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Abstract Smoldering constitutes a significant fire risk both
in normal gravity and in microgravity. This space experi-
ment has been conducted aboard the China Recoverable
Satellite SJ-8 to investigate smoldering characteristics of
flexible polyurethane foam with central ignition in a forced
flow of oxidizer. This configuration resulted in a combina-
tion of opposed and forward flow smolder. The micrograv-
ity experiment is rather unique in that it was performed at
constant pressure, and with a relatively high ambient
oxygen concentration (35% by volume). The smoldering
characteristics are inferred from measurements of temper-
ature histories at several locations along the foam sample.
Particularly important is the discovery that there is a
transition from smoldering to flaming near the sample end
in the opposed smoldering. This transition seems to be
caused by strong acceleration of the smoldering reaction.
The observed transition serves to initiate a vigorous
forward-propagating oxidation reaction in the char left
behind by the smoldering reaction. The secondary char
oxidation reaction propagates through the sample and
consumes most of the remaining char. In forward flow
smoldering, the oxidizer depletion by the upstream opposed
smolder prevents an exothermic oxidation reaction from
being established in the foam until this preceding reaction is
completed. Once fresh oxidizer flows in the sample, the
existing conditions are sufficient for a self-sustained
forward smoldering reaction to take place.
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Introduction

Smoldering is a non-flaming mode of combustion that
occurs primarily in the interior of porous combustible
materials (Ohlemiller 1986; Drysdale 1999). It is charac-
terized by a weak, exothermic, and heterogeneous reaction
with low characteristic temperatures (~300–400°C). Smol-
dering combustion has particular importance in the fire
safety field because it is one of the most common forms of
fire initiation. Furthermore, it provides a pathway to
flaming fires through a sudden transition from smoldering
to flaming, which can be initiated by heat sources too weak
to cause a flaming combustion directly. Aboard a space-
craft, potential smolder fires have also been recognized as a
significant hazard for some time. Should a fire occur in a
space facility, there is high probability that it would
originate from smoldering (Ross 2001). So far a few
incidents of overheated and charred cables and electrical
components have already been reported on NASA Space
Shuttle flights (Friedman 1994).

One-dimensional smoldering is normally classified in
two distinct groups: opposed and forward (Ohlemiller
1986), defined according to the relative directions in which
the reaction zone and oxidizer propagate (as illustrated in
Fig. 1). In forward smoldering, the reaction front prop-
agates in the same direction as oxidizer flow, while in
opposed (or reverse) smoldering the reaction front prop-
agates opposing the oxidizer flow. Smoldering combustion
is frequently oxygen limited, and thus a hot char with a
significant amount of fuel content is left behind the
propagating reaction front. For the smoldering to propagate,
enough heat must be transferred from the exothermic
reaction zone to the unreacted fuel by conduction, convec-
tion and radiation, heating the solid fuel and gaseous
oxidizer to the smoldering reaction temperature. At the
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same time, sufficient oxygen must be transported to the
reaction zone by diffusion and convection to support the
reaction. These transport mechanisms determine the rate of
smolder propagation and other characteristics of smoldering
processes, i.e., ignition, extinction, and transition to
flaming. Gravity level strongly influences smoldering
process, at least due to effects of buoyant convection on
the transport of heat and mass to and from the reaction
zone. Since the smoldering reaction is very weak, and the
flow velocity inside the solid fuel relatively low, the effect
of buoyancy is generally important in the smoldering
process, and can even play a dominant role in some
circumstances (e.g., in a quiescent environment; Torero et
al. 1993, 1994; Torero and Fernandez-Pello 1995). A
smolder encountered in reduced gravity or microgravity
(MG) is therefore expected to be different from that in
normal gravity.

