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Abstract. The flame behaviors in a narrow gap with low-velocity airflow are signifi-
cantly different from buoyancy-controlled flames in open areas. The conditions expe-

rienced by microgravity flame may be reproduced in a narrow gap environment
where the buoyancy is limited. This work studies the behaviors of near-limit concur-
rent flame spread over a thick solid fuel in an oxygen-limited narrow channel with
3 mm and 5 mm heights. As the concurrent airflow and oxygen concentration

decrease below a critical value, the flame spread transitions to the fuel-regression
mode, burning like a candle flame. Further reducing the oxygen, the flame tip tilts
towards the inflow like the flame in the opposed flow. A flammability map is found

to define three regimes (1) concurrent flame spread, (2) fuel regression, and (3) extinc-
tion. The fuel-regression regime is characterized by a fuel regression angle of over 30�
and a global flame equivalence ratio of over 1.9. The existence of the fuel-regression

mode extends the low-flow flammability limit in the concurrent flow. The ‘round-trip’
flame phenomenon is observed where the 1st-stage near-limit opposed flame spread
transitions to the 2nd-stage fuel regression in the concurrent flow. This work provides
new insights into the concurrent flame-spread and extinction behavior under oxygen-

limited and microgravity environments.
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1. Introduction

The concurrent flame spread is dominated by convective heat transfer from the
flame to the solid fuel, which is much faster than the opposed spread flame [1, 2].
There is a series of research on concurrent flame spreading over solid fuels (e.g. [3,
4]), and the influence factors of oxygen concentration [5, 6], gas flow [7–10], ambi-
ent pressure [11] have been studied in unconfined space. The flammability test
method based on upward spread flame has been widely used in the selection of
material in spacecraft and aircraft design [12–14]. However, there are some condi-
tions where the oxygen supply is limited, such as in small gaps or regions where
materials are in close proximity, such as inside a wall or between folds of cloth on
the ground, as well as in microgravity spacecraft environments. From the perspec-
tive of fire prevention, it is imperative to give an insight into the concurrent flame
spread over solid fuel under a limited oxygen supply.

Under normal gravity, the concurrent flame spread over thermally-thick solid
fuel with varied flow velocities has been systematically studied [5, 15]. The flame
spread rate increases with the concurrent flow velocity before blowoff, and both
the flame spread rate and burning rate can reach a steady state. At low oxygen
concentration, a ‘‘surface’’ flame spread may occur where the fuel is not burnt out
after the flame spreads over. A similar process is found in a PMMA rod in micro-
gravity, where the flame oscillates by flashing forward upstream and retreating
downstream [16, 17]. For a thick solid, the steady-state concurrent flame spread is
also observed in the microgravity and oxygen-limited environment [18–20].

For a concurrent spreading flame, it is a diffusive flame in nature, and all pyr-
olyzed fuel gases will be burnt in flame at a near-unity equivalence ratio. As the
oxygen supply is limited, the global stoichiometry increases. Then, flame spread
behavior becomes significantly different from that in an environment with rich
oxygen. The buoyant flow suppressed environment is one of the typical oxygen
supply limit conditions, and the narrow-channel type apparatus has been widely
used to suppress buoyancy that can capture the essential features of microgravity
flame spread over both thin and thick solid fuel [9, 21–27]. When the channel
height is lowered to a critical value and/or the flow velocity is reduced to a critical
value, excessive pyrolyzed fuel accumulates at the flame leading edge, and the sys-
tem becomes fuel-rich [24]. Recent microgravity experiments [28, 29] revealed that,
for ultra-thin solid fuels, when the airflow rate was low enough, there is an
opposed-flame structure due to flow recirculation or oxygen diffusion.

