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Abstract

The passage of a premixed stoichiometric methane-air flame through a hole in an internal
barrier in a Hele-Shaw channel with one end closed was studied experimentally. It was
found that for the same initial conditions, a flame propagating from the closed channel end
can either pass through the hole in the barrier or be extinguished. The passage probability
dependence on the hole width was found to be non-monotonic, with a sharp maximum at
small hole sizes, followed by a minimum at intermediate sizes and a gradual increase as the
blockage ratio tends to zero. The nature of this non-monotonic behavior of flame passage
probability was analyzed by analyzing the flame front histories leading to flame passage
or extinction at the same experimental parameters. A likely cause of this behavior is the
development of an alternating-direction gas jet blowing from the hole due to the pressure
difference between the channel compartments. Cooling of hot combustion products with
cold channel walls can cause a pressure drop in the closed channel part and development of
a reverse (open-to-closed compartment) gas jet affecting the approaching flame. Therefore,
flame passage or extinguishment is a feature of the whole two-chamber system, rather than
an intrinsic flame property.

Keywords: laminar flame; premixed combustion; Hele-Shaw cell; obstacles; experiments

1. Introduction
Flame propagation in complex geometries, featured by strong interaction of the flow-

field and combustion zone with obstacles, is of high interest in many engineering applica-
tions, including internal combustion engines, combustion chambers, rocket and aircraft
engines, to name a few. The obstacles present in the flow can cause significant momentum
and heat losses, the development of vortices and recirculation zones, or the transition
of laminar flow to turbulent. This interaction can promote the development of flame
instabilities, affect the ignition or extinction of combustible mixture, flame propagation
speed, etc.

One of the areas where studies of flame interaction with obstacles were performed
quite comprehensively was the problem of flame acceleration and deflagration (subsonic
combustion) transition to detonation (supersonic combustion). The deflagration to deto-
nation transition (DDT) may occur in various congested areas (domestic gas explosions,
accidents at offshore platforms), but also in the open terrain where vegetation and naturally
present objects can cause flow turbulization [1,2]. The significant increase in the combus-
tion rate in a turbulent flow, as compared to laminar combustion, is the primary cause of
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flame acceleration, generation of pressure waves and, in certain conditions, detonation of
combustible mixture [3,4].

Numerous experimental studies on DDT caused by obstacles have been performed,
typically in long channels with regular or periodic arrays of internal obstacles installed [5–8].
It has been established that the blockage ratio (BR), defined as the ratio of the obstacle area
normal to the flow to the cross section area of the whole channel, plays the key role in
flame acceleration in channels with tightly spaced obstacles, affecting the pressure build-
up, flame propagation speed, as well as the length at which deflagration to detonation
transition occurs [9,10]. Quite sophisticated experimental techniques—from Schlieren
imaging [11,12] to OH-PLIF [13]—were applied in order to visualize the flame shape,
the development of instabilities, and the flow structure near the obstacle. Also, various
numerical techniques were applied to perform simulations of flame acceleration and
turbulization by obstacles [14,15]. These revealed the details of the process that are difficult
to measure experimentally, such as flame topology and structure, vorticity and local fuel
consumption rate.

Another area where flame passage through a small orifice is relevant is the ignition
of combustible mixture by hot turbulent jets encountered in the design of combustion
chambers and engines. In particular, the concept of pre-chamber-type ignition evolved
from seminal theoretical considerations [16,17] into technological implementations for
different fuels, including traditional hydrocarbons [18] and hydrogen [19]. It was shown in
numerous experiments that critical conditions exist for the ignition, with flame quenching
occurring for the orifice diameter below some certain value. In this area, attention is mostly
focused on turbulent mixing and reaction initiation in the acceptor chamber, optimization of
the pre-chamber volume and orifice diameter, and studying the ignition delay after injection
of the hot jet. In particular, the “flame jump” across the orifice was studied, and geometrical
and acoustical effects were subjects of experimental and numerical studies [20]. Also,
ignition by a turbulent jet formed by combustion products discharged through an orifice
can lead to a secondary explosion in the accepting chamber, with severe consequences
endangering people and property [21].

