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The three-dimensional effects of flame spread over thin solid materials were experimentally studied
using a natural-convection-suppressing horizontal narrow-channel. In a sufficiently wide narrow-chan-
nel, the variation of flame spread against the width of the material sample showed different trends for
different gas flow speeds and oxygen concentrations. The extent of three-dimensional effects was inver-
sely proportional to the gas flow speed or its square. Near quenching extinction limits, the effects were
significant because weak combustion is sensitive to a slight variation of heat loss and oxygen concentra-
tion. The effects may be due to different factors such as side heat loss, side oxygen diffusion, or both. Far
away from quenching extinction limits, the effects were weak because vigorous combustion is insensitive
to a small variation of oxygen concentration and heat loss. In all tests, the effects were limited to the
samples of width less than 10 times of the diffusion length. Moreover, a higher oxygen concentration sup-
pressed the effects at a lower gas flow speed. For sufficiently wide samples, in the most range of gas flow
speeds, the channel width had almost no effect on flame spread. However, near extinction limits, the
flame spread rate decreased with the increasing channel width.

� 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Material flammability is a critical index used in excluding po-
tential fuels from materials used in manned spacecraft to ensure
fire safety [1]. Microgravity tests provide a basis for material flam-
mability assessment. Flame spread tests are important in making
the assessment. However, in microgravity tests performed in drop
towers or aboard spacecraft or microgravity airplanes, the geomet-
rical sizes of test sections, gas flow rates, and material samples are
usually small due to limited conditions. Therefore, it is difficult to
realize two-dimensional flame spread tests in microgravity. Mean-
while, in facilities both on the ground and aboard spacecraft, not all
materials in actual use are sufficiently wide. Nonetheless, the sizes
of flow tunnels and materials will certainly influence flame spread.
Consequently, the three-dimensional effects must be considered
for both the good interpretation of test results and the exact pre-
diction of material flammability.

Previous studies on the three-dimensional effects of flame
spread over solid materials have involved the experimental inves-
tigations of opposed-flow flame spread in the buoyantly convective
environment of normal and high gravity [2–4] and the numerical
simulations of opposed-flow and concurrent-flow flame spread in
ion Institute. Published by Elsevier
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the low-speed forced flow environment of microgravity [5–8].
These studies were all conducted for thin solid materials. Sibulkin
et al. [2] experimentally showed that in the buoyantly convective
environment of normal gravity, the downward flame spread rate
rises with the increasing sample width, until the width reaches
2 cm at which the flame spread rate arrives at its asymptotic value.
This result was supported by Frey and T’ien’s experiments [3] for
downward flame spread in normal gravity environment of
20.7 kPa and 68.9 kPa. Frey and T’ien’s experiments implied that
near extinction limits, a small variation of the sample width may
strongly influence the flame spread rate. In Altenkirch et al.’s exper-
iments with various pressures and gravity levels (1.0–8.0 g) [4], the
downward flame spread rate was observed to be independent of the
sample width when it is wider than 1.3 cm. Although it has been be-
lieved that the flame spread rate increases with the widening sam-
ple is caused by decreased heat loss, more parameters are still
necessary to be taken into account.

The three-dimensional effects of flame spread in low-speed gas
flows are investigated recently. Mell and Kashiwagi numerically
compared two-dimensional and three-dimensional transitions
from ignition to flame spread and subsequent flame spread in
the forced flows of flow speed less than 12 cm/s [5,6]. It was found
that a three-dimensional flame with a narrow width develops
more easily than a two-dimensional flame due to additional
oxygen diffusion from the lateral sides of the three-dimensional
flame. In addition, for opposed-flow flame spread, the effects of
Inc. All rights reserved.
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Nomenclature

B pre-exponential factor of reaction
Cp specific heat
D mass diffusivity
E activation energy
DH reaction heat
L length scale
Le Lewis number
R universal gas constant, ratio
T temperature
u velocity
W width
x, y, z coordinates
Y mass fraction
a thermal diffusivity