The quenching limit and instabilities of opposed flame spread over thermally-
thick solid fuel have been experimentally studied in microgravity [30] and narrow-
channel environments [9, 27, 31–33]. The uniform flame cannot be sustained under
a low flow velocity, so the flamelets or fingering phenomena will be formed. The
diffusive-thermal instability of a thin solid is probably the trigger force. The near-
limit flame spread behavior for thin solid fuel has been studied, and two kinds of
instabilities have been identified, namely fingering or cellular type and traveling
wave instability [34]. For the concurrent flame spread over thick solid fuel, past
research has focused on the spread process under sufficient buoyancy flow [11, 20,
35], while the near-limit flame spread requires further research.
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The present paper investigates the flame-spread behaviors over thermally thick
solid fuel with the low-velocity concurrent flow in a horizontal narrow channel
apparatus. The effect of external gas flow velocity on concurrent flame spread
behavior is experimentally examined. A new flammability map for different flame
modes as a function of the concurrent flow velocity and oxygen concentration is
presented. Then, the controlling mechanisms of different flame spread modes are
discussed, and the global flame equivalence ratio is analyzed to quantify the influ-
ence of the overall oxygen supply.

2. Experimental Method

The schematic of the experimental setup is shown in Figure 1. The narrow chan-
nel is 164 mm wide, 410 mm long. The channel height (H) are 3 and 5 mm, which
are narrow enough to suppress the buoyant flow velocity [21]. The inlet of the
channel is filled with gauze to prevent the convergence of the two jets, and then
an aluminum honeycomb to ensure a uniform gas flow. The ambient atmosphere
was O2/N2 mixtures. During each test, the air was supplied from the compressor,
and the 18.1% O2/N2 mixtures were supplied from the gas bottle. Other ambient
atmospheres were achieved by mixing air with N2 or O2. The gas flow velocity
and oxygen concentration were controlled by two mass flow controllers (Alicat
Scientific, type MC) which allowed the mixture with a prescribed oxygen concen-
tration between 15% and 30% at flow velocity from 0 cm/s to 20 cm/s. The flow
velocity and oxygen concentration were measured using a hot-wire anemometer
and a fuel gas analyzer (TESTO 350) at the outlet of the flow tunnel, respectively
(see Figure 1). Typical velocity profiles are provided in Figure 12. For visualiza-
tion purposes, the top and side walls of the channel are made of quartz glass.

Figure 1. Schematic of the experimental setup, where all dimensions
are in millimeters (not to scale).
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The fuel used in the experiments is a 10 mm thick polymethylmethacrylate
(PMMA) plate, measuring 60 mm long by 100 mm wide. The sample is wide
enough to study the effect of the flame spread behavior near the extinction limit.
The position of the sample is shown in Figure 1, where it is 70 mm far away from
the flow outlet along the center of the channel. The fuel sample is embedded in
the aluminum floor of the test section, with its top face flushed with the floor and
the side and bottom faces insulated from the sample holder. Ignition is accom-
plished by energizing a resistively heated wire, and the ignition wire is embedded
1.5 mm from the upstream end. The fuel sample is ignited with a power of 116 W.
Two thermocouples (type-K, 0.075 mm in diameter) are used for temperature
measurement.

As shown in Figure 1, these thermocouples are positioned 1 mm and 3 mm
beneath the surface, 20 mm downstream, and 15 mm from one side because of the
difficulty in drilling a hole with a diameter of 0.5 mm. Pyrolysis occurs when the
temperature is reached 350 �C, so the regression rate is calculated. Note that with
the regression of the sample, the channel height will be increased. The flow profile
inside the channel will be changed, and the flame spread process will be influenced
inevitably. This work focuses on the pyrolysis front spread rate, the regression
rate, and the flame spread mode. During each experiment, if the spread rate of the
pyrolysis front is constant, the influence of the channel height variation can be
neglected.