The problem of flame interaction with obstacles is not limited to large-scale prob-
lems, DDT phenomenon, or explosion safety. In fact, small-scale problems where laminar
flames are propagating in complex geometries bear both scientific significance and high
applied value. To a large extent, this is related to the development of small devices us-
ing combustion: small-scale thrusters, micro-combustors, micro-engines, and other micro
electro-mechanical systems (MEMS) [22]. In such devices, flame propagation occurs in close
interaction with channel geometry (walls, baffles, bends, orifices, etc.), and this interaction is
very pronounced because of the close proximity of walls and large surface-to-volume ratio.

Another closely related problem is flame propagation through a highly congested area;
in particular, flame propagation through a small opening in an otherwise impermeable
barrier. It is well known that there exists a critical tube diameter below which a flame
cannot propagate in a tube filled with combustible mixture [23]. In the classical theory of
this phenomenon, critical conditions for flame propagation are attributed to heat losses
from the flame directly into the tube walls, as well as to the combustion products behind
the flame. The theory assumes that the fresh mixture is stagnant, and the combustion
products are flowing freely out of the tube, so that the whole system is isobaric. In practical
systems, however, flame penetration through an opening in a barrier is a much more
complicated process where the finite length of the passage, pressure drop across the barrier,
and non-one-dimensional effects come into play, making the direct application of the critical
tube diameter very questionable. Therefore, special studies are required on laminar flame
propagation, or quenching, upon passage through a hole in a barrier.
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This work is devoted to experimental studies on laminar flame passage over a small
hole connecting two compartments filled with combustible mixture. A convenient arrange-
ment for such studies is a planar channel consisting of two parallel plates separated by a
narrow gap (the Hele-Shaw cell) [24] that has gained popularity in combustion studies.

Premixed flame propagation in narrow planar channels is the subject of numerous
theoretical and experimental studies on flame instability, cellular structure, thermal and con-
centration combustion limits, and other flame features [25–32]. The quasi-two-dimensional
geometry of channel, with one dimension being much smaller than the other two, makes the
flame front tracking and cell identification much easier than in transient three-dimensional
flames, maintaining a sufficient degree of freedom for complex flame structure develop-
ment. This allows one not only to track the flame propagation conveniently, but also to
develop theoretical and numerical models on flame instability [25,33,34].

Various geometries of Hele-Shaw channels were used in the studies on premixed
laminar flame propagation. One of the popular arrangements is a vertical rectangular
channel, with the flame initiated near one side to propagate over the channel length
(e.g., [26,29]). Effects of channel inclination angle on flame propagation and development
of intrinsic instabilities was studied in [30]. Another popular configuration is a horizontal
Hele-Shaw chamber formed by two circular disks; propagation of propane-air [27] and
hydrogen-air [28] in such chambers was reported in the literature. Also, stoichiometric
methane-air and methane-hydrogen-air flames propagating in the diverging Hele-Shaw
channels were studied experimentally and theoretically in [35,36]. Low-frequency (non-
acoustic) oscillations of visible flame propagation speed were observed in these experiments.
These oscillations were observed for the flames propagating from the closed end of the
channel towards its open end. They are caused by density variation in the combustion
products due to cooling by cold channel walls, resulting in gas shrinking behind the
propagating flame. Under certain conditions (the gap width between the plates above 4 mm)
the visible flame front propagation is featured by periodic accelerations and decelerations,
with the frequency of 4–8 Hz, which is much lower than the lowest acoustic frequency of
some 300 Hz [35,36]. Thus, quite complex thermal and drag interaction of the combustion
zone and combustion products with cold channel walls occurs in Hele-Shaw channels.