k thermal conductivity
q density

Subscripts and superscripts
0 dimensionless quantity
c channel
f flame or combustible material sample
g gas
O oxygen
r reference value, radiative
x, y, z coordinates
1 ambience
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Fig. 1. Experimental system. The test section in this figure was a natural-
convection-suppressing horizontal narrow-channel with a length of 70 cm, a height
of 10 mm, and an adjustable width in the range of 12–24 cm. (1) O2–N2 gas bottle,
(2) flowmeter, (3) valve, (4) gas inlet chamber, (5) aluminum honeycomb, (6)
combustion chamber, (7) fuel sample, (8) sample frame, (9) camera.
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the sample width on the flame are more significant in lower speed
gas flows. In this case, the flame spread rate over a narrower sam-
ple is higher, since side oxygen diffusion relieves the impediment
imposed by expansion-induced velocity for oxygen to enter into
the reaction region, while the increase of the gas flow speed weak-
ens the effects. These findings indicated another aspect of three-
dimensional effects of flame spread. Shih and T’ien [7,8] and
T’ien et al. [9] performed three-dimensional numerical simulations
for concurrent-flow flame spread and further confirmed two
aspects of three-dimensional effects: one is dominated by side heat
loss and the other is by side oxygen diffusion. The former occurs
when a flame is under conditions far away from its quenching
extinction limit, in which case, a wider sample has a quicker flame
spread rate and a wider flammability limit. This is in agreement
with the above-mentioned experimental results. While the latter
happens when a flame is under conditions near the quenching
extinction limit where oxygen supply controls the flame, in which
case, a narrower sample has a quicker flame spread rate and a
wider flammability limit.

To sum up, the influences of many factors on the three-dimen-
sional effects of flame spread remain to be studied experimentally,
and numerical simulation results remain to be validated. In addi-
tion, no research has been done for the whole range of gas flow
speeds including regions near quenching and blow-off extinction
limits and the thermal region. The present paper presents our sys-
tematic experimental studies on three-dimensional effects of flame
spread over thin solid materials, considering parameters such as
gas flow speed, oxygen concentration, material width, and flow
tunnel size. To avoid the interference of natural convection on
flame spread, the experiments used a natural-convection-
suppressing horizontal narrow-channel. Such a facility has been
used in the research of fingering instability in solid fuel combus-
tion to suppress the natural convection by Zik and Moses [10],
and of polymer material combustion to simulate microgravity by
Ivanov et al. [11] and Melikhov et al. [12]. Olson et al.’s results
on finger-like smoldering in microgravity [13] and Zhang’s results
on flame spread [14,15] over thin solid materials in normal and
microgravity confirmed that the device can suppress natural con-
vection effectively and simulate microgravity. Experimental results
in Section 3.3 of this paper also showed the natural-convection-
suppressing property of the device.
2. Experiments

As shown in Fig. 1, the experimental system consisted of a test
section, a gas supply subsystem, and an image record and analysis
subsystem. The test section was a natural-convection-suppressing
horizontal narrow-channel, whose inlet was filled with aluminum
honeycomb to ensure a uniform gas flow. The channel had a length
of 70 cm, a height of 10 mm, and an adjustable width Wc in the
range of 12–24 cm, which was at least 12 times as its height so that
a two-dimensional flow was achieved in its central section. For the
convenience of observation, channel walls were made of glass with
the surface facing the camera being covered with transparent film
printed with 1 cm grids as a ruler. The sample frame was symmet-
ric and made of aluminum alloy with a thickness of 1 mm, a length
of 70 cm, and an outer width the same as the channel width. Dur-
ing experiments, the sample frames with different inner widths
from 1 cm to 12 cm were used to match the combustible sample
width or the flame width Wf (which will be called the sample
width for brevity in the following). The gas supply subsystem con-
sisted of a gas bottle charged with a mixture of oxygen and nitro-
gen, a flowmeter, and connecting pipelines. A glass rotor flowmeter
with the maximum scale of 6 m3/h and two mass flow controllers
with the maximum scales of 20 l/min and 5 l/min were used to
measure the flow rates of the gas at high levels (above 20 l/min),
middle levels (20–5 l/min), and low levels (below 5 l/min), respec-
tively, to obtain both good precision and wide measurement range.
The mass flow controllers also controlled the flow rates. The image
record and analysis subsystem consisted of a Sony DCR-TRV900E
Digital Video Camera Recorder with a resolution of 450,000 pixels
to record flame images at a speed of 25 frames per second and a PC
computer (not shown in Fig. 1) to analyze the recorded images.

