have inves-
tigated the droplet combustion and flame extinguishment behav-
ior under different flow conditions. For solid combustible, Yang
[14] has carried out experiments in NASA DC-9 and the KC-135 Re-
duced Gravity Aircraft to investigate the burning behavior of ther-
moplastic spheres. Dreizin [15] revealed the flame evolution
characteristics of aluminum particles under microgravity condi-
tion. Nakamura [16], Bhattacharjee [17] and Altenkirch [18] inves-
tigated the ignition and flame spread and extinction over solid
materials under microgravity environment.

However, there is another special gravity scenario, i.e. transition
of gravity from normal to reduced, for example when a spacecraft
enters into an orbits after launch. Drop tower experiments are well
suited in the investigation of combustion behavior regarding the
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Nomenclature

Cp specific heat at constant pressure (J kg~! K1)

D diameter of the solid fuel particle (m)

E radiation energy

Gr Grashof number

h convective heat transfer coefficient (W m 2K ')
1 radiation intensity

k thermal conductivity (W m~! K1)

m” mass flux (kg s™! m~2)

Nu Nusselt number

Pr Prandtl number

q’ heat loss flux conducted into the particle (kW m~2)
r radius (m)

S oxidizer-to-fuel stoichiometric ratio

T temperature (K)

T ambient temperature (K)

Greek symbols

y) spectrum wavelength (nm)

P emissivity

4 Stefan-Boltzmann constant

AHjg, latent heat of gasification per unit fuel mass (J/kg)
AH, heat of combustion per unit fuel mass (J/kg)
Subscripts

f flame

g gas

S solid

transition from normal- to reduced-gravity conditions and vice
versa. As the experimental capsule drops, it provides a reduced-
gravity environment before or after the ignition of the sample be-
cause the combustible materials might also be ignited before the
drop. In such a case, the flame initially develops in the normal-
gravity condition and suddenly transits into the reduced-gravity
condition. We note that for such a free drop in air, the air drag force
will cause a slight increase of the gravitational level at the late per-
iod of the drop. Because it is well known that the combustion and
flame behavior is different under these two gravity conditions, how
the flame develops during such a special transitional phase needs
to be investigated. Studies on such a transient process are limited.
Law [13] and Tien [19] had observed and studied the transient
combustion behavior during a change of the gravity level from nor-
mal- to reduced-gravity. Gaseous fuel from a porous burner and
PMMA, which melts as it burns, were used as the fuel in Law
[13] and Tien’s [19] experiments respectively.

In this paper, a special solid fuel is used, which does not melt
but sublimates to CHy, H, and N, giving out flame with little soot.
Experiments described in the next section were carried out in a
2.3 s drop facility, to investigate the combustion behavior, includ-
ing flame shape, luminance, burning rate and temperature, during
the transition from normal- to reduced-gravity conditions. As
known that the flame shape is dominated by the flow buoyancy,
while the luminance, burning rate and temperature is dominated
by the heat transfer process. Subsequently, how these parameters
behavior transiently subjected to such a change of gravity condi-
tion are presented followed by analysis of the physics based on
heat transfer and interpretation. The last section presents the main
findings of this work.

2. Experimental setup and procedure

A simplified drop facility has been especially designed and built
to carry out the experiments under simulated reduced-gravity con-
dition. As shown in Fig. 1, the combustion capsule is installed at the
top of an experimental building (USTC-PolyU Atrium), which is
27 m high above the floor level. The capsule is cylindrical with a
warhead-shape bottom. The diameter and the height of the cylin-
drical capsule both are 0.5 m. A protection chamber filled with
tyres and equipped with a rope net is positioned directly below
the capsule. This chamber is cubic with dimensions of 1.5 m and
opened at the top. The capsule is hoisted with an electromagnet
device. When the electricity is shut off, the capsule drops. The
gravitational acceleration level in the capsule is recorded by a grav-
itational acceleration sensor. This simplified drop facility can pro-
vide a reduced-gravity period of about 2.3 s Fig. 2.

