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Abstract

The effect of the sample orientation angle on frontside (irradiated surface) ignition and subsequent backside
(nonirradiated surface) flame appearance over thin poly(methyl methacrylate) (PMMA) sheets having thicknesses
of 0.2 and 0.5 mm has been experimentally investigated, using a CO2 laser as an external radiant source in qui-
escent normal gravity. The sample orientation angle was varied from θ = −90◦ (ceiling configuration) to +90◦
(floor configuration) at intervals of 15◦ under three different laser powers of 16.0, 17.3, and 26.1 W. The shortest
frontside ignition delay time was observed for the ceiling configuration (θ = −90◦) and frontside ignition delay
time significantly varied with increase in sample orientation angle at a laser power of 16.0 W. As the laser power
was increased, frontside ignition was observed at all angles and its delay time became less dependent on the sam-
ple orientation angle. The appearance of a backside flame was achieved after the formation of an open hole (due to
local consumption of the sample) by two different processes: the onset of laser induced ignition over the backside
sample (backside ignition) and a flame traveling from the frontside through an open hole to the backside (backside
flame). The former process was observed for a limited number of cases only around the vertical configurations
(−30◦ � θ � 30◦). The delay time for the appearance of backside flame tended to be longer for sample surfaces
facing downward (θ◦ < 0) than for the sample surface facing upward (θ � 0◦) regardless of the laser power. When
the duration of laser irradiation was shortened from 10 to 4 s, as soon as the laser was shut off, the flame on
the frontside immediately shrank, moved close to the sample surface, and then traveled rapidly to the backside.
Therefore, the delay time of backside flame appearance (about 6 s) became longer with longer duration of laser
irradiation after the onset of a frontside flame. The size of the hole (about 4 mm diameter) was large enough for
the flame to travel through it, even after 4 s of laser irradiation to sample. These results indicate that the size of the
hole appears to be not a critical parameter for the appearance of the backside flame.
© 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Localized ignition of solid materials is of impor-
tance to prevent fire hazards and to understand the
complex coupling of chemical, thermal, and fluid dy-
namics in solid combustion. Ignition is normally clas-
sified into two ignition modes: nonpiloted ignition
(autoignition) and piloted ignition [1]. The former
mode is induced by external radiant energy and the
latter is induced by a spark, a hot wire, or a small
flame near the sample surface. To investigate ignition
behavior over a solid sample due to thermal radiant
energy, nonpiloted ignition produced by CO2 laser
irradiation has been experimentally investigated by
Kashiwagi [2]. After reaching its decomposition (i.e.,
pyrolysis) temperature, the sample surface heated by
the incident laser irradiation evolves fuel gas consist-
ing of degradation products due to solid-phase reac-
tions. The evolved gas-fuel vapors strongly absorb the
laser beam, which influences the ignition delay time
[2,3]. Based on these experiments, many investiga-
tions by numerical or theoretical analysis have been
reported for different radiant fluxes using a thermally
thick sample with and without an external flow [4–8].
These investigations have demonstrated that absorp-
tion of external radiant energy by the evolved decom-
position products fulfills an important role in the onset
of ignition, regardless of the presence of an external
flow. As the sample surface is exposed to the radi-
ant energy, the temperature of the evolved gaseous
fuel becomes high enough to undergo buoyant flow
around the sample surface prior to ignition. Despite
the induced buoyant flow in a normal gravity environ-
ment (especially in a quiescent environment), these
previous investigations did not consider how buoy-
ancy influences ignition behavior.

In the previous study, the effect of buoyancy on ig-
nition behavior subjected to CO2 laser irradiation was
investigated by numerical calculation for quiescent air
in normal gravity by changing sample orientation an-
gle relative to the gravity direction (note that the laser
beam is always normal to the sample surface regard-
less of the sample orientation angle) [9]. A change
in the sample orientation angle alters the interaction
between the incident laser beam and the buoyancy-
induced flow consisting of decomposed products in
normal gravity. This study predicted that ignition de-
lay time would depend strongly on the sample orien-
tation angle. At low external radiant flux, ignition oc-
curs only when a thin sample is mounted face down-
ward with an upward laser beam (ceiling configura-
tion). With increasing external radiant flux, ignition
occurs over a wider range of sample orientation an-
gle. With a further increase in external radiant flux,
ignition occurs at all sample orientation angles from
the ceiling configuration to the floor configuration. It
appears that ignition delay time tends to be longest
(i.e., ignition is the most difficult to achieve) when a
sample is mounted nearly vertically (a vertical sample
irradiated by a horizontal laser beam).