The experimental procedure was as follows: a sample was at-
tached onto a sample frame, which was in turn inserted into the
middle of the channel with an equal distance to the top and bottom
walls of the channel. Then an O2–N2 gas mixture flow with a
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specific and adjustable flow rate was started with the camera being
turned on at the same time. Next, the sample was ignited with an
electrically heating wire from the end of the channel outlet. After
experiments, the flame images recorded by the camera were trans-
ferred into a computer for further analysis.

The coordinate system was established with the center of the
inlet of the channel as the origin. Numerical simulations consider-
ing the fuel presence but no burning showed that the gas flows
were in fully developed or near fully developed conditions when
x > 40 cm (Reynolds numbers were from 3.3 to 200 if the half
height of the channel was used as the length scale); while the anal-
ysis of flame images showed that the flame spread was approxi-
mately in a steady state when x < 60 cm. Therefore, flame spread
rates were calculated according to the propagating distances of
the centerline leading edges of the flames in the range of
40 cm < x < 60 cm as a function of time. Since the purpose of the
present paper is to study steadily spreading flames, only those
flames with a continuous leading edge were calculated while
finger-like flamelets were marked but not given a speed. The half
height of the channel and the thickness of the top glass wall were
only 5 mm and the distance from the lens of the camera to the
glass wall was about 80 cm. The difference between sample and
glass planes might not affect the calculation results of flame spread
rates. This could be indirectly validated by the fact that the lateral
sides of flame and scale in Fig. 2 coincided with each other. There-
fore, the difference was not taken into account when flame spread
rates were calculated.

The O2–N2 gas mixtures used in the experiments were commer-
cially prepared with the oxygen mass fractions Yo of 20.0%, 23.3%,
and 32.9% (the corresponding volume fractions of 18.0%, 21.0%,
and 30.0%), respectively. The sample was copy paper with a thick-
ness of 0.0245 mm and an area density of 17.0 g/m2. Based on flow
rates and the section area of the channel, the average gas flow
speed u was in the range of 1–50 cm/s. The ambient temperature
during the experiments was 20 �C.

The relative errors of variables were estimated as follows: the
oxygen concentration ±1%, the area density ±6%, the height of the
channel ±2%, the channel width ±2%, and the sample width ±2%.
The calculated error of the flame spread rate due to the ambiguity
of the leading edge of the flame was 4%, and that due to the differ-
ence between the planes of grids and sample was 1.5%.

The glass rotor flowmeter had the maximum absolute error of
6 m3/h � 2.5% = 2.5 l/min, corresponding to the maximum relative
error of 11.6% at 21.6 l/min (15.0 cm/s). The mass flow controller
with the maximum scale of 20 l/min had the maximum absolute
error 20 l/min � 2% = 0.4 l/min, corresponding to the maximum
relative error of 5.6% at 7.2 l/min (5.0 cm/s). The mass flow control-
ler with the maximum scale of 5 l/min had the maximum absolute
error 5 l/min � 2% = 0.1 l/min, corresponding to the maximum rel-
ative error of 6.9% at 1.44 l/min (1 cm/s).
Fig. 2. Flame images for samples of different widths in the gas flows of Yo = 23.3%.
Their x coordinates were from 40 to 45 cm. The length of the grid was 1 cm. The
flame propagated from left to right and the gas flowed from right to left.
3. Results and discussion

3.1. Flame appearance

Flame images for samples of different widths in the gas flows of
23.3% oxygen are shown in Fig. 2. Their x coordinates were from 40
to 45 cm.

In the gas flows of 1 cm/s, the leading edges of flames over sam-
ples narrower than 4 cm were continuous and smooth. In contrast,
those over samples wider than 4 cm split into two parts or even
formed finger-like flamelets during spread, which were also ob-
served in Olson and T’ien’s experiments of buoyant low-stretch dif-
fusion flames beneath PMMA columns [16]. This suggests that even
if a two-dimensional flame cannot sustain itself, a three-dimen-
sional flame may spread. Such phenomena are critical for the
assessment of material flammability and can be explained by the
sensitivity of combustion reactions to heat loss and oxygen supply
under conditions near the quenching extinction limit. For a nar-
rower sample, more oxygen can diffuse from the lateral sides of
the flame and feed into the reaction region to enhance combustion
and to smooth the leading edge of the flame. However, the side
oxygen diffusion has a maximum diffusion length. Once the half
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width of the sample is greater than the maximum length, the side
oxygen cannot diffuse into the flame center any more. Therefore,
the flame extinguishes or breaks into flamelets due to the shortage
of oxygen. This is in agreement with the results of reference [13]
that an array of smoldering spots can drive the local oxygen flux
between spots to such low levels that smoldering can no longer
be sustained in over a substantial fraction of the surface. Dimen-
sional analysis shows that the diffusion length of oxygen can be
estimated as L � D/ur � a/ur � a/(u + uf), where D, a, ur, and uf are
the mass diffusivity, the thermal diffusivity, the reference velocity,
and the flame spread rate, respectively. When the reference
temperature is taken as 1000 �C, the diffusion length of oxygen,
L � 2.46 cm2/s/1.2 cm/s = 2.05 cm, which is in good agreement
with the experimental observation.