Unlike the turbulent flame acceleration in congested channels and DDT studies
overviewed above (see also [37]), research into laminar flame propagation in a channel
with a single perforation in a barrier gained relatively little attention. Experiments on
stoichiometric hydrogen-air flames propagating in a constant-volume closed cylindrical
chamber (230 mm length and 100 mm diameter) equipped with an internal perforated
plate with a single hole of the diameter 11 to 17 mm are reported in [38]. It was shown
that the flame-perforated plate interaction is quite complex, with the development of a fast
turbulent jet issuing out of the hole into the unburnt mixture. Also, primary and secondary
flames were observed on the Schlieren images. The size of the hole and the position of the
perforated plate significantly affected flame propagation and pressure fluctuations, with
maximum pressure rise achieved with a 13 mm hole in the plate, due to the activation of
the jet flow and interaction of vortices with the flame front.

The Hele-Shaw channel was applied in [39] to the study of propane-air flame develop-
ment in a rectangular channel open to atmosphere at one end, with a barrier separating
it into two compartments connected by a narrow (5 mm) passage. Several experiments
supported by numerical simulations have also revealed that the flow across the hole is
quite intensive in the case where ignition occurred in the closed channel section. In that
case, development of quite fast flow through the hole was promoted by the pressure rise in
the section where ignition occurred. In the opposite case, where ignition occurred near the
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open channel end, flame penetration to the closed section of the channel was accompanied
by changes in the flow direction in the hole.

Thus, it was shown in the previous studies [38,39] that flame interaction with the
perforation in a barrier can be quite complex, with the development of alternating-direction
flows through the hole. These flows can either promote the flame passage through the
hole or hinder it. It must be noted that these flows are significantly influenced by the
processes in the whole chamber, including the gas expansion in the combustion wave, and
gas shrinkage due to cooling by the channel walls. This interaction is especially intensive
in the channels of high surface-to-volume ratio; the Hele-Shaw chamber is advantageous
for such studies.

The purpose of the current work is to reveal the features of premixed flame propagation
in the Hele-Shaw channel with an internal barrier, including the initial flame development
after spark ignition near the closed channel end, flame propagation towards the barrier,
passage of the flame through the opening in the barrier, and its subsequent propagation in
the semi-open channel section.

Experiments are performed with stoichiometric CH4–Air mixtures. For each hole size,
experiments were repeated 10 to 30 times, with all other conditions fixed, which allowed
us not only to see the outcome of each run (flame passage through the hole or quenching),
but also to determine the statistical features of flame passage. The results obtained provide
an insight into the flame–flow interaction. The ranges of experimental parameters (mixture
composition, channel geometry, hole size) are much wider than those used in our previous
work [39], thus extending the range of possible interaction regimes.

In what follows, we describe the test facility, experimental procedure and parameters.
Flame propagation in a rectangular channel without internal obstacles is presented as a
reference case, after which the results obtained for a single-hole perforated internal barrier
are presented and analyzed. Taking the ratio of the number of cases where the flame passed
through the hole and the total experiments repeated for certain conditions, we estimate
the flame passage probability. Possible mechanisms of flow-flame interaction causing the
probabilistic behavior are discussed.

2. Materials and Methods
2.1. Experimental Facility

The experimental facility for studies on flame passage through an opening is shown in
Figure 1. A horizontal flat channel (the Hele-Shaw cell) is formed by two parallel glass plates
separated by a vertical gap h. The gap height was controlled by two parallel rectilinear
acrylic plates of height h and length Lch that formed the side walls of the planar channel.
The lateral distance H between these plates determined the width of the Hele-Shaw channel.
One of the channel ends was closed with a plug—3D-printed from PETG—while the other
end remained open, connecting to the atmosphere.

Inside the channel, a 3D-printed thermoplastic polyurethane (TPU) barrier of height
h, length H, and width ∆ was installed, separating the closed and open chambers of the
channel. The barrier had a gap (hole) of width d in its central portion, located symmetrically
about the channel width.