A wooden experimental platform is installed at the inner bot-
tom inside the capsule as Fig. 2 shows. The video record system
and the combustion system are installed on the platform. A digital
video CCD camera, positioned within the video base, which is filled
with foam and sponge, is facing the fuel ball to record the develop-
ment of the flame. A wireless webcam is also positioned at the
platform, so that the burning condition can be monitored remotely.
The video CCD camera resolution is 1280 x 720 pixels with fram-
ing rate of 30 frames per second.

Although there are some experimental observations reported
regarding spherical flame stability under reduced gravity, the
combustibles mainly used were gaseous fuel supplied by a porous
burner, liquid droplets or PMMA particles [12,14,17-19]. In this
paper, different from previous work, solid Methenamine
(CeH12Ny4), which easily sublimates and decomposes to CHy, H
and N, at about 263 °C, is selected as the fuel. As a versatile re-
agent in organic synthesis, Methenamine is used for processes
in rubber and textile adhesives, in paints and lacquers and in
the photographic industry. It is also applied as a corrosion inhib-
itor or a protein modifier. In addition, it produces flames with lit-
tle soot. Methenamine burns without smoke maintains a steady
flame, sublimates keeping its original shape, and leaves no ash.
In particular, it can be easily ignited by a spark igniter. A small
hole (diameter less than 0.5 mm) drilled in the center of the par-
ticle was used to support it on a nickel rod on the stand as shown
in Fig. 2.

A relay with voltage of 12 V controlled by wireless remote de-
vice is connected to a heating wire to generate enough heat to
ignite the fuel ball. Three ball diameters were examined, 5 mm,
8 mm and 10 mm. Before each test, the ambient wind is monitored
by hot-wire anemometer to ensure that there is no wind during the
dropping period. The fuel ball is ignited under normal-gravity con-
dition before drop starts. The burning conditions are then moni-
tored through the wireless webcam and recorded by the CCD
camera. Because the flame oscillates in normal gravity just after
ignition, the experimental capsule is dropped once a stable flame
is established just about 10 s after ignition. The burning of the fuel
ball is then occurs under a reduced-gravity environment. Each
experiment is repeated at least three times.

3. Results and discussion
3.1. Luminance
The gravitational acceleration drops to a steady level of about

0.01 g in 0.25 s after the drop starts as shown in Fig. 3. It also shows
that at 1.5 s after drop, the gravitational level begins to gradually
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Fig. 2. Layout of the experimental platform located inside the capsule shown in Fig. 1.

increase and finally to about 0.03 g at the end of the drop owing to
deceleration induced by air drag.

The development of the flame is imaged in Fig. 4 at intervals of
1/30s. The flames under normal gravity shown in Fig. 4(a) are rel-
atively tall upwards owing to buoyancy. When the particle enters
reduced gravity in Fig. 4(b), the flame is firstly stretched as the
upper part of it breaks away from the particle. After about 3 time
frames, the flame changes into a nearly spherical shape since burn-
ing occurs now at reduced-gravity conditions. These photos cor-
roborated by Figs. 5 and 6 also show that there is a significant
change of the flame luminance. Under normal-gravity the flame
luminance (see Fig. 5 and 6) and burning rate (see Figs. 7 and 8
in terms of projected area of the fuel particle versus time, based
on d?-law) are more intense than at reduced-gravity. The particle
projected area in Fig. 8 was determined as shown in Fig. 7 by the
back-lit method with image processing based on the Canny edge
detection method [20]. Specifically, Fig. 5 indicates that the
luminance of the larger particles decreases much faster to the