For the gas flows of 2 cm/s, the leading edges of flames over
samples of various widths were continuous. Narrow samples burnt
out completely, while for wide samples, due to the existence of
local extinction spots, unburnt residues were left behind. This is
because the flow rates of 2 cm/s is still very close to the quenching
extinction limit and combustion is vulnerable to a minor variation
of oxygen supply and heat loss. Consequently, side oxygen diffu-
sion can help narrow samples to burn completely, while heat loss
can render all the leading edges of flames in parabola shapes. For
the gas flows of 3 cm/s, similar results were also observed. For still
higher speed gas flows, wide samples burnt out completely.

Flame images over 12 cm wide samples are shown in Fig. 3.
Their x coordinates were from 40 to 45 cm. For 20.0% oxygen, the
flames in 1 cm/s and 35 cm/s gas flows could not propagate. For
low-speed gas flows, the shape of flames at 20.0% and 32.9% oxygen
was similar to that at 23.3% oxygen. In addition, at all three oxygen
levels, as the gas flow speed increased, the curvature of the leading
edge and the three-dimensional effects of the flame were reduced.
Moreover, a higher oxygen concentration suppressed three-dimen-
u=1cm/s u=2cm/s u=3cm/s u=

Yo=20.0%

Yo=23.3%

Yo=32.9%

Fig. 3. Flame images for 12 cm wide samples. Their x coordinates were from 40 to 45 cm.
gas flows could not propagate.
sional effects at a lower gas flow speed. For example, at Yo = 32.9%,
a gas flow speed higher than 2 cm/s made the leading edge of the
flame almost in the form of a straight line except for local extinc-
tion points and margins.

3.2. Variation of flame spread rate against sample width in the
narrow-channel of 24 cm wide

The effects of the sample width on the flame spread rate are
shown in Fig. 4. Repeat tests were done for the extremely low
speed gas flows to confirm the flamelets. For the fuel width of
5 cm, in the lowest speed gas flows, all of the flames broke up into
flamelets during their propagation from x = 40 cm to x = 60 cm.
Vertical dotted lines were used to mark such cases. However, for
the fuel width of 4 cm, some flames broke up into flamelets, but
others propagated with a continuous flame edge. For such cases,
the flame spread rates were not explicitly given. Wider widths than
the sample width showing flamelets were not tested. The purpose
of this paper is to study steadily spreading flame. Interesting
discussions on flamelet phenomena in flame spread were given
by Olson et al. [17].

At all three oxygen levels, as gas flow speeds were higher than
10 cm/s, three-dimensional effects were weak. In addition, for
samples wider than 2 cm, flame spread rates approached their
asymptotic values, which is in good agreement with the previous
results [2–4]. Moreover, for samples with a 12 cm width, regard-
less of the gas flow speed, the flame spread rate approached an
asymptotic value rather than depended on the sample width. This
result has not been reported elsewhere previously, to the author’s
knowledge.

For gas flows with Yo = 23.3% (Fig. 4b), near the quenching
extinction limit, three-dimensional effects strongly affected flame
spread. The variation of the flame spread rate against the sample
5cm/s u=10cm/s u=17.5cm/s u=35cm/s

The length of the grid was 1 cm. For 20.0% oxygen, the flames in 1 cm/s and 35 cm/s
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width took complicated trends. For extremely low speed gas flows
(1 cm/s), combustion is short of oxygen. Therefore, the side oxygen
diffusion dominated the three-dimensional effects. As a result, as
the sample became wider, the side oxygen diffusion decreased
and flame spread became slower. For the sample wider than
5 cm, the side oxygen diffusion could not reach the sample center,
as shown in Fig. 2.