The combustible mixture was ignited by a spark generated by two electrodes located
in the central part of the closed end of the channel. The voltage applied from the ignition
coil to the electrodes was 35 kV, the spark discharge duration was 2.2 ms, and the discharge
energy was 50 mJ.
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Figure 1. Schematic diagram of the experimental facility: displacement gas meter (1), high-speed
video camera (2), gas flow meter (3), gas mixture supply hose (4), spark discharger (5), electric wires
(6), tube with flame arrester (7), flat channel (8), side walls of the channel (9), barrier (10), hole in the
barrier (11), flame front (12), end plate of the channel (13), electrodes (14).

After ignition, a flame propagated from the closed end to the open end of the channel,
passing through the hole in the barrier. The flame propagation was recorded by a high-
speed video camera GoPro HERO12 camera (manufactured by GoPro company, San Mateo,
CA, USA) mounted above the Hele-Shaw flat channel on a stationary tripod. The camera
was positioned right above the center of the hole in the barrier at a height of 0.7 m that
allowed both ends of the flat channel to be covered by the field of view. The video recording
rate was 240 frames per second.

2.2. Parameters and Experimental Procedure

Experiments were performed for the following geometrical parameters of the channel:
length Lch = 1190 mm and width H = 336 mm. The distance between the parallel plates
(gap width) was fixed in all the experiments at h = 3 mm. The barrier of width ∆ = 10 mm
was located at half the channel length, so that the closed and open chambers of the channel
were of the same length, 590 mm. The width of the hole in the barrier was varied in the
range d = 3− 90 mm, providing the blockage ratio BR = 1− d/H between 0.991 and 0.732,
respectively.

Before each experiment, the whole channel, having the internal volume of 1.2 L, was
filled with a combustible gas mixture prepared in the two-volume displacement gas meter
of 15 L capacity. The mixture was prepared at the relative accuracy of concentration within
0.4%. The mixture was fed into the Hele-Shaw channel through a valve available in its
closed-end plug. To ensure that air or combustion products from the previous test were
displaced completely out of the channel, 6.5 to 7 L of combustible mixture (5.4–5.8 times the
channel volume) were fed at an average rate of 2.5–3.5 L/min (the filling time was about
2 min). This amount of gas was shown to be sufficient for filling the whole channel with
fresh mixture by numerical simulations performed by OpenFOAM v1906 software. It was
found that no air was left in the channel (including the corners formed by the barrier or
side walls) after purging it with 5–6 channel volumes of combustible mixture.

In the process of channel filling, measures were taken to prevent mixture dilution by
the ambient air: during the whole filling process, a porous plug made from dense tissue
was fitted to the far end of the channel. With this plug, the gas could be filtered out of
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the channel due to the developing pressure difference, while any possible backflows or
diffusion air fluxes were effectively suppressed. After the prescribed volume of combustible
mixture was fed into the channel, the valve in the gas supply hose was closed, and the
system stayed with the porous plug intact for 30 s to damp the gas mixture flows in the
channel. Following this delay time, the plug was removed, and ignition occurred.

In each experiment, video recording of flame propagation was taken and post-
processed to obtain the instantaneous flame shape and coordinate, as well as the global
flame evolution features. Processing of each video frame was automated and implemented
in Python 3.14.2 using the OpenCV library [40]. The region containing the channel was
extracted from the frames, and all subsequent processing was performed on this specific
region. The area where the barrier is located was cropped from the channel images by
applying a color-based mask. The OpenCV medianBlur filter was applied to the frames
to remove possible noise arising from recording under low-light conditions. Pixels with
brightness below a threshold value were removed from the frames. The parameters for
medianBlur and the threshold value were selected manually. After this processing, no
objects other than the flame front remained in the frames. Then, contours were detected in
the frames by findContours procedure from OpenCV. Among all contour points, the point
that had advanced the farthest along the channel was selected and taken as the leading
point of the flame front.