The present study involves ignition experiments
using a CO2 laser as an external radiant source and
examines the validity of these predicted results by
comparing them with experimentally obtained re-
sults. It also seeks to extend current understanding
of the effects of sample thickness of a relatively thin
poly(methyl methacrylate) (PMMA) sheet on ignition
behavior by changing the sample orientation angle.
In the case of a microgravity experiment with a 0.2-
mm-thick PMMA sheet [10], two separate ignition
events were observed; one was ignition over the ir-
radiated surface (frontside) and the other was ignition
on the nonirradiated surface (backside). The backside
ignition was achieved only after a hole through the
sample was produced due to the local consumption
(gasification) of the sample via continuous laser irra-
diation. We are interested in understanding the effects
of buoyancy on the formation of backside ignition.
Therefore, one of our primary interests in the present
study is to investigate how buoyancy can affect igni-
tion transition from frontside to backside through an
open hole by changing the sample orientation angle
in normal gravity.

2. Experimental apparatus and method

Fig. 1 shows a schematic of the experimental ap-
paratus. A CO2 laser (DEOS Model GEM-25)1 with
a beam diameter of about 5 mm was used as an exter-
nal radiant source to ignite the sample. The total laser
power Qex was varied from about 16.0 to 26.1 W
(±1 W) (corresponding peak radiant flux was from
1200 to 2050 kW/m2 ± 100 kW/m2) and the mea-
sured radiant flux distribution was Gaussian, as shown
in Fig. 2. The internal shutter was used to control
both the start and the termination of laser irradiation
to the sample. The sample was rotated at angles (θ )
between −90◦ and +90◦ relative to the normal to
the surface of the optical table. The laser beam was
always aligned and irradiated normal to the sample
surface through the use of a rotating mirror, regard-
less of the sample orientation angle. Sample orienta-
tion angle was varied from −90◦ to +90◦ at intervals
of 15◦. The sample orientation angles of θ = −90◦,
θ = 0◦, and θ = +90◦ correspond to ceiling (horizon-
tally placed face down configuration with an upward

1 Certain commercial equipment, instruments, materials,
services, or companies are identified in this paper in order
to specify the experimental procedure adequately. This in no
way implies endorsement or recommendation by NIST.
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Fig. 1. Schematic illustration of the experimental setup.
Fig. 2. Distributions of energy flux of the CO2 laser.

laser beam), wall (vertically placed with a horizon-
tal laser beam), and floor configurations (horizontally
placed upward facing sample with a downward laser
beam), respectively. The distance from the exit of the
CO2 laser to the middle of the sample was kept at
400 mm to maintain a constant laser beam diame-
ter. A small laser power meter (OPHIR Optronics,
Model 150W-A) was used well behind the sample to
determine the time when a hole through the sample
was formed by the local consumption of the sam-
ple, mainly due to the continuous laser irradiation.
PMMA samples (Polycast, 45 mm square × 0.2 and
0.5 mm thickness δ) were used. This study focuses
on the onset of frontside ignition and subsequent ap-
pearance of flame over the backside instead of flame
spread along the sample. Therefore, the duration of
the laser irradiation was set to 10 s regardless of
whether ignition was achieved or not. This time was
long enough to generate a hole up to 5 mm diameter
through the PMMA samples. If, after 10 s of continu-
ous laser irradiation, ignition was not achieved either
on the irradiated surface (frontside) or the nonirradi-
ated surface (backside) of the sample, such a test was
defined as a nonignition case. To measure the onset
time of ignition, two silicon detectors (Edmund Sci-
entific, Model H55-338) were set up near the frontside
and backside of the sample surface. An air jet, con-
trolled by a solenoid valve, was applied to extinguish
the flame. All features of the experiment (i.e., laser
shutter, solenoid valve, and data acquisition) were
controlled using a LabVIEW program. The sampling
frequency of output data from both the photo detec-
tors and power meter was 1 kHz, and the number of
data points for each experiment was 10,000. In the
present study, two different modes of appearance of
flame over the backside were observed; one was on-
set of laser-induced ignition (relatively short delay
from hole opening) and the other was a flame trav-
eling through the open hole from the frontside to the
backside. We define these two different modes of ap-
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Fig. 3. Example of signal outputs from the two silicon photo
detectors and the power meter with respect to time and defi-
nition of ignition delay times and a hole opening time.

pearance of the flame on the backside as “backside
ignition” and “backside flame,” respectively.

A typical example of the outputs of the two sil-
icon detectors and of the power meter is shown as
a function of time in Fig. 3. The time t = 0 is de-
fined as the time when the sample is first exposed to
the laser irradiation. When t was about 0.1 s, a sharp
increase in the output of the frontside silicon detec-
tor corresponding to the onset of flaming ignition was
recorded and this time was defined as the delay time
of frontside ignition, tf. The delay time of the back-
side ignition (or the backside flame), tb, was also de-
termined from the output of the second silicon detec-
tor. With respect to the power meter, the first deflec-
tion in the signal was observed at around 0.25 s (no
laser beam was transmitted through the sample be-
fore the opening of a hole) and it gradually increased
as the size of the hole became larger. The time at the
first deflection in the signal was defined as a hole
opening time, to. To obtain the images of frontside
ignition and the subsequent transition to backside ig-
nition (or backside flame) through the open hole of
the sample, two Hi-8 video recorders were used at 30
frames per second. One camera recorded the frontside
and backside flame behavior in a parallel view along
the sample sheet. Another camera recorded a normal
view of the sample surface for assessing the size of
the hole.