Although considerable experimental and theoretical
work has been conducted on smoldering in normal gravity
(Ohlemiller 1986; Drysdale 1999), there is less information
available on smolder in MG. This could be mostly
attributed to the scarce opportunities for getting the long
period of MG required to accomplish smolder experiments
(Torero et al. 1994; Cantwell and Fernandez-Pello 1990).
Previous MG smoldering combustion experiments (Stocker
et al. 1996; Walther et al. 1999; Bar-Ilan et al. 2002, 2004)
were mainly focused on the pure opposed or forward flow
smolder configurations, in which the smolder was initiated
at one end of the sample and propagated toward another
end. However, the combination of these two modes is
practically important. In an actual fire, smoldering reaction
is often initiated within the porous combustible material,
and the subsequent smolder propagation takes place as a
combination of opposed and forward modes. Moreover, as
a convective environment of high oxygen concentration (up
to ~40% in some situations) can be expected in space
facilities, the smolder process under such real conditions is
of particular interest, with no information available to date.

The MG experiment presented here was conducted
aboard the China Recoverable Satellite SJ-8 in September,

2006. To provide a rational basis for assessing the potential
danger of smolder-initiated fires, this is an investigation of
the mechanism of smoldering combustion in flexible
polyurethane foam with central ignition. A mixture of
35% O2 and 65% N2 by volume was used as oxidizer in the
experiment, simulating the most dangerous smolder con-
ditions in reality. The forced flow velocity of 3.1 mm/s
employed is representative of the convective environment
in a space facility. Additionally, the MG smoldering
experiment was conducted at a specified pressure (absolute
value ~97 kPa), while in previous experiments (Stocker et
al. 1996; Walther et al. 1999; Bar-Ilan et al. 2002, 2004)
ambient pressure in the test section underwent a substantial
increase through the test. To the best of the authors’
knowledge, this is the first MG smoldering experiment in
which a combination of opposed and forward flow smolder
has been investigated. It is also unique in that the ambient
pressure was kept constant during the test and oxidizer with
high oxygen concentration was used.

Experimental Process

Photographs of the flight hardware are shown in Fig. 2. The
hardware includes two independent experimental modules
(the results acquired on one module is reported here), each
consisting of a test section with an embedded igniter, a flow
system, and a temperature and pressure measurement
system. The experimental modules are incorporated into
the flight assembly which contains other components (e.g.,
the supporting electronics) of the hardware and appears as a
two shelves structure. The flight assembly integrates into
the instrument capsule of the Satellite SJ-8 of China. Its
total weight is 50.5 kg.

The test section is a cylindrical, aluminum duct of
150 mm inner diameter and 455 mm length, which can be
divided into five sections as follows: a flow inlet diffuser, a
170 mm long fuel section that is attached to the diffuser and
contains one fuel sample, an igniter section that contains
the igniter, a 170 mm long fuel section that is attached to

Char

Igniter 

Reaction front Reaction front Foam Foam

Oxidizer flow 

Forward flow smolder Opposed flow smolder 

Fig. 1 Schematic of forward
and opposed flow smolder
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the downstream end of the igniter section and contains
another fuel sample, and a gas outlet section. With the
forced flow on, the smoldering propagation is an opposed
type (opposing gas flow) upstream of the igniter, and a
forward type (co-current gas flow) downstream. The fuel
used in the experiment is open cell, white flexible
polyurethane foam, with a 25 kg/m3 density and 0.98 void
fraction. This material is commonly used on Earth as well
as aboard spacecrafts, and its properties are well known. To
avoid preferential oxidizer flow between the foam and the
container walls, foam samples with a diameter 10% larger
than 150 mm is tightly fitted in the test section. The
diametric size of the sample is also selected to reduce the
effect of the cold walls on smoldering reaction, and to
ensure a one-dimensional smolder propagation in a region
of at least 70 mm in diameter at the core of the sample. The
igniter is a resistively heated element consisting of a
nichrome wire sandwiched between two thin honeycomb
cordierite ceramic plates (of 8 mm thickness and 160 mm
diameter, with 43 holes/cm2) that provide rigidity to the
igniter and heat the samples uniformly. The igniter is placed
between the two fuel sections in good contact with the end
surfaces of foam cylinders. Powered by 28 V lithium
storage batteries, the igniter generates an ignition power of
110 W in the experiment.