In order to visualize the global flame propagation history, large number of frames were
overlain to produce a single image. The frames were selected at a fixed time step, so that
the distances between the consecutive fronts indicated the local visible flame propagation
speed. The time step was chosen such that individual flame front shapes and positions
were distinguishable. Generally, the post-processing procedure was the same as in the
earlier works [35,36]; the algorithm was enhanced to embrace the cases where a single
flame front was split into several parts due to local flame extinguishment.

It was found in the preliminary experiments that, with the same initial conditions and
channel geometry, including the hole width d, different outcomes were possible concerning
the flame interaction with the obstacle: in some cases, combustion wave passed through
the hole and proceeded into the semi-open channel section, while, in other cases, flame
was extinguished before reaching the hole, or shortly after it. This rather unexpected result,
where probabilistic behavior is found for a seemingly deterministic (laminar flame) system,
deserved special attention. In order to evaluate the probability of flame passage through
the hole, each experiment was repeated 10 to 30 times.

3. Results
3.1. Summary of Experiments on Flame Passage Through the Hole

Once a barrier with a hole is installed, the flame propagating from the ignition point
can either pass through the hole, igniting the mixture in the semi-open channel barrier, or
be extinguished, leaving (all or some) mixture in the semi-open channel part unburnt.

In order to obtain the probability of flame passage through the hole, a large set of
experiments on the burning of the stoichiometric methane-air mixture was carried out, with
different sizes of the hole d. Parameters of all experiments, as well as the results obtained
are summarized in Table 1 where the number of experiments performed is given together
with the number of tests where flame passage was obtained; the ratio of these numbers
gives an estimate of the passage probability p given in the rightmost column. The flame
passage probabilities p are also plotted in Figure 2 as a function of the hole width d.
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Table 1. Summary of experiments on CH4-air flame passage through hole in the internal barrier.

Hole Size d,
mm

Blockage
Ratio BR, %

Number of
Tests

Number of
Passages

Passage
Probability, %

3 99.1 10 0 0.0
4 98.8 10 3 0.3 ± 0.14
5 98.5 20 7 0.35 ± 0.11
6 98.2 10 6 0.60 ± 0.15
7 97.9 21 13 0.62 ± 0.15
8 97.6 10 6 0.60 ± 0.16
9 97.3 11 6 0.55 ± 0.15

10 97.0 20 1 0.05 ± 0.049
20 94.0 30 1 0.03 ± 0.033
30 91.0 10 0 0.0
40 88.1 10 1 0.1 ± 0.095
50 85.1 10 2 0.2 ± 0.13
60 82.1 10 3 0.3 ± 0.14
70 79.2 10 4 0.4 ± 0.15
80 76.2 10 8 0.8 ± 0.13
90 73.2 10 9 0.9 ± 0.095
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Figure 2. Probability of the stoichiometric methane-air flame passage through a hole in the barrier vs.
hole width d; standard deviations of the sampling uncertainty are shown by vertical error bars.

The flame passage probabilities presented in Table 1 and Figure 2 were obtained from
a finite (10 to 30) number of tests and, as such, they bear a statistical uncertainty known as
the sampling error. The difference between the observed (empirical) probability pn and the
theoretical (exact) probability p occurring due to finite sample length n (so-called sampling
variability) is characterized by the standard deviation (the Law of Large Numbers) [41]:

σn =

√
p(1 − p)

n
≈

√
pn(1 − pn)

n

The values of flame passage probabilities given in Table 1 are supplemented by the
uncertainty intervals, given as pn ± σn. In Figure 2, the error bars representing the standard
deviations evaluated according to the above formula are also added.

The data presented in Figure 2 may seem counter-intuitive: indeed, it is well-known
that flames cannot pass through small openings because their propagation is suppressed
by the heat losses and excessive flame front curvature arising in small holes and leading to
flame extinguishment [23]. Our experiments have also shown that flames were unable to
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pass through holes in the barrier whenever the hole width d was equal or less than 3 mm.
It could be expected that the flame passing probability p would increase monotonically
with the hole width d (equivalent to diminution of the blockage ratio BR), reaching unity
for large enough holes (BR ≪ 1).