microgravity level. Moreover, Fig. 6 shows that the flame size, rep-
resenting the response to the transition of the gases, also adjusts
much faster than the luminance. Finally near the end of the drop,
the burning rate and luminance increase a little (5-8) because
gravity increases to 0.03 g as Fig. 3 shows. The experiments were
repeated for each case three times always exhibiting nearly the
same transitional behavior of the burning and the luminance.
These interesting transition phenomena can be explained by
change of the oxygen diffusion and heat supply mechanisms dur-
ing the particle burning. Under normal-gravity condition, fresh
air is entrained into the flame region by buoyancy to react with
the gaseous fuel released from the solid fuel surface as the particle
pyrolyses from heat received by the flames. But under reduced-
gravity, the oxygen into the reaction zone and the heat from the
flames for pyrolysis are supplied only by diffusion at a rate consid-
erably reduced compared to normal gravity burning. Another
important effect affecting the energy balance on the particle sur-
face originates from the heat losses from the surface which consist
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Fig. 3. Gravitational acceleration level during the drop showing that the gravita-
tional acceleration slightly increases near the end of the drop.

of heat losses by conduction into the solid and more importantly,
from reradiation from the surface [21-23]).

When suddenly goes into a reduced-gravity condition, the oxy-
gen supply rate drops significantly and swiftly. However, the pyro-
lysis rate at the solid fuel particle surface is still high as the
temperature there is also high at this moment. The sublimated
gases, which is CH4, Hy and N,, accumulates around the solid fuel
ball, playing an important role in blockage of radiation from the
flame surface to the solid fuel surface. The standoff distance be-
tween the flame surface and the solid fuel surface also increased
remarkably. The discrepancy between the dynamic response of
the flame height and that of the luminance subjected to a sudden
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Fig. 5. Variation of normalized luminance during transition from normal- to
reduced-gravity condition for fuel balls with different diameters.

change of gravity condition indicates the relatively shorter adjust-
ment time scale of such buoyant gas flow than that of the heat
transfer and pyrolysis. It was also found [24] by microgravity
experiments that the buoyancy had a remarkable effect on the flow
heat transfer mechanism. It follows that the burning rate can be
much lower under reduced- than under normal-gravity. To clearly
demonstrate and explain the different observed phenomena (de-
crease of luminance, decrease of burning rate, adjustment of flame
size, Figs. 4-8), we present the mass pyrolysis rate for a spherical
particle, in considering the energy balance for the solid-gas phase
interface surface. The heat transfer from the surrounding hot gas to
the solid fuel surface is mainly by conduction, in considering that
the radiation part is relative much smaller [19] due to the blockage
effect. And the heat loss term includes that in-depth conduction

FEERERERER N

(a) Normal gravity-before drop

(b) Reduced gravity-right after drop

Fig. 4. Images of the flame transition from normal- to reduced-gravity condition (5 mm fuel ball).
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into the particle and especially the re-radiation losses from the so-
lid fuel surface.

aT aT .
kgﬁ . = ksa . +m AHfg + Grads (1)
So, the net heat supply to the fuel particle is
. aT
Qnet = 47”? kg(Ty —Ts)/(ry — 15) — U(Tf - T:c) - kSE } (2)
S,

When entering into the microgravity condition, the gas temperature
Ty decreases and the standoff distance (ry — r5) increases, while the
in-depth conduction was shown [19] to change little. These both
lead to the heat transfer to the solid fuel surface decrease and thus
its temperature as well as the burning rate should decreases. For
large particle, the change in heat flux after transition is more
remarkable, and even will lead to extinction when e < 0.
The mass pyrolysis rate can be further expressed as:

., keNu

m' = In(1 4 By, 22
CpgDs ( ) (3a)

where B,, = 2He/S+ (T — T5) b)

Qross + AHfg

is a modified B,, number to account for conduction into the solid
and re-radiation surface losses [21].