The flow system serves to accomplish two functions: to
provide a constant oxidizer flow to the test section (via an
oxidizer supply subsystem) and to keep the ambient
pressure in the test section (via a gas release subsystem).
The oxidizer supply subsystem is connected to the flow
inlet of the test section, and consists mainly of a 4.2-l bottle
charged with the oxidizer (35% O2/65% N2) up to 10 MPa,
magnetically latching solenoid valves to control the supply
of oxidizer, and flow regulators to deliver the oxidizer flux
at specific rates. Two pre-calibrated flow restrictors are
included in the subsystem, one providing a flow velocity of
1.0 mm/s in the test section, and another 3.1 mm/s. During
the ignition period, the lower flow is used in order to reduce
the effect of the ignition process on the forward smoldering.

The ignition flow is switched to the larger test flow via the
solenoid valves after the foam smoldering initiation
(ignition) has been performed. The gas release subsystem
is connected to the gas outlet of the test section at one end
and the pipelines in the satellite at the other end. Its central
part is a pressure relief valve, that opens automatically
when the upstream ambient pressure exceeds a specific
value (absolute pressure 97 kPa), releasing excess gas from
the test section. Via this valve, the whole test can be
conducted at a constant pressure. The flow and pressure
conditions are verified by pressure transducers at the bottle
and test section respectively. The variation in flow through
the test is negligible, and the variation in pressure is ±5 kPa.

The temperature of the foams during smoldering
combustion is measured by 12 type-K thermocouples,
which are located at predetermined positions in the foams
with their junctions placed along the fuel centerline. The
thermocouples are evenly divided into two groups, one
group (TO1–TO6) embedded in the opposed smoldering
foam, and another (TF1–TF6) in the forward smoldering
foam. Table 1 shows the distribution of the thermocouples
in the fuel samples. During the experiment, the lower
ignition oxidizer flow is initiated before the igniter being
turned on. The power to the igniter is applied until the
temperature of the foam at 10 mm downstream of the
igniter (TF1) reached 340°C, which is interpreted as an

Table 1 Distribution of the thermocouples in the foam samples

Opposed smolder Forward smolder

Thermocouple
no.

Distance from
igniter (mm)

Thermocouple
no.

Distance from
igniter (mm)

TO1 15 TF1 10
TO2 30 TF2 25
TO3 60 TF3 55
TO4 90 TF4 85
TO5 120 TF5 115
TO6 150 TF6 145

Flow outlet Thermocouple positions 

Igniter position Flow inlet 

Flight assembly Test section 

Fig. 2 Photographs of the flight
hardware
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indication that the smoldering initiation is accomplished. At
that time, the igniter and ignition flow are turned off, and
the oxidizer flow is changed to the larger test velocity. The
temperature data are recorded at 0.5 Hz, while the pressure
data at 10 Hz. Data recording continues for about 125 min.

Apart from the smoldering experiment in MG, thermog-
ravimetric analysis (TGA) of the polyurethane foam is
performed with a Netzsch STA-409C analyzer to provide
some information on the behavior of the foam material
during its thermal decomposition. In Fig. 3, the TGA data
are shown. It is observed that the decomposition of the
foam occurs in two distinct stages with maximum decom-
position rate temperatures of ~330°C and ~570°C when the
sample is decomposed in air. When the sample is decom-
posed in 35% O2/65% N2 atmosphere, these maximum
decomposition rates temperatures are ~310°C and ~570°C.
The first stage corresponds to the decomposition of the
foam while the second can be attributed to the oxidation of
the char. The TGA measurements reveal that increasing the
oxygen concentration moves the weight loss curves along
the abscissa, implying that the thermal decomposition of the
foam depends strongly on the oxygen concentration.