A Schlieren visualization system was used to ob-
serve the global behavior of the thermal and degra-
dation products plume near the sample surfaces
(frontside and backside) during the ignition period.
These results are used to understand the mechanism
of frontside ignition and subsequent backside ig-
nition (or backside flame) through the open hole.
A schematic of the Schlieren visualization setup is
shown in Fig. 4. The light source was a 10-mW He–
Ne laser. A pinhole (diameter dp = 0.5 mm) was
used to form a pointlike light source. The sample was
mounted between two Schlieren lenses (focal length
f = 500 mm, diameter dl = 50 mm). A Schlieren
stop was set at the location of the focal point. The
obtained images were captured by a compact mono-
chromatic CCD camera (Panasonic GP-KR222) with
a transmittance filter (SCHOTT) mounted directly
onto the camera.

3. Experimental results

Fig. 5 shows a selected sequence of images of
ignition on the frontside and the subsequent transi-
tion to flame on the sample’s backside with a laser
power Qex = 26.1 W, sample thickness δ = 0.2 mm,
at sample orientation angles, θ , of −90◦, −45◦, 0◦,
+45◦, and +90◦. At θ = −90◦ (ceiling configura-
tion), a diffusion flame with a hemispherical shape
was clearly observed below the sample after the onset
of frontside ignition. As the sample surface contin-
ued to be irradiated by the laser beam, the size of the
hemispherical diffusion flame became smaller and ap-
proached the sample surface because the supply of
decomposed products (mainly methyl methacrylate,
MMA) became smaller due to the local consumption
of the thin sample in the narrow spot irradiated by
the laser beam. A hole was formed just before the
second picture frame. When the hole became large
enough for the main part of the laser beam, the supply
of the degradation products to the flame became lim-
ited. Then the flame became very small, with a faint
color below the sample surface, as shown in the third
picture frame. The energy flux from the laser irradia-
tion was much larger than the heat feedback rate from
the frontside flame to the sample before the formation
of the hole. When the flame approached very close
to the hole, the flame traveled through the open hole
and a backside flame appeared after a delay time of
about 3.5 s after the opening. At the same time as
the appearance of the backside flame, the flame inten-
sity on the frontside increased due to heat feedback
from the flame on the backside. Similar flame behav-
ior has been observed in microgravity with an external
flow [10]. After the backside flame was formed, the
brightness and height of the backside flame became
larger with time, as shown in the fourth and fifth pic-
ture frames. This was due to the entrainment of fresh
ambient air generated by the buoyancy force to the
flame base on the backside.

At θ = −45◦, after the frontside ignition, an in-
clined diffusion flame was formed on the frontside
and its posterior was lengthened due to the upward
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Fig. 4. Schematic illustration of the Schlieren system.
buoyancy force. Similar to that of θ = −90◦, the size
of the inclined flame became small due to local con-
sumption of the sample after the formation of a hole
due to continuous laser irradiation. After the frontside
flame approached close to the open hole, a backside
flame appeared through the hole with a delay time of
about 4 s from the hole opening. When the sample
was mounted vertically at θ = 0◦ (wall configura-
tion), an elongated upward flame was formed after
frontside ignition. After a hole formed on the sample
surface similar to that of θ = −90◦ and θ = −45◦, the
frontside flame became small and approached close
to the sample surface and the hole, and a backside
flame appeared through the hole. At θ = +45◦, after
frontside ignition, a tilted diffusion flame moved close
to the sample surface, but the flame was slightly away
from the open hole compared with the positions for
negative angles (θ = −90◦ and θ = −45◦) because
of the upward buoyancy force. However, the backside
flame was observed within 2 s from the opening of
the hole. It is interesting that the transition from the
frontside flame to the backside through a hole took
less time at positive angles than at negative angles
considering that the frontside flame stood a little away
from the sample surface. At θ = +90◦ (floor config-
uration), a conical diffusion flame was observed on
the frontside after frontside ignition and the appear-
ance of the backside flame took less than 2 s from
the opening of a hole. The size of the backside flame
remained small, probably because the flow generated
by the buoyancy force caused by the frontside flame
drew flow through the hole from the backside. These
results indicate that the buoyancy force significantly
affects the flame motions from the frontside ignition
to the subsequent backside flame with different sam-
ple orientation angles.