Flame spread behaviors at 21% and 18.1% O2 with flow velocities in the range
of 0 � 20 cm/s were studied. Then the flammability boundary was measured
under oxygen concentrations in the range of 15% to 30%. In this work, the flame
spread rate was defined as the propagate rate of the pyrolysis front in accordance
with Loh and Fernandez-Pello [5] and Jiang et al. [36]. When the flame spread
rate is tested, a white LED is used to illuminate the fuel sample, and the flame
spread behaviors are recorded by a Sony DCR-TRV900E with a resolution of
1440 by 1080 pixels at 25 fps from the top view. While the flame base is recorded,
a black background is provided. Another digital video camera (Nikon D7200, 25
fps) with a resolution of 1920 by 1080 pixels was set to record the burning and
extinction process from the side-top (45�) view. The camera settings were adjusted
to record the flame spread for different test cases since the flame luminosities vary
significantly.

The flammability map was obtained as following: at a specified oxygen concen-
tration, the sample was ignited with a relatively large flow velocity (e.g. 4 cm/s
under 25% O2, 10 cm/s under 21% O2, 12 cm/s under 18% O2), then the flow
velocity was decreased by 1 cm/s at a 60-s interval. To ensure the experimental
repeatability, all tests were repeated at least three times. The relative error of oxy-
gen concentration was about ± 0.2%. The precision of the gas flow velocities in
the forced flow experiments was about ± 5%. The uncertainty of measured flame
spread rate was mainly due to the ambiguity of the pyrolysis front.
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3. Results

3.1. Flame Spread and Burning Behaviors

Figure 2 shows flame images captured from side-top (45�) view during the flame
spread processes in concurrent flow of (a) 20.9% (air) and (b) 18.1% O2 concen-
trations (see Videos S1 and S2). These images were taken during the steady-state
flame spread at the corresponding gas flow velocities. Under a sufficient concur-
rent airflow of 4 cm/s, the flame is pushed forward and inclined toward the
unburnt solid surface, as illustrated in Figure 3a. Therefore, the flame can effec-
tively heat the downstream fuel surface above the pyrolysis point and cause a
‘continuously piloted ignition’, that is, a typical concurrent flame spread [1, 18]. In
addition, a yellow flame tail is formed, indicating that there is adequate oxygen
supply to the flame.

As the airflow reduces to 3 cm/s, the flame length reduces, and the yellow flame
disappears, indicating that the oxygen supply becomes limited. Further reducing

Figure 2. Flame images (side-top view) during the steady-state
spread at different concurrent flow velocities in (a) air and (b) 18.1%
O2 (see Videos S1 and S2).
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the airflow to 2 cm/s, the uniform flame front cannot be sustained after the igni-
tion; instead, it breaks into three small flamelets, forming a fingering pattern, as
shown in Figure 2a. The side view shows that the flame is almost standing up, as
illustrated in Figure 3b. The flame length is nearly constant, as the tail of the
flame did not move forward. The flame moves forward only when the fuel under
the flame base is completely consumed, so that the concurrent flame spread (con-
tinuously piloted ignition) transitions to the fuel-regression mode. Such a process
is similar to the motion of a candle flame, where the flame moves due to the
regression of wax. Note that this fuel-regression mode is stable that can last for
more than 30 min until the burnout of the entire fuel. A similar transition to a
stable fuel-regression mode was also observed previously in the opposed flame
spread near the blowoff limit [37].

Similar processes also occur at 18.1% O2 condition (Figure 2b), where the uni-
form flame cannot be sustained at a concurrent flow velocity below 10 cm/s. As
the flow velocity further decreases, the flame front shrinks into a single flamelet
rather than breaking into multiple flamelets, so it is also a typical flamelet mode

Figure 3. Schematic diagram of (a) normal concurrent flame spread,
(b) near-limit fuel-regression mode, and (c) partial regression near-
extinction.
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[30, 32, 33]. Figure 4 shows a more detailed evolution of this single flamelet,
which is stable enough to last for over 20 min.