Results and Discussion

The characteristics of the smoldering process are obtained
from the temperature histories in the foam samples. In the
smoldering configuration treated here, the smoldering
reaction upstream of the igniter (i.e. opposed smolder)
occurs in a typical opposed flow smoldering configuration,
and should be independent of the downstream one (forward
smolder). On other hand, the forward smoldering experi-
ences deep influences of the opposed smoldering process
since its oxygen availability is dictated by the oxygen
consumption in the latter. Such an influence is also borne

upon the heat transferred from the opposed smoldering,
which can heat up the forward smoldering foam. Thus,
the behavior of forward smoldering can only be inter-
preted by considering the preceding opposed smoldering
process.

Opposed Flow Smolder

Temperature histories along the foam centerline are shown
in Fig. 4. From these data, two domains with different
characteristics are identified during the evolution of the
opposed smolder with time. The initial stage in the
temperature history (up to approximately 1,300 s) eluci-
dates a domain of upstream-propagating smolder along
with a transition to flaming at the end of foam sample.
Once the opposed smolder reaction reaches the foam end
and the transition to flaming takes place, a domain of
forward-propagating secondary reaction prevails.

To describe the characteristics of the first domain, the
analysis of data is done by dividing the foam sample in
three zones. An initial zone near the igniter is approxi-
mately 60 mm in length, where the smoldering is affected
by the ignition process. A second zone covers the central
60 mm of the sample where the smoldering is relatively free
from end effects. A third zone is at the end of the sample
where the smoldering is affected by the external environ-
ment. From Fig. 4, it is seen that temperatures in the igniter
influenced zone (first two thermocouples) undergo further
increase after the igniter power is switched off. This marks
the beginning of a self-sustained reaction. In the middle of
foam sample, a more representative opposed smoldering
combustion is observed since it occurs under self-propagating
conditions and is free from external effects. However, for the
present experimental conditions, the maximum smolder
temperature for polyurethane foam is of the order of 425°C
in this region, almost equal to that in the igniter zone. As the
smolder reaction approaches the foam end, a new scenario
takes place, as indicating by the last two thermocouples.

Fig. 3 Thermogravimetric analysis (TGA) of the polyurethane foam
at a heating rate of 20°C/min

Fig. 4 Temperature histories at several locations along the foam
sample for opposed flow smolder
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A localized, very fast, high temperature rise is noticed by the
last thermocouple. The maximum temperature at this
location, virtually not determined by the thermocouple
because of its 0–700°C measurement range, is too high to
be the indicator of a vigorous smoldering reaction. A
possible explanation is that a transition to flaming is
occurring there.

The temperature histories in Fig. 4 are used to determine
smolder propagation velocities for polyurethane foam.
Although the arrival of smolder reaction zone is character-
ized by a maximum in the temperature profile, in most
smoldering experiments this maximum is not sharply
defined. To reduce the uncertainties, the method described
by Torero et al. (1993) is employed for this purpose. The
location of smolder front is defined here by the intersection
of the tangent to the temperature profile at the inflexion
point and a horizontal line at a temperature near the
maximum (400°C in this work). The smolder velocity is
then calculated from the time interval of the reaction front
arrival at two consecutive thermocouples, and the known
distance between thermocouples. The resulting smolder
velocity data are given in Fig. 5 as a function of distance
from the igniter. It is noted that smolder velocities are
relatively low near the igniter, and increase as the reaction
propagates away from the igniter. The velocities remain
almost constant (0.42 mm/s) in the middle of the sample.
Finally, at the end of the sample, a strong increase in
smolder velocity is observed. The variation of smolder
velocities along the foam sample also indicates the presence
of the three zones described above. It is noteworthy to
mention that in the middle region of the sample (where
smoldering is most representative of an opposed smolder),
the measured smolder velocity is considerably higher than
those obtained by Walther et al. (1999) and Bar-Ilan et al.
(2002) in MG smoldering experiments with air as oxidizer,
while the smolder temperature is of the same order of

magnitude to those reported by these authors. This
observation indicates that the increased oxygen concentra-
tion has small effect on chemical kinetics of the smolder
reaction, but results in a much higher reaction rate since an
oxidizer flow with high oxygen concentration relieves the
oxygen starvation in smoldering combustion.