Here the Nusselt number is determined from

1/4
N — hDs oy O.589(GrPr)9 - 30)
kg [1+ (0.469/Pr)* %

which decreases to be 2 when Gr number is nearly zero under a mi-
cro-gravity condition.
In addition the loss term in Eq. (3) is defined as:

4+ o(TH—T*
ross = Geont r'rg,, : X) (Bd)
The heat loss term in Eq. (3d) includes that conducted into the par-
ticle and especially the re-radiation losses from the surface, which
are very important for large solid particles (>5 mm here) compared
to the small droplets (less than 1 mm) usually investigated in the
literature [1-11].

Based on Egs. (3a)-(3d) and supported by the experimental
observations we can make the following comments:

1. The mass pyrolysis rates will decrease more rapidly in larger
particles from normal to microgravity conditions for two rea-
sons: (a) the Nusselt time will decrease more (for example by
a factor of two as calculations can show) and (b) the loss term
in Eq. (3d) will increase more, possibly even leading in some
cases to extinction of the burning if the mass flux becomes less
than a critical value [17,18,25]. These conclusions are supported
by the variation of luminance in Fig. 5 and the burning rate in
Fig 8 represented by the history of projected particle area, based
on d2-law, in accordance with Eq. (3) (assuming constant Nus-
selt and B number).

2. It takes less time for the gaseous flame shape to adjust to the
microgravity conditions compared to the burning rate and
luminance as Fig. 6 shows, the reason being that the diffusion
times in the gas phase are much smaller than the diffusion
times in the solid pyrolysis. Another fact is that the luminance
depends on temperature and concentration of soot. Soot parti-
cles, although maybe a very small amount, are trapped inside
the diffusion flame by thermophoretic force in microgravity.
This could also somehow lead to that the luminance decreased
slower than the flame height.

3. Further verification of these observations is provided in the next
section where the luminance measured by the CCD camera is
used to deduce line in sight average temperatures. Note that
the flame temperature [[21] Egs. (10)-(69)] is expected to
decrease under microgravity condition, the heat losses term
(Eq.(3d))becomes more significant as the burning rate decreases.

Fig. 7. Edge determination of the burning sample based on edge detection method by Canny [20].
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3.2. Apparent temperature evolution and distribution

This section describes the determination of an apparent tem-
perature field based on line of emission measurements using the
CCD camera that also determines the total luminance. The on line
emission intensity was filtered at three wave lengths two of which
exhibited saturation limits as demonstrated in the following dis-
cussion. Consequently only the blue one could be used calibrated
by a thermocouple as described next. It was also assumed that
the emissivity depends only on temperature with a spatially uni-
form very small soot concentration, as the flame produced by the
fuel is with little soot. The results provide an on line average tem-
perature distribution, to indicate qualitatively the 2-D spatially rel-
ative difference of temperature, as well as that of radiation energy
intensity, within the flame and its evolution with gravity condition.

The black body radiation energy, E, of an object with tempera-
ture of T can be estimated by Planck Law,

2hc}

P e () 1]

(4)
G
7 [exp () - 1]

where C; and C; are the first and the second constant with values of

E.p(0,T) = 5 (2, T) = 6(4,T) (5)
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Fig. 9. Color saturation checks showing that the red and green wavelengths are
saturated. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

C; = 21thc) = 3.742 x 10°W - um®*/m> (6)
hco 4

CZ:TZIABQXlO um-K (7)

Within the visible light spectrum wavelength (390 nm-780 nm) of

the flames with temperature less than 3000K, where

exp (/C—%) = 1, the Planck Law can be simplified and replaced by
Wien Law,

G
2[exp ()]

For a given reference pixel point in the image (ig,jo), corresponding
to a temperature T(io,jo) the radiation energy is denoted as M(ip,jo).
For any other pixel point, the temperature is T(i,j) and its radiation
energy is M(i,j). According to Eq. (8):

E;p(A,T)=7l,p(4,T) =¢(,T) (8)