Previously, the separation and shrinkage of a uniform flame front have been
observed in microgravity experiments [30] and the narrow channel apparatus [9,
32]. The near quenching limit instabilities of concurrent flame spread over thin
solid fuel have been studied [34], and two kinds of instabilities have been identi-
fied, namely fingering or cellular type and traveling wave instability. For a concur-
rent flame spread over a thick solid fuel, flamelet only occurs in the Fuel-
Regression Regime. Similar to the opposed spread flame, near extinction, the lack
of oxygen supply weakens the flame and the associated flame heating, so the
three-dimensional diffusion effects become strong [23, 38–40].

Moreover, the flame is tilted more towards upstream and against the flow, when
the oxygen supply is extremely lacking. Then, the flame spreads downstream
instead of anchoring on the base of the fuel, as illustrated in Figure 3c. At the
same time, the regression is limited in the burning zone and only a thin surface
layer of PMMA forms before extinction (i.e., partial regression). In other words,
the overall cooling from the environment and thick fuel prevent the burnout of
PMMA in-depth directly, and similar phenomena were also observed in the nar-
row-channel fingering spread with pure oxygen [32]. The evolution of the flame
base position as a function of time is shown in Figure. 4b. See more details about
the flame from top-view in the Appendix. It is likely that if the sample fuel is long
enough, the flame base will continuously propagate downstream. For a sample
with a small length, the flame may finally be extinguished at the end of the fuel
sample, because the opposed flame cannot be sustained under this condition. The
partial regression mode is defined by the time evolution of the flame base position.

3.2. Flammability Map

Figure 5a summarizes the flammability map in terms of oxygen concentration and
concurrent flow velocity for a 5 mm gap spacing near the low-flow extinction
limit. Typically, under sufficient oxygen supply, the flame spreads forward along

Figure 4. (a) Flame behaviors on PMMA under 18.1% O2 with a
concurrent flow velocity of 8 cm/s (see Video S2), and (b) the time
evolution of the flame base position.
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with the oxidizer flow and regresses in depth. As the oxygen concentration or flow
velocity decreases, eventually, extinction occurs due to a lack of oxygen supply.
Nevertheless, there is an extra Fuel-Regression Regime between the Flame-Spread
Regime and Extinction Regime, where the flame is stable and robust. Here, both
the regression mode (Figure 3b) and partial regression mode (Figure 3b) are
defined as regression mode, for the reason that the flame length and pyrolysis
length is almost constant.

Note that such a Fuel-Regression Regime was not observed previously in the
10-mm gap channel [9]. In contrast, the fuel-regression mode also occurs in the 3-
mm narrow channel experiment. Thus, the lack of buoyancy flow is a key factor
for this fuel-regression regime, which is expected to occur in a microgravity envi-
ronment as well. In particular, the fuel-regression mode is easy to occur in the
low-velocity flow of high oxygen concentration (> 25%) because the flame
becomes more intensive. Comparatively, the fuel-regression regime is narrow in
the low-oxygen flow, and it eventually disappears when approaching PMMA’s
minimum oxygen concentration (MOC) of 16% [41]. Two boundaries merge
because the flame becomes weak in low oxygen concentration, and increasing the
flow velocity can easily blow off the flame.

Previous studies [9, 42] show that when the oxygen supply is quite limited, the
flame is more persistent (or more difficult to extinguish) in the concurrent oxidizer
flow than in the opposed flow, because the flaming heating in the concurrent flow
is more effective. The transition to the fuel-regression mode will further extend the
flammability map of ‘‘concurrent’’ flame spread (see more discussion in Sect. 4).

Note that the flammability map of Figure 5a is affected by the height of the
narrow channel. In a channel with a large gap, the flammability range becomes
wider. Thus, Figure 5b further plots the flammability map in terms of oxygen con-
centration and the linear oxygen mass flow rate (qgVgHYO2) in the narrow chan-
nel. A similar tendency is observed where the limit oxygen concentrations (LOCs)
of both the flame spread and fuel regression decrease with the increased oxygen

Figure 5. Flammability maps for concurrent flame spread in a 5-mm
narrow channel environment, (a) oxygen level vs. flow velocity, and
(b) oxygen level vs. oxygen flow rate.