The transition from smoldering to flaming involves a
gas-phase ignition process in which the heterogeneous
smolder reaction serves as a source of both fuel and
elevated temperature (Torero and Fernandez-Pello 1995;
Tse et al. 1996; Chao and Wang 2001). To date it has been
considered to be only characteristic of forward smoldering
(Torero and Fernandez-Pello 1995; Leach et al. 2000).
However, in all of the studies on opposed smolder
propagation, air was used as oxidizer. The effect of oxygen
concentration on the smolder process has not been
investigated. Ortiz-Molina et al. (1978) studied the relative
smoldering tendency of polyurethane foams in a horizontal
natural convection configuration by varying the ambient
oxygen concentration. Although his work aimed at thresh-
old conditions at which transition to extinguishment occurs,
a few experiments with high oxygen concentrations
displayed transition to flaming. The transition to flaming
requires both a flammable gas mixture and a sufficient heat
source for the mixture ignition. In MG, the reduced heat
loss caused by the absence of natural convection can
support the formation of a local high temperature region.
For flow conditions in this MG experiment, oxidizer can be
sufficiently transported to the opposed flow smoldering
reaction zone, and the acceleration of this smolder reaction
is clearly observed. Thus, when the reaction front
approaches the end of the foam, enough heat flux and
combustible gases can be produced, which, in conjunction
with the ever available oxygen, lead to the onset of a gas-
phase ignition. Such a transition mechanism appears to be
different from that for a forward smolder (Torero and
Fernandez-Pello 1995).

Transition to flaming at the foam end terminates the first
domain of the reaction and also initiates the second domain,
which is characterized primarily by a forward-propagating
char oxidation wave with higher temperatures than the
smolder reaction. In the smoldering of polyurethane foam, a
char-like material is left behind the reaction front. Although
somewhat more resistant to oxidation, once reacted, the
char is more exothermic than the original foam (Ohlemiller
1986; Tse et al. 1996; Chao and Wang 2001; Ohlemiller
and Lucca 1983). As indicated by the thermocouple
histories in Fig. 4, secondary char oxidation is triggered
by the high temperature flaming combustion at the end of
the foam and propagates downstream through the sample.
Its presence is shown by rapid temperature increase
followed immediately by temperature decrease. The tem-
perature decrease marks the ending of the char oxidation

Fig. 5 Variation of the opposed smolder velocity along the foam
sample
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reaction, and is caused by the cooling effects of incoming
fresh oxidizer. Figure 6 illustrates the variation of maxi-
mum char reaction temperature as the reaction front moves
toward the igniter. Although this temperature decreases
linearly from ~650°C to ~570°C along the foam sample, it
is remarkably higher than the smolder temperature. The
secondary char oxidation comes to an end at approximately
1,950 s after most of the remaining char has been
consumed.

Forward Flow Smolder

The temperature records of the other six thermocouples are
presented in Fig. 7, illustrating the characteristics of the
forward flow smolder. It is also helpful to discriminate
between two domains of the smolder evolution. The first
domain lasts up to approximately 1,950 s, i.e. until the
reaction in the upstream sample is practically completed. In
this domain, the foam sample is in an ambience that is
determined primarily by post-combustion gases of the
preceding opposed smolder. Since smoldering is an oxygen
limited process, the post-combustion gases will be depleted
of oxygen. As can be concluded, in the igniter influenced
region (first two thermocouples), foam temperature is
brought to a level (of the order of 350°C) high enough to
initiate smoldering combustion. Oxidizer depletion by the
opposed smoldering reaction, however, prevents an exo-
thermic oxidation reaction from being established in the
foam. The reaction will then follow an alternative pathway
of endothermic pyrolysis (Tse et al. 1996; Ohlemiller and
Lucca 1983). In case of pyrolysis, the oxygen concentration
has to be low and heat must be available. These two
conditions are reached simultaneously in the present foam
region. In the other part of the foam sample (next four
thermocouples), temperatures are so low that no significant
chemical reaction can be expected. As a consequence, the