In slightly higher speed gas flows (3 cm/s), both side oxygen dif-
fusion and heat loss significantly influenced the flame spread,
resulting in a complicated variation trend of the flame spread rate
against the sample width. The side oxygen diffusion still prevailed
over the side heat loss. As the sample got wider, the side oxygen
diffusion became weaker and the flame spread rate decreased.
However, when the sample width exceeded a critical value, the
side oxygen diffusion could not reach the center of the sample.
After that, with a further increase of the sample width, the side
heat loss would dominate three-dimensional effects. As a result,
as the sample became wider, the side heat loss decreased while
the flame spread rate increased. The minimum flame spread rate
appeared for the samples of 3 cm wide. This is in agreement with
Fig. 2 and the oxygen diffusion length proposed by both previous
[7] and present analyses.

In higher speed gas flows (5 cm/s) the flame is under conditions
slightly further away from the quenching extinction limit, and the
effects of the side heat loss prevailed over those of the side oxygen
diffusion. Therefore, the flame spread rate increased as the sample
got wider.

For even higher speed gas flows (over 10 cm/s), the flame
spread will be in the thermal region, where oxygen is plentiful,
the opposed flows are not excessive, and chemical kinetics are suf-
ficiently fast so that the flame spread is dominated by thermal con-
duction in the gas phase. The flame spread will be less influenced
by the sample width. Only for very narrow samples, the sample
width affected the flame spread rate. As the gas flow speed further
increases (to 17.5 cm/s or over), the flame enters the near blow-off
limit region, the three-dimensional effects were decreased, and the
flame spread rate became almost independent of the sample width.

At decreased (Fig. 4a) or increased (Fig. 4c) oxygen concentra-
tions, in every region of flame spread including regions near
quenching and blow-off extinction limits and thermal regions,
the variation of the flame spread rate against the sample width
showed the same trend as in the same flame spread region at
Yo = 23.3%. In addition, weaker three-dimensional effects at higher
oxygen concentration could be identified. This is mainly because
the flame is under conditions far away from the extinction limit
and the vigorous reaction is not sensitive to a small variation of
oxygen supply and heat loss.

The dimensionless form of data in Fig. 4 is shown in Fig. 5,
where the sample width Wf and the flame spread rate uf are scaled
by L, the diffusion length, and uf,max, the maximum value of the
flame spread rates at the same gas flow speed, respectively. For
all oxygen concentrations and gas flow speeds, the three-dimen-
sional effects of the flame spread were restricted in the range of
the dimensionless sample width Wf/L < 10. Above this value, the
flame spread rate would cease to change with the width. For the
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gas flow speeds of 2 cm/s and 10 cm/s, the critical sample widths
were 12 cm and 2.5 cm, respectively. In addition, at higher oxygen
concentration (Yo = 32.9%), combustion is vigorous and is not sen-
sitive to a minor alteration of oxygen supply and heat loss. There-
fore, when the dimensionless sample width was greater than 4, the
flame spread rate was not affected by the three-dimensional
effects any more (for the gas flow speeds of 2 cm/s and 10 cm/s,
the critical sample widths were 5 cm and 1 cm, respectively.).
However, at lower oxygen concentrations (Yo = 20.0% or 23.3%),
near the quenching extinction limit (u = 3 cm/s or 5 cm/s), when
the dimensionless sample width approached 4, the flame spread
rate approached its minimum value.

In order to analyze the three-dimensional effects in a simple
way, an energy and oxygen balance model for the leading edge
of the flame with the dimensions of Lx, Ly, and Lz was developed,
which considers the input, output, and change of energy and oxy-
gen in a control volume containing the leading edge of the flame. It
can be written as

DHBq2Yf Yof e�E=RTf LxLyLz ¼ quCpðTf � T1ÞLyLz

þ ðkþ krÞðTf � T1ÞLyLz

Lx

þ 2ðkþ krÞðTf � T1ÞLxLz

Ly

þ 2ðkþ krÞðTf � T1ÞLxLy

Lz
ð1Þ

�BqYf Yof e�E=RTf LxLyLz ¼ uðYof � Yo1ÞLyLz þ
aðYof � Yo1ÞLyLz

LeLx

þ 2aðYof � Yo1ÞLxLz

LeLy

þ 2aðYof � Yo1ÞLxLy

LeLz
ð2Þ

where q, T, Yf, k, kr, Cp, DH, B, E, R, and Le are the gas density,
the temperature, the fuel mass fraction, the thermal conductivity,
the radiative conductivity, the specific heat, the reaction heat, the
pre-exponential factor of reaction, the activation energy, the univer-
sal gas constant, and the Lewis number, respectively. The terms in
Eqs. (1) and (2) are reaction source or sink, convection, and diffusion
in x, y, and z directions. The diffusion terms in z direction reflect
three-dimensional effects. For the heat balance equation, the heat
radiation is treated in the form of conduction for simplification.