M(io.jo) = ml;p(4,T) = &(4, T(i0.jo)) —F——
5 exp [m] )
M(17J) = TEI/’.,IJ()H T) = 8(/17 T(lv.]))Cilc
/‘Msexp [ﬁ]
which gives
M(io,jo) _ &(4,T(lo,Jo)) { G G }
= — e eX e — 10
M(ij) ~ e(hT)) P ZTGd)  Mlioo) (19
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Rearranging Eq. (11), gives
. G, The values of the constant ap and a; were calibrated by measure-
T(i.j) =~ 1y Mlinda) [y 2T o) 3 (12) ment of two 0.5 mm diameter thermocouples under normal-gravity
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Fig. 10. Flame temperature measured by the monochromatic CCD temperature-measurement method under normal- and reduced-gravity conditions.
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method, the saturation of the image processing should be taken into
account. The processing of the typical image based on the Red,
Green and Blue color is shown in Fig. 9. The processing based on
the color of Red and Green seems to saturate, but Blue not. So, only
the Blue color is selected for image processing.

Fig. 10 compares the 2-D temperature distribution deduced
from the flame ball images under normal- and reduced-gravity
condition. It is shown that under normal gravity condition, the
highest temperature appears at a certain distance above the fuel.
However, under a reduced-gravity condition, the flame tempera-
ture seemed to distribute much more evenly around the fuel. Be-
sides, the average temperature of the flame ball is obviously
lower under a reduced-gravity condition than that under a nor-
mal-gravity condition.

52 54

56

Fig. 11 presents the time history of the 2-D apparent tempera-
ture distribution within the flame during the transition from nor-
mal- to reduced-gravity condition, deduced from the image
series shown in Fig. 4(b). There are some small points distributed
occasionally within the field. This should be due to some small
amount of soot with relative high emissivity. However, this does
not affect the indication of these series for an overall qualitative
relative distribution of temperature and the variation trend of
overall temperature with gravity level. From this series, it is shown
that when the flame suddenly goes into a reduced-gravity condi-
tion, the relative high temperature contour (white region as
shown) gradually moves towards the fuel particle surface (frames
6-16) followed by a decrease of apparent temperature as the flame
again wraps around the particle (20-46), until near the end of the

58 60

Fig. 11. Temperature distribution within the flame ball during transition from normal- to reduced-gravity condition corresponding to the same series and frames as those in

Fig. 4.
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drop where the flame starts again moving upwards from the parti-
cle with high temperature contour also showing again at the outer
flame surface.

4. Concluding remarks

Experiments were carried out in a simplified drop facility for
investigating the development of the flame shape, luminance,
burning rate and relative apparent temperature distribution for
the transition from normal to reduced-gravity conditions for a spe-
cial solid fuel which does not melt but sublimates directly to flam-
mable CH, and H, producing a diffusive sootless flame. These
combustion characteristics during such a transition has been ex-
plained by using combustion theory for the burning of a solid par-
ticle accounting carefully for surface radiation losses (see Egs.
(3a)-(3d)).

The main conclusions are:

1. The change of the flame shape is much faster than that of the
luminance, indicating as expected that the evolution of the
gas flow dynamics is much faster than that of the heat balance
and combustion intensity.

2. The luminance of the flame is found to decrease to a lower level
during most of the drop but followed by a small increment near
the end of the drop owing to a slight increase of gravitational
acceleration near the end of the drop.

3. The change of the burning of the larger particles is theoretically
analyzed to be greater and occur faster than the change of the
burning of the smaller particles. This is owing to the larger drop
of the burning rate for large particles which is related to the
decrease of the heat transfer coefficient (Nusselt number) and
the increasing importance of the radiation losses from the sur-
face. The flame temperatures in reduced gravity are lower
because the radiation losses are more significant in reduced
gravity as the mass burning rate decreases. Such transitional
effect, as also evidenced by change of luminance, is less pro-
nounced for a smaller fuel particle than for a larger one.

4. The present results allow us to conclude that change from nor-
mal to microgravity conditions will reduce possible fire hazards
whereas change in the opposite direction will increase possible
fire hazards in space travel during the combustion of a solid non
dripping particle.
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