However, the experimental results presented in Figure 2 clearly indicate that the
dependence p(d) is non-monotonic; rather, it is bimodal. For large openings (d > 30 mm)
the function p(d) indeed increases monotonically from zero to one, but for small holes
(d < 30 mm), it peaks with a maximum of p = 0.62 at d = 7 mm.

This result was unexpected and had never been previously described in the literature.
In particular, the presence of a minimum in the p(d) function in the range 7 < d < 40 mm
was not expected.

The fact that the probability of flame passage through the perforated barrier has
a pronounced minimum at intermediate hole sizes (about d = 30 − 50 mm) cannot be
explained by the influence of additional heat losses to the side walls of the perforation
in the barrier. These heat losses are negligible in comparison to the heat losses to upper
and lower glass walls of the Hele-Shaw channel (the distance between these walls in all
experiments was as small as h = 3 mm, which is an order of magnitude smaller than the
hole sizes in question). Therefore, the non-monotonic behavior of flame passage probability
must be related to other phenomena, including the gas flows developing near the orifice.

In order to clarify the scenarios leading to flame passage or extinguishment, we
analyze below the sequence of events accompanying success or failure of flame passage,
starting with large hole size (d = 90 mm, p = 90%), then diminishing it to d = 50 mm
(p = 10%) and finally d = 7 mm (p = 62%).

3.2. Flame Passage Through Large Holes

As an example of a large hole for which the flame passage probability is high (90%)
and extinctions are just occasional, consider first the results obtained for the hole size
d = 90 mm. In Figure 3a,b, the combined photographs of flame fronts are shown for this
case; successful flame passage occurred in the first experiment, (a), while it failed in the
second one (b). Spark ignition was near the left (closed) end of the channel. Note that, in
all the photos, the last (rightmost) visible flame front is the final one before extinction.

Figure 3. Typical scenarios of flame passage through a barrier with a hole of d = 90 mm: (a) flame
passage; (b) flame extinguishment.
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Figure 3a shows the flame that passed successfully through the barrier and was
extinguished much later when it reached the gas near the right (outlet) channel boundary
diluted by air. The case shown in Figure 3b presents the true flame extinguishment near
the hole. To elucidate the flame histories resulting in different outcomes, the instantaneous
flame fronts corresponding to Figure 3a are shown in Figure 4.

Figure 4. Flame passage through hole d = 90 mm, see Figure 3a.

The flame fronts presented in Figure 4 demonstrate an interesting feature of the process:
as the flame approaches the hole in the barrier, the flame portion just opposite the orifice is
decelerated (see Figure 4, t = 1.689 s) and then breaks up into two unconnected segments
(t = 1.789 s). This indicates that a reverse (i.e., directed right-to-left) gas flow develops
through the orifice, causing local extinguishment. Burning of this fresh mixture leads to
the appearance of a new flame front segment (see Figure 4, t = 1.810 s) and flame passage
through the hole (t = 1.848 s). Notably, at t = 1.910 s the flame is again broken into two
segments, which may indicate that the burnt gas is expelled from the hole, trailing the flame.
The flame front then regains its integrity and propagates further into the right channel
section. Alternatively, in few cases the flame was extinguished by this flow of burnt gas.
Thus, the evolution of flame fronts suggests that the hole in the barrier is “breathing” in
alternating directions, rather than just blowing gas from the left channel section to the right
one. Reasons for such behavior will be discussed below, after considering results obtained
for other hole sizes.

In Figure 5a,b, the time histories of the flame leading point coordinate are plotted for
all experiments performed for the same geometry and experimental conditions; different
colors denote individual tests within the total of 10 runs (see the bottom line in Table 1).
For clarity, the curves corresponding to the cases of flame passage and extinguishment are
plotted separately; the barrier position is denoted by the horizontal bar. It can be seen that
flame propagation is quite repeatable as long