The relationships of front ignition delay time, tf,
backside flame appearance time, tb, and hole forma-
tion time, to, with respect to sample orientation an-
gle θ are plotted at different laser powers Qex in
Fig. 6. At Qex = 16.0 W, the frontside ignition delay
time gradually increased as θ increased from −90◦
to −45◦ and ignition was achieved before the open-
ing of a hole. When θ exceeded −45◦, no frontside
ignition was achieved, but an unstable boundary re-
gion, in which the frontside ignition sometimes oc-
curred and other times did not occur, was observed
at θ = −45◦. The hole formation time to was nearly
constant (about 0.48 s) and independent of the change
in θ . With respect to the backside flame, it appeared
from θ = −90◦ to −45◦ with a delay of 5 to 6 s af-
ter the formation of a hole. When θ exceeded −45◦,
no backside flame was observed because frontside
ignition was not achieved. If frontside ignition was
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Fig. 6. Relationships of frontside ignition delay time tf, appearance time of backside flame tb, and hole opening time to with
respect to the sample orientation angle θ for the 0.2-mm-thick sample. (Unstable region, shaded area, means that ignition was
not achieved except in a few cases.)
achieved at θ > −45◦, backside flame could be at-
tained at θ > −45◦.

When the laser power Qex is 17.3 W, tf gradu-
ally increased as an increase in θ from −90◦ to −30◦
similar to Qex = 16.0 W, but the value of tf became
smaller than that of Qex = 16.0 W. Frontside ignition
was always achieved before the opening of a hole.
When θ exceeded −15◦, the unstable boundary re-
gion similar to Qex = 16.0 W was observed up to
θ = +15◦. In this region, the appearance of the back-
side flame depended on the occurrence of frontside ig-
nition. With a further increase in θ , frontside ignition
was always achieved. The value of tf remained nearly
constant and became insensitive to θ . The hole for-
mation time was shorter than that for Qex = 16.0 W
because of the higher laser energy, but it remained
nearly constant regardless of θ , similarly to that of
Qex = 16.0 W. With respect to the backside flame,
tb gradually decreased from θ = −90◦ to θ = −15◦
and then became constant (about 2 s delay from the
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opening of a hole) as θ exceeded +15◦. Under con-
ditions of higher laser power with Qex = 26.1 W,
the frontside ignition was observed well before open-
ing of a hole under the entire range of θ , and tf be-
came insensitive to θ . On the other hand, tb gradu-
ally decreased and became constant, similarly to ob-
tained results at lower laser energies (Qex = 16.0
and 17.3 W). These results indicate that the delay
time of the backside flame was independent of laser
power (if frontside ignition occurred over all sam-
ple angles at Qex = 16.0 W, the relationship between
backside ignition delay time and sample orientation
angle would be similar to those at Qex = 17.3 and
26.1 W). This trend indicates that the appearance of
backside flame was due to traveling of the frontside
flame through an open hole to the backside instead
of the onset of ignition over the backside by laser
irradiation. It was observed that the ceiling configu-
ration (θ = −90◦) appears to take the shortest time to
achieve frontside ignition, whereas this configuration
appears to take the longest time for achieving back-
side flame.

Ignition and subsequent flame behavior on the
frontside and the transition of the frontside flame
to the backside for the samples with thickness δ =
0.5 mm are shown in Fig. 7. The ignition event and
the behavior of the frontside flame (large flame at
the onset of ignition followed by gradual decrease in
the flame size and approaching the sample surface)
were very similar to those for samples with thick-
ness 0.2 mm. Frontside ignition was achieved well
before the opening of a hole except in a few cases in
which ignition was observed almost at the same time
as opening of a hole in the range of −15◦ � θ � +15◦
at Qex = 16.0 and 17.3 W. Two major differences for
the samples with thickness 0.5 mm from the results
with 0.2-mm-thick samples were observed: (1) the
frontside flame did not travel through an open hole
to the backside at negative angles (−90◦ and −45◦)
despite the frontside flame approaching close to the
sample surface and the hole regardless of continuing
laser irradiation; (2) in the range −30◦ � θ � 30◦,
there were two different appearances of flame on the
backside after the formation of the hole: one was
occasional backside ignition (as shown in Fig. 7b)
and the other was no appearance of backside flame
(as shown in Fig. 7a). On the other hand, for posi-
tive angles (θ = +45◦ and θ = +90◦), the backside
flame was always observed after some delay (5 to 6 s
after opening of a hole) and this trend was similar
to that of the sample with thickness 0.2 mm (delay
time of about 2 s) despite the difference in the delay
time.

The relationships of frontside ignition delay time,
backside flame appearance time, and hole opening
time with respect to sample orientation angle at dif-
ferent laser power are shown in Fig. 8 for the sample
of thickness 0.5 mm. At Qex = 16.0 W, the frontside
ignition delay time monotonically increased as θ in-
creased from −90◦ to 0◦. As θ approached zero,
frontside ignition was achieved at almost the same
time as opening of a hole. Nakamura and Kashi-
wagi [9] predicted the same phenomena at about θ =
−20◦ when the laser power was low. The explana-
tion for the observation is that air supply from the
backside through the open hole plays an important
role in achieving frontside ignition after opening of
the hole. This explanation might apply to our exper-
imental observation but, at present, we do not have
any flow measurement through the hole and we can-
not confirm the predicted mechanism. Frontside ig-
nition was achieved from θ = +45◦ to θ = +90◦,
while it was not achieved with the thinner sample,
as shown in Fig. 6. This indicates that the ignitable
regime for frontside ignition with respect to the sam-
ple angle became larger for a thicker sample. With
respect to ignition on the backside, no backside flame
was observed from θ = −90◦ to θ = 0◦, even at a
laser power of 26.1 W. However, the backside igni-
tion sometimes occurred at θ = 0◦ after opening of a
hole. In this case, the delay time of the backside ig-
nition from opening of a hole was within 2 s, which
was much shorter than for cases in which the back-
side flame traveled through the hole. In the regime
of 0◦ < θ � +45◦, no ignition was observed over ei-
ther frontside or backside at Qex = 16.0 W. As θ