The variation of three-dimensional effects with the gas flow
speed may be evaluated according to the ratio of lateral diffusion
term to convection term, i.e.,

R3d;T ¼ 2ðaþ arÞLx=uL2
z ð3Þ

for heat and

R3d;O ¼ 2aLx=uLeL2
z ð4Þ

for oxygen. Evidently, the three-dimensional effects are inversely
proportional to the square of the length scale in z direction, and
to the gas flow speed if Lx is independent of the gas flow speed, or
to the square of the gas flow speed if Lx � 1/u. This indicates
three-dimensional effects will become strong as the gas flow speed
or fuel width decreases. These results are in good agreement with
the experimental results.

In extremely low speed gas flows, the flame is near the quench-
ing extinction limit and its leading edge is short of oxygen supply
[18]. Therefore, the effects of oxygen supply on the flame surpass
those of temperature. The flame spread rate will decrease as the
fuel becomes wider, which is in contrary with the cases far away
from the quenching extinction limit. Meanwhile, mass diffusion
has a shorter length scale than heat transfer. As a result, the flame
spread rate increases with the increasing fuel width, if the fuel
width has surpassed a critical value. This may be the reason why
there was a minimum in the flame spread rate as a function of
the fuel width. The above analysis is also supported by the fact that
the width corresponding to the minimum was just about twice the
flamelet width and that the flamelets started at just above this
width (Figs. 2 and 3), where the two-dimensional flame could no
longer survive, and the flame broke up into flamelets.In the diffu-
sion flame, Yof is much smaller than YO1, and Eq. (2) can be simpli-
fied as

BqYf Yof e�E=RTf LxLyLz ¼ uYo1LyLz þ
aYo1LyLz

LeLx
þ 2aYo1LxLz

LeLy

þ 2aYo1LxLy

LeLz
ð5Þ

This shows that the oxygen concentration and side oxygen dif-
fusion at the leading edge of the flame is proportional to its ambi-
ent value. Therefore, high oxygen ambient will result in high
oxygen concentration at the leading edge of the flame and hence
can relieve the oxygen shortage and suppress three-dimensional
effects more easily than low oxygen ambient. In cases far away
from the quenching extinction limit, the relative importance of
three-dimensional effects due to heat loss and mass diffusion
may be proportional to the ratio of R3d,T and R3d,O i.e., Leðaþ
arÞ=a. If Le is unity and radiative heat transfer is ignored, then
the three-dimensional effects caused by lateral heat loss and mass
diffusion will counterbalance each other. However, if radiative heat
transfer is considered, or Lewis number is not unity, or both (for
oxygen, Le is a number slightly greater than 1), there will be
three-dimensional effects since the ratio will be greater than 1.
In this case, the three-dimensional effects due to heat loss will sur-
pass those due to mass diffusion and the flame spread rate will in-
crease as the fuel becomes wider.

Mell and Kashiwagi’s modeling [6] showed that for both 2 cm/s
and 10 cm/s gas flows, the flame spread rates decrease with the in-
crease of the sample widths. For narrow samples and low speed
gas flows the present experiments and M&K’s modeling results
are qualitatively agreed. However, for wide samples or high-speed
gas flows, the trends of the present experimental results, i.e., the
flame spread rates increased with the increase of the sample
widths, and the M&K’s modeling results are completely different.
This may be attributed to the fact that M&K modeled flame spread
in the oxygen-limited regime and the radiative heat loss of gas
phase was ignored. The modeling considering more complicated
factors such as different gas flow speeds and oxygen concentra-
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tions, and radiative heat loss may reproduce the results of the
present paper.