834 Fire Technology 2023



flow rate, and eventually, two boundaries merge at MOC = 16%. Moreover,
there is a minimum oxygen mass flow rate of 0.01 g/m/s for flame spread, which is
also observed in the previous 10-mm channel experiments [9].

3.3. Rates of Flame Spread and Fuel Regression

Well above the extinction limit, the flame spreads forward, and the solid fuel
regresses at the same time. The flame spread rate is determined by tracking the
pyrolysis front from the video frame by frame. Figure 6 shows the images of the
pyrolysis front spread under air with a flow velocity of 3 cm/s. The measured
flame spread rate (Vf) is plotted in Figure 7a. The flame spread rate is almost a
constant after the ignition indicating that flame spread is in a steady state (see
more details in the Appendix). The flame spread rate increases with the concurrent
flow velocity, because of a longer flame length and the enhanced convective flame
heat flux [5].

A few minutes after ignition, both the fuel regression rate and flame spread rate
will become constant when a fixed regression angle is formed (see Figure 3a) [39].
Normally, from 20-mm away from the ignition zone, the shape of the regression
surface and the rate of regression become steady. To measure the rate of regres-
sion, two thermocouples located 1 mm and 3 mm below the surface were used to
measure the regression rate (rs). Note that under a lower oxygen concentration,
the single flamelet shrinks towards the center (see Figure 4), and partial regression
occurs (Figure 3c), where only a thin surface layer and central part of PMMA are
burnt. Thus, in some cases, the thermocouple beads near the side (see Figure 1)
can no longer track the real-time regression in some experiments.

Figure 6. Images of the pyrolysis front spread under air with a flow
velocity of 3 cm/s.
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The variations of the temperature at the position of 3 mm below the surface at
different oxidizer flow velocities are shown in Figure 8. By tracking the moment
of pyrolysis at different depths, the regression rate is calculated. In this work, it is
assumed that the pyrolysis temperature is constant at all the concentrations and
flow velocities. It is, however, difficult to measure the regression rate precisely
because the variation of oxygen concentration and flow velocity could play a role
in changing the pyrolysis temperature, even if these effects are small. Figure 7b
plots the regression rate as a function of the concurrent flow velocity that is com-
pared with the flame spread rate. Clearly, the regression rate also increases with
the concurrent flow velocity. Referring to the opposed flame spread [37, 39], the
relationship between the flame spread rate (V f ) and the regression rate (rs) is

Figure 7. Rates of flame spread rate (a) and fuel regression (b)
under varying concurrent airflow and oxygen concentration.

Figure 8. Variation of the solid temperature at the position of 3 mm
beneath the sample surface with time under different flow velocities.
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rs ¼ V f sinh ð1Þ

where h is the regression angle (see Figure 3). This relationship supports that both
the flame spread rate and regression rate reach the steady state, even when the
oxygen supply is very limited.

Figure 9 further summarizes the regression angle vs. the oxidizer flow rate and
oxygen concentration. In the Flame-Spread Regime, it is found that the regression
angle is small (< 30�) and gradually decreases with the increasing concurrent flow.
Eventually, the regression angle approaches about 10�, when the flame becomes
more intense. However, in the low-flow Fuel-Regression Regime, the flame is
almost standup or even tilted upstream, so the regression angle increases signifi-
cantly as the flow velocity decreases. Eventually, the fuel-regression surface has a
shape that is close to vertical (h fi 90�, sinh ! 1), where Equation (1) is still
valid, as the rate of fuel regression almost equals to rate of flame motion
(rs � V f ). Note that flame no longer spreads under extremely limited oxygen sup-

ply, (1) the flame is not strong enough to heat the downstream fuel, and (2) there
is no oxygen downstream the flame to cause a piloted ignition.