exceeded +45◦, the frontside ignition and the sub-
sequent backside flame began to appear again and
frontside ignition delay time gradually increased. The
opening time of a hole remained nearly constant, ex-
cept at θ = +90◦.

When the laser power Qex was increased to
17.3 W, frontside ignition was observed over the en-
tire range of θ , and the trend of frontside ignition
delay time with respect to θ was about the same
as that for the sample of thickness 0.2 mm. Simi-
larly to that of Qex = 16.0 W, no backside flame
was observed for angles less than +15◦. The back-
side ignition delay times after the opening of a hole
were about 1 s. As θ exceeded 0◦, an unstable bound-
ary region appeared in which the backside flame was
not always achieved. Backside flame appearance time
gradually decreased with an increase in θ and became
nearly constant at about 5 s after opening of a hole.
The regime of backside flame appearance at a laser
power of 17.3 W was +15◦ � θ � +90◦ compared
to +45◦ � θ � +90◦ at 16.1 W. At Q◦ = 26.1 W,
frontside ignition delay time became nearly constant
and did not depend on θ , similarly to that of the 0.2-
mm-thick sample. Similarly to that of Qex = 17.3 W,
no backside flame was observed from θ = −90◦ to
θ = −45◦, and several cases of backside ignition were
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Fig. 8. Relationships of frontside ignition delay time tf, appearance time of backside flame tb, and hole opening time to with
respect to the sample orientation angle θ for the 0.5-mm-thick sample. (Unstable region, shaded area, means that ignition was
not achieved except few cases.)
observed for −30◦ � θ � 0◦. The trend of backside
flame appearance time became the same as that of
Qex = 17.3 W.

The effects of the sample thickness on the rela-
tionships of frontside ignition delay, backside flame
appearance, and hole opening time with respect to the
sample orientation angle at the three different laser
powers are summarized as follows; frontside ignition
for a thicker sample occurred over a wider range of
angles than for a thinner sample at a laser power
of 16.0 W. At higher laser powers, frontside igni-
tion trend with respect to angle was similar for both
samples. A backside flame was not achieved without
frontside ignition for either sample. For the thinner
sample, backside flame was observed over all angles
at the two higher laser powers (at 16.0 W, back-
side flame was not observed from θ = −45◦ to θ =
+90◦ because frontside ignition was not achieved)
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and tended to appear with shorter delay time from
opening of a hole from θ = 0◦ to θ = +90◦. However,
for a thicker sample, backside flame was not achieved
from θ = −90◦ to θ = 0◦. Since buoyancy favors flow
through a hole from frontside (facing downward) to
backside (facing upward) from θ = −90◦ to θ = 0◦,
it is unexpected that the backside flame took longer
for thinner samples (no backside flame for thicker
samples) from θ = −90◦ to θ = 0◦ than was the
case from θ = +15◦ to θ = +90◦. From θ = +15◦
to θ = +90◦, the delay of the backside flame took
about 2 s after opening of a hole for thinner sam-
ples compared to about 5 to 6 s for thicker samples.
Hole-opening time did not depend on the sample ori-
entation angle for most cases except near θ = +90◦
for thicker samples. As expected, hole-opening time
was shorter for thinner samples and also at higher
laser powers.

4. Discussion

One of the objects of this study was to examine
the validity of the predicted results of frontside igni-
tion behavior for a 0.2-mm-thick sample with respect
to the sample orientation angle. The predicted results
from our previous study [9] are shown in Fig. 9. The
predicted frontside ignition delay time tends to be
the shortest around θ = −90◦ and it becomes longer
with an increase in the angle. The longest frontside
ignition delay time tends to occur around a vertical
configuration (θ = 0◦), and no frontside ignition is
achieved at low laser powers. With further increase
in the angle, frontside ignition delay time tends to de-
crease until θ � +60◦ and it slightly increases with
an increase of θ over θ � +75◦. Similar trends of
frontside ignition delay time with respect to the sam-
ple orientation angle were experimentally observed,
as shown in Figs. 6 and 8. Although the experimen-
tally measured frontside ignition delay times (0.02 to
0.4 s for the 0.2-mm-thick sample) tend to be less than
those predicted (0.2–1 s), they are close to each other
when one considers the use in the model of one-step
global reactions for both gas-phase and condensed-
phase reactions and the use of a constant absorption
coefficient of gaseous MMA in the calculation. The
predicted independence of hole-opening time with re-
spect to the sample orientation angle is also confirmed
by this study. The measured hole-opening times for
the 0.2-mm-thick sample were in the range of 0.3 to
0.5 s compared to predicted times of 0.6 to 0.9 s. It
appears that the calculated thermal degradation rates
of PMMA tend to be too low or the beam absorp-
tion is underestimated. These experimental results
show that, under low laser power, the ceiling case
(θ = −90◦) is the easiest configuration for achieving
Fig. 9. Predicted relationships of frontside ignition de-
lay time (solid line) and hole opening time (dashed line)
with respect to the sample orientation angle for a 0.2-mm-
sample [9].