3.3. Variation of flame spread rate over 12 cm wide samples against
channel width

The flame spread rates for 12 cm wide samples in channels of
12 and 24 cm in width are illustrated in Fig. 6. The results showed
that the flame spread rate first increased and then decreased as the
gas flow speed increased. This trend qualitatively reproduced the
microgravity experimental results given by reference [18] and im-
plied that the horizontal narrow-channel can suppress buoyant
convection effectively. For a great part of gas flow speeds, the chan-
nel width had almost no effect on the flame spread rate. However,
near extinction limits, the flame spread rate was obviously affected
by the channel width.

The effects of channel width on the flame spread rate near
extinction limits are shown in Fig. 7. Near both quenching and
blow-off extinction limits, the flame spread rate decreased with
the channel width. This can be explained as follows: near the
quenching extinction limit, as the channel becomes wider, the
gas flow becomes easier to divert around the flame, resulting in a
lower opposed-flow velocity at the flame front and hence a lower
flame spread rate. This explanation can obtain an indirect support
from Mell and Kashiwagi’s numerical results [6] of transition and
flame spread in microgravity that the velocity due to thermal
expansion from the flame reduces the net inflow of oxygen to af-
fect flame behavior. By contrast, near the blow-off extinction limit,
as the channel becomes wider, the gas flow speeds at the edges of
the sample increase due to the farther laminar layers near the side
walls, which reduces the flame spread rate and the gas flow speed
limit corresponding to the blow-off extinction.

4. Conclusion

The present paper experimentally studies the three-dimen-
sional effects of flame spread over thin solid materials using a nat-
ural-convection-suppressing horizontal narrow-channel. The
effects of gas flow speed, oxygen concentration, material width,
and flow tunnel size on flame spread are considered.

In a sufficiently wide channel, the variation of flame spread
against the sample width was different for different gas flow
speeds and oxygen concentrations. At low oxygen concentrations,
near quenching extinction limits, the three-dimensional effects of
flame spread were significant and complicated. In extremely low
speed gas flows, side oxygen diffusion dominates the three-dimen-
sional effects. Accordingly, as the sample became wider, side oxy-
gen diffusion decreased and flame spread became slower. Since the
side oxygen diffusion has a maximum diffusion length, when the
half width of the sample went beyond that maximum length, the
leading edge of the flame split into two parts or even formed fin-
ger-like flamelets in contrast to the continuous and smooth leading
edge of the flame of narrower samples. This indicates that even
when a two-dimensional flame ceased to spread, a three-dimen-
sional flame may spread. In slightly higher speed gas flows, both
the side oxygen diffusion and heat loss significantly influence the
flame spread. As the sample width increased, the flame spread rate
first decreased and then increased, depending on whether the side
oxygen diffusion or the side heat loss dominated the three-dimen-
sional effects. In addition, a narrower sample could burn out com-
pletely, while the flame of a wider sample had local extinction
spots, and unburnt residues were left behind. Moreover, heat loss
made the leading edges of flames parabola shapes. In higher speed
gas flows the flame is in conditions somehow far away from the
quenching extinction limit, and the effects of the side heat loss pre-
vail over those of the side oxygen diffusion. Therefore, the flame
spread rate increased as the sample became wider. In addition,
the curvature of the leading edge and the three-dimensional effects
of the flame decreased accordingly. Moreover, the effects of both
side heat loss and side oxygen diffusion decreased rapidly with
the gas flow speed.

Under conditions far away from the quenching extinction limit,
i.e., at high oxygen concentrations or high-speed gas flows, the
three-dimensional effects were weaker because a vigorous reaction
is not sensitive to a small variation of oxygen supply and heat loss.
For all oxygen concentrations and gas flow speeds, the three-
dimensional effects of the flame spread were restricted to the sam-
ples of width less than 10 times of the diffusion length (for the gas
flow speeds of 2 cm/s and 10 cm/s, the critical sample widths were
about 12 cm and 2.5 cm, respectively). Moreover, a higher oxygen
concentration could suppress three-dimensional effects at a lower
gas flow speed.

For a sufficiently wide sample, for a great part of gas flow
speeds, the channel width had almost no effect on the flame spread
rate. However, near quenching and blow-off extinction limits, the
flame spread rate decreased with the increasing channel width.

Due to the disadvantages of the experimental facility such as
additional heat loss caused by top and bottom walls, the above
conclusions should be further validated under better and simpler
experimental conditions such as microgravity. In addition, the re-
sults are only of qualitative significance. A quantitative interpreta-
tion may be based only on three-dimensional numerical
simulations.
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