behavior of temperature profiles is controlled by the
transport of heat to and from the thermocouple locations.
The heat transfer inside the porous material is accomplished
by conduction, radiation and also convection. The convec-
tive preheating of virgin foam by the hot post-combustion
gases is observable in the temperature profiles of these four
thermocouples. It is displayed by temperature plateaus at
almost constant level of approximately 60°C. Compared
with the smolder temperature, this preheat temperature is
much lower, indicating that the convective heating effect is
relatively small. The fuel temperature changes from ~242°C
at the first thermocouple to ~115°C at the last thermocouple
when the first domain comes to its end, and characteristics
of the fuel change from pyrolyzed foam in the igniter
region to raised temperature, but un-reacted foam toward
the sample end.

Once the reaction in the upstream foam sample finishes,
fresh oxidizer flows into the downstream sample and a
domain of self-sustained forward flow smolder takes place.
The smolder reaction starts in the igniter region of the
sample and propagates along the entire sample length. The
maximum smolder temperature, ranging from 347°C to
305°C, is notably lower than that measured in opposed flow
(i.e. 425°C). This characteristic temperature is also lower
than those reported by Bar-Ilan et al. (2004) for forward
smoldering of polyurethane foam in MG and by Torero and
Fernandez-Pello (1996) in normal gravity. However, it is
difficult to compare quantitatively the actual values because
of the different test conditions.

A vigorous secondary char oxidation reaction is ob-
served in the opposed smolder configuration. In contrast,
this type of reaction do not appear in the forward
smoldering process, even though the second domain takes
place and the oxidizer flows through the char prior to
reaching the smolder reaction. An explanation for this
difference is that char oxidation requires both enough
oxygen and also a sufficient heat source for its initiation.
The TGA data in Fig. 3 show that char oxidation occurs at

Fig. 6 Variation of the maximum char oxidation reaction temperature
along the foam sample

Fig. 7 Temperature histories at several locations along the foam
sample for forward flow smolder
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higher temperatures than smolder reaction, and the maxi-
mum reaction rate temperature is ~570°C. In the opposed
smolder, when the transition to flaming is triggered near the
foam end, these are two conditions (enough oxygen and
high temperature) that can be encountered. In the second
domain of the forward smoldering, although enough
oxygen is present in the char, the char is too cold for
oxidation reaction to occur.

Conclusions

This experimental study was carried out to provide a better
understanding of smoldering combustion, which in turn
will help to prevent and control smolder-initiated fires both
in normal gravity and in spacecraft. The MG experiment
was conducted with flexible polyurethane foam as fuel and
35% O2/65% N2 by volume as oxidizer. It is unique in that
a combination of opposed and forward flow smolder has
been investigated at constant ambient pressure.

Firstly, in opposed flow smolder, a domain of self-
propagating smoldering reaction appeared. In the middle of
the sample, typical smolder parameters can be achieved,
including smolder velocity (0.42 mm/s) and maximum
smolder temperature (425°C). Particularly important is the
observation that in opposed smolder there is a transition
from smoldering to flaming, which seems to be caused by
the strong acceleration of the smoldering reaction. Al-
though this transition takes place near the sample end and is
a localized phenomenon, it initiates a vigorous forward-
propagating oxidation reaction in the char left behind by the
smoldering reaction. The secondary char oxidation reaction
is characterized by much higher temperature than the
smoldering reaction. It propagates through the sample and
consumes most of the remaining char.

In forward flow smolder, oxidizer depletion by the
opposed smoldering reaction prevents an exothermic
oxidation reaction from being established until this up-
stream reaction is completed. Once fresh oxidizer flows in
the sample, however, the existing conditions are good
enough for a self-sustained forward smoldering reaction to
take place. The maximum temperature of forward smolder
is notably lower than that measured in opposed flow.

The study provides additional information of practical
interest in fire safety. At the same time, the data obtained in
MG experiment can be used for the verification and
development of smolder theory.
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