the frontside ignition. This can be demonstrated by
the finding [9] that the energy absorbed from the laser
beam by MMA tends to accumulate beneath the sam-
ple surface, so that gas-phase temperature increases
most rapidly to reach a runaway condition in the ceil-
ing configuration (θ = −90◦) as compared with other
angles.

The ignitable range of angles for frontside ignition
is wider for the thicker sample than for the thinner
sample at Qex = 16.0 W. For the thinner sample, the
MMA concentration in the gas phase near the sam-
ple surface may not reach a high enough level to
absorb sufficient energy from the laser beam due to
local consumption of the thin sample. For a nearly
vertical thin sample (0.2 mm thick), accumulation of
enough MMA in the gas phase tends to become diffi-
cult with upward sweeping of MMA by the buoyancy
induced flow along the surface. For the thicker sample
(0.5 mm thick), there is enough sample for evolving a
sufficient amount of MMA to absorb enough energy
from the laser beam.

As for the mechanism of backside flame forma-
tion, the following observations should be consid-
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ered. First, the frontside flame at θ = −90◦ (ceil-
ing configuration) was close to the sample surface
due to its buoyancy, compared to that of θ = +90◦
(the flame on the frontside was stretched away from
the sample surface due to buoyancy). Second, intu-
itively, the upward buoyancy force makes it easier for
the flame to travel from the frontside at θ = −90◦
(facing downward) to the backside (upward facing)
through the open hole. As a result, the ceiling config-
uration should be the easiest configuration to induce
the backside flame. However, in actual fact, backside
flame appearance took longer at θ = −90◦ than at
θ = +90◦ for the 0.2-mm-thick sample. Furthermore,
the backside flame was not observed for the 0.5-mm-
thick sample in the ceiling configuration (θ = −90◦)
and the backside flame was observed in the floor
configuration (θ = +90◦). To clarify this unexpected
result, flow visualization by the Schlieren technique
was used to provide insight into the mechanism of
the onset of a backside flame, including the forma-
tion of backside ignition (not backside flame) around
θ = 0◦.

Fig. 10 shows selected Schlieren image sequences
near the sample surface at Qex = 17.3 W, δ =
0.5 mm, θ = −90◦,0◦,+90◦. It appears that the key
feature shown in the Schlieren images is the sig-
nificant change in the flow of buoyant combustion
products produced by the frontside flame at the three
angles. At θ = −90◦ (ceiling configuration), the com-
bustion products and MMA were observed above the
backside after hole opening. Buoyancy-induced flow
of the combustion products from the frontside flame
through the open hole to the backside dilutes the gas
phase over the backside surface so that flame cannot
travel through the hole to the backside.

At θ = 0◦ (wall configuration), backside ignition
could sometimes be achieved shortly after hole open-
ing (no backside flame for (a) at θ = 0◦ in Fig. 10) or,
once the combustion products began to pass through
the open hole, the appearance of backside flame was
observed a longer time after hole opening ((b) at
θ = 0◦ in Fig. 10). (Although frontside ignition is
most difficult to achieve at around θ = 0◦ as discussed
above due to upward-sweeping MMA vapor, it ap-
pears that laser energy transmitted through the thin
frontside flame and then through the hole is highest,
so that backside ignition initiated by the absorption
of the laser energy could sometimes occur at around
θ = 0◦, as shown in Fig. 8.) At θ = +90◦ (floor con-
figuration), no combustion products passed through
the open hole, except entrained air and MMA released
from the backside to the frontside through the hole af-
ter the opening of the hole. Thus the frontside flame
can travel through the hole to the backside. Therefore,
it is proposed that dilution of flammable mixtures in
the gas phase by combustion products significantly in-
fluences the onset of backside flame at sample angles
between θ = −90◦ and 0◦. A similar mechanism can
be applied to explain why the delay time of the back-
side flame for the δ = 0.2 mm sample at θ = −90◦
was longer than for the corresponding θ = +90◦. It
appears that the thinner sample could be expected
to generate a lesser amount of combustion products
due to the limited amount of the sample compared
to the thicker sample. This could be why backside
flame was observed for the thinner samples even at
θ = −90◦. A similar effect on flame spread due to
the dilution of combustion products was observed in
microgravity [11]. In the previous study, a thin paper
sample was ignited (across the sample) in the mid-
dle of the sample under slow imposed flows. Initially,
two flame fronts were formed; one spread upstream
and the other downstream. However, the downstream
flame front was not sustained due to oxygen starva-
tion caused by the consumption of oxygen by the up-
stream flame and also by dilution with its combustion
products. Only the upstream flame front survived and
continued spreading upstream. The upstream flame
phenomenon is similar to the case of backside flame
at θ = +90◦ and the downstream flame to the case at
θ = −90◦.