4. Discussion

4.1. Global Flame Equivalence Ratio

For the flame spreading over solid fuel, it is a diffusive flame in nature, so the
mixing of the pyrolysis fuel and the oxidizer is important for the spreading pro-

Figure 9. The calculated regression angle (h) under varying
concurrent airflow and oxygen concentration.
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cess. Considering that the oxidizer flow is confined in the channel, the overall stoi-
chiometry of a spreading flame can be transparently defined.

In terms of mass conservation, the mass feed rate of fuel from the sample in the
flame-fixed coordinates is global flame equivalence ratio U (fuel-to-oxygen feed
ratio normalized by its stoichiometric value (F/O) can be written as

/ ¼ _mf

_mg

1

F =Oð Þst
ð2Þ

where _mf is the mass feed rate of fuel from the sample, _mg is the mass flow rate of
oxidizer flow. The fuel-to-oxygen mass stoichiometric ratio for PMMA (C5H8O2)
has a fixed value of 0.52, see Table 1. For the concurrent spread flame, _mf can be

calculated by the regression rate, and

_mf ¼ qf rsLW ð3Þ

where qf and rs are the density and regression rate of the fuel, L = 20 mm is the
distance between the upper side of the sample and the thermocouple, and W is the
flame width. The value of _mg can be calculated as

_mg ¼ qgV gHWY O2
ð4Þ

where qg is the gas density, Vg is the concurrent flow velocity, H is the channel
height.

The calculated overall equivalence ratio (/) as a function of concurrent flow
velocity is shown in Figure 10. The equivalence ratio is generally a monotonically
decreasing function of the gas flow rate, which is in accordance with the opposed
flow spread mode [24]. As expected, the overall combustion stoichiometry
becomes richer as the flow velocity decreases. For the near-limit flame spread, the
overall global flame equivalence ratio inside the channel is much higher than 1,
indicating the flame inside is oxygen-limited.

Further reducing the flow velocity, the oxygen concentration, or the channel
height, the equivalence ratio (/) increases dramatically above 1.9, indicating the
transition from concurrent flame spread to fuel-regression mode. Eventually,

Table 1
Parameter Values Used for Calculations

Quantity (Units) Value

Fuel density (kg/m3) 1190

Fuel width (mm) 100

Fuel molecular weight (kg/mol) 100

Stoichiometric fuel to oxygen mass ratio (-) 0.52

Oxidizer density (kg/m3) 1.18
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extinction occurs when the equivalence ratio is much higher than 2. The value for
the extinction limit cannot be determined exactly because the rates of flame spread
and regression cannot be measured in the extinction cases.

In addition to the overall equivalence ratio, the premixed length in the premixed
flame should be considered. For a near-limit diffusion flame, the premixed region
where the pyrolyzed fuel is mixed with the oxidizer flow (i.e., the triple flame [43])
becomes more important. For a concurrent flame, the mass flux of the pyrolysis
products is highest at the base of the flame [3]. At the upstream of the flame tip,
the pyrolysis fuel gas is too rich to burn, as it does not have sufficient mixing
time. Thus, it has to move along with the oxygen downstream to reach the rich
flammability limit. Besides, due to the effect of the side oxygen diffusion, the
downstream flame has a higher chance of surviving with an additional side oxi-
dizer supply (or the three-dimensional effect).

4.2. ‘‘Round-Trip’’ Flame Phenomenon

For near-limit flame spread over solid fuel, both opposed and concurrent flame
spread processes could occur in the narrow channel environment. For opposed
spread, the forward heat conduction from the flame leading-edge to the solid
dominates the flame spread process, where most of the heat transfers downstream
that is not used to heat the unburned fuel. In contrast, for the concurrent spread,
the convective heat from the gas phase is transferred downstream to the unburned
fuel, which is a more effective use of flame heating. Moreover, because of the exis-
tence of the fuel-regression mode, given a low oxidizer flow, the flame becomes
more difficult to extinguish in the concurrent flow than in the opposed flow. Thus,
the near-limit flame in the opposed flow tends to transition to a more stable form

Figure 10. Overall equivalence ratio (/) as a function of concurrent
oxidizer flow velocity.
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in the concurrent flow. This section shows a ‘‘round trip’’ flame phenomenon (first
opposed spread, then concurrent burning) to support such a tendency.

In the opposed flow, the near-limit flame only quickly spreads over the surface
of the solid without burning out the fuel [32, 33]. Therefore, when the opposed
flame spread reaches the end of fuel, most of the fuel still remains to sustain the
flame. The ‘‘round-trip’’ experiments were carried by moving the igniter to the
downstream of the fuel. Figure 11 shows a flame-spread process initially in the
opposed airflow. As a result, the flame will transition to the fuel-regression mode
in the concurrent flow until the whole fuel burns out, showing a ‘‘round trip’’
flame phenomenon. Such a phenomenon will occur as long as the oxygen supply
is limited for the opposed flame spread, because there is no extra oxygen leaking
through the flame to burn the solid fuel.

In other words, there are two stages: the opposed flame spread in Stage 1 and
the concurrent fuel regression in Stage 2. In Stage 1, the flame shows a crescent-
moon shape, where the middle part of the leading edge is slightly faster than the
side part, and most fuel is left. When the flame reaches the end of the fuel sample,
the flame leading edge or the fuel-regression front becomes flatter, moving for-
ward in the concurrent flow in Stage 2, where more soot yield is observed. More-
over, similar ‘‘round-trip’’ phenomena have also been observed in smoldering fire
spread in porous peat [44] and glowing propagation on the char-particle bed [45].
Thus, ‘‘round-trip’’ or two-stage burning is a common combustion phenomenon
in an oxygen-limited environment.

Figure 11. Two-stage ‘‘round-trip’’ flame spread in the air with a
flow velocity of 10 cm/s (Video S3).
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5. Conclusions

In this study, the oxygen-limited concurrent flame spread over thermally thick
solid fuel has been investigated by employing a narrow channel apparatus. As the
concurrent flow velocity and oxygen concentration decrease, the conventional con-
current flame spread will transition to the fuel-regression mode, which burns and
moves like a candle flame. Further reducing the oxygen supply, the flame tilts
towards the inflow, which looks like the flame in the opposed flow, and partial
fuel regression occurs.

A flammability map is found for three regimes (1) concurrent flame spread, (2)
fuel regression, and (3) extinction, which are defined by the oxygen supply (i.e.,
oxygen concentration and flow velocity). The newly defined fuel-regression regime
can be further characterized by a fuel regression angle of over 30� and a global
flame equivalence ratio of over 1.9. The existence of the fuel-regression mode
extends the low-flow flammability limit in the concurrent flow. Finally, the
‘‘round-trip’’ flame phenomenon is observed where the 1st-stage near-limit
opposed flame spread transitions to the 2nd-stage fuel-regression in the concurrent
flow. This work provides new insights into concurrent flame-spread and extinction
behaviors under oxygen-limited and microgravity environments.
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Appendix

The velocity profiles at the outlet of the narrow channel with a height of 5 mm
are shown in Figure 12. The gas flow velocity near the wall is about 2 cm/s,
slightly slower than that in the central region, mainly due to the effect of the
boundary layer. The average velocity is close to the forced flow velocity. In gen-
eral, it can be considered that the flow field around the sample is uniform.

The position of the pyrolysis front as a function of time is measured at various
flow velocities under an air environment, as shown in Figure 13. It is seen that the
pyrolysis front has a linear relationship with time, implying that the flame in the
concurrent assistant flow environment is in a steady state.
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Images of flame under 18.1% O2 with a flow velocity of 8 cm/s from the top
view are shown in Figure 14. The time evolution of the flame base position is
measured from the top-view images. The yellow line depicts the flame boundary.

Figure 12. The velocity profile at the outlet of the narrow channel
with a height of 5 mm.

Figure 13. The time evolution of the pyrolysis front position under
air with different flow velocities.
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