The growth history of the hole during the igni-
tion experiments at various sample angles is another
important piece of information for understanding the
formation of backside flame. It was reported that
the critical square hole size to allow the transition
through the hole from one-sided flame spread to two-
sided flame spread over a vertically mounted thin fab-
ric was a side length of about 2 to 2.5 mm for down-
ward spread and about 5 to 7 mm for upward flame
spread [12]. The observation of hole growth in our
study was, however, sometimes very difficult due to
a bright frontside flame (too bright) or a small dim
frontside flame (not enough light), and thus we could
not always measure the hole size over the entire dura-
tion of the experiment. The timewise change of hole
size at various sample angles is shown in Fig. 11 at
Qex = 17.3 W for a 0.5-mm-thick sample. Frontside
ignition (ignition delay time less than 0.5 s) was ob-
served for all cases and backside flame was observed
only at θ = +30◦ and θ = +90◦. Missing data points
in the figure are due to too bright or too dim frontside
flames as discussed above. The results show that the
diameter of the hole increases rapidly to about 4 mm
from about 0.8 to 4 s and then the rate of increase in
the diameter slows down, reaching 6–7 mm at 10 s.
The initial rapid growth of the hole up to about 4 mm
diameter is mainly due to the absorption of the high
energy flux from the laser, as shown in Fig. 2. At
Qex = 26.1 W, the initial growth rate of the hole is
higher than that at Qex = 17.1 W and the hole diame-
ter reaches about 5 mm at about 4 s, but its growth rate
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Fig. 10. Selected sequence of Schlieren images at θ = −90◦ , 0◦ [(a) no backside flame and (b) with backside flame], and +90◦
for the 0.5-mm-thick sample.
then becomes slightly less than that at Qex = 17.3 W
and the diameter reaches 6–7 mm at 10 s. Backside
flame appeared when the diameter of the hole was
in the range from 4 to 7 mm. For a 0.2-mm sam-
ple at Qex = 17.3 W, backside flame was observed
when the hole diameter was about 5 mm at θ = +30◦
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Fig. 11. The growth of a hole diameter with respect time at various sample angles for a 0.5-mm-thick sample at Qex = 17.3 W.
(No backside flame was observed for 0 � 0◦ .)
and about 7 mm at θ = −30◦. It is postulated that 4
to 5 mm diameter is large enough for the initiation
of backside flame through a hole from the frontside
flame in our study. This hypothesis is supported by
the appearance of backside flame with a shorter laser
duration of 4 s as described below. The validity of the
proposed mechanism of dilution by the combustion
products and a critical hole size for backside flame
appearance will be carefully examined by numerical
calculation in our next phase of study.

Microgravity experiments [10] showed that to in-
duce the backside flame, the frontside flame had to be
close to the hole when the hole was opened. This was
demonstrated by turning off the laser beam shortly af-
ter frontside ignition was achieved. Although a back-
side flame was not observed with longer laser irradi-
ation, a backside flame was observed with a shorter
duration of laser irradiation. Therefore, it is quite
possible that the duration of laser irradiation might
have a significant influence on the backside flame
appearance. The fuel supply rate (MMA generation
rate) to the frontside flame tends to be high due to
combined heat input from the laser irradiation and
heat feedback from the frontside flame to the sam-
ple surface (the former is much larger than the lat-
ter). Thus, the frontside flame is pushed away from
the surface and from the open hole by the high fuel-
supply rate and the flame tends to be too far away
from the hole. After the local consumption of PMMA
in the irradiated area by continuous laser irradiation,
the fuel supply rate becomes less and the frontside
flame moves close to the sample and to the hole.
Therefore, longer duration of laser irradiation after
the onset of the frontside flame apparently can de-
lay backside flame appearance. In order to examine
this hypothesis, shorter duration of laser irradiation
(4 s instead of 10 s) was used to determine the effect
on the delay time of the backside flame. The results
for the 0.5-mm-thick sample are shown as a func-
tion of θ in Fig. 12. From the results of Fig. 8, the
backside flame did not appear until 6 to 7 s at each θ

with 10-s laser duration at three different laser pow-
ers. As can be seen in Fig. 12, as soon as the laser
was turned off, the flame on the frontside immedi-
ately shrank and moved close to the sample surface
and to the hole due to a decrease in supply rate of
MMA to the flame. Its color became a faint blue re-
gardless of sample orientation angle. This observation
supports the postulate that the critical size of the hole
is about 4 to 5 mm diameter (approximate diameter
at 4 s as shown in Fig. 11). The trend of a shorter
laser duration is the same as that seen in micrograv-
ity experiments [11]. In a microgravity environment,
the flame on the frontside was able to travel through
the open hole shortly after the termination of the laser
beam. However, as can be seen in Fig. 12, it could
not travel through the open hole in normal gravity
when θ was less than −15◦. This is probably due
to the buoyancy-induced flow of combustion prod-
ucts from the frontside flame through the open hole
to the backside. Even though the flame immediately
moved close to the hole, the backside flame could
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Fig. 12. Behavior of frontside flame and backside flame after turning off laser beam at 4 s and frontside ignition delay time as a
function of the sample orientation angle for the 0.5-mm-thick sample.
not be achieved. When θ exceeded −15◦, the back-
side flame could appear with a short delay after the
frontside flame moved toward the open hole. The de-
lay time of the backside flame gradually decreased
and eventually became nearly constant with increas-
ing θ up to +90◦. These results indicate that the size
of the hole is large enough for the flame to travel
through it, even near 4 s, and the size of the hole
is not a critical parameter for the appearance of the
backside flame with 10 s duration of laser irradiation.
These results demonstrate that the distance between
the frontside flame and the open hole has a signifi-
cant influence on the onset of the backside flame, not
only in a microgravity environment but also in nor-
mal gravity. It is also proposed that the motion of
the buoyancy-induced flow of combustion products
from the frontside flame through the open hole has
the predominant effect of inducing the backside flame
in normal gravity, regardless of variation in the dis-
tance between the frontside flame and the hole. The
proposed importance of the buoyancy-induced flow
of the combustion products through the hole will be
carefully examined by future numerical calculation
and hopefully the results will be published as Part 3
of this study.
5. Conclusions

The effect of the sample orientation angle on
frontside (irradiated surface) ignition and the subse-
quent appearance of backside (nonirradiated surface)
flame over thin PMMA samples having thicknesses
of 0.2 and 0.5 mm has been experimentally investi-
gated using a CO2 laser as an external radiant source
in a quiescent normal gravity environment. The sam-
ple orientation angle was varied from θ = −90◦ (ceil-
ing configuration) to +90◦ (floor configuration) at an
interval of 15◦ under three different laser powers of
16.0, 17.3, and 26.1 W.

The shortest frontside ignition delay time was
observed at a ceiling configuration (θ = −90◦). At
a laser power of 16.0 W, frontside ignition delay
time increased with an increase in θ until −45◦
for the 0.2-mm-thick sample and until 0◦ for the
0.5-mm-thick sample. Frontside ignition was not ob-
served above −45◦ for the thinner sample but it was
observed above +45◦ for the thicker sample. The
smaller frontside ignition regime for the thinner sam-
ple than for the thicker sample is probably due to a
limited amount of available sample (fuel vapor) for
the thinner sample, which is limited by formation of
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an open hole through the sample due to the local con-
sumption of the thin sample by the laser irradiation.
As the laser power increased, frontside ignition was
achieved before the formation of the open hole at all
angles and the frontside ignition delay time became
longer around θ = 0◦ (vertical configuration), but the
delay time became less affected by the sample orien-
tation angle. These trends of frontside ignition delay
time with respect to the sample angle qualitatively
agree with the results predicted by numerical simu-
lation [9], and we confirmed the validity of the results
obtained by numerical simulation.

The hole-opening time was longer with the thicker
sample and at lower laser power but did not change
significantly with the sample orientation angle, except
for the floor configuration at 16.0 W. The appearance
of the backside flame was achieved after the forma-
tion of an open hole by two different processes: the
onset of laser-induced ignition over the backside sam-
ple (backside ignition) and flame traveling from the
frontside flame through the open hole to the backside
(backside flame). The former process was observed
for a limited number of cases only around the vertical
configuration (−30◦ � θ � 0◦). The delay time for
the appearance of backside flame tended to be longer
for the sample surface facing downward (0◦ < θ ) than
for the sample surface facing upward (θ � 0◦) re-
gardless of laser power. A backside flame was never
observed without frontside ignition. For the 0.5-mm-
thick sample, backside flame was not observed for
the sample surface facing downward angles (θ � 0◦),
even when frontside ignition was achieved. It is pro-
posed that buoyancy-induced flow of the combustion
products from the frontside flame through the open
hole to the backside dilutes the gas phase over the
backside surface so that flame cannot travel through
the hole to the backside.

When the duration of laser irradiation was short-
ened from 10 s to 4 s, as soon as the laser was turned
off, the flame on the frontside immediately shrank and
moved close to the sample surface and it then traveled
rapidly to the backside. Longer duration of laser ir-
radiation maintained a high supply rate of MMA and
pushed the frontside flame away from the hole. There-
fore, the flame could not travel through the hole until
the supply rate of MMA became less, due to the lo-
cal consumption of PMMA over the irradiated area.
Therefore, the delay time of backside flame appear-
ance (about 6 s) became longer with longer duration
of laser irradiation after the onset of frontside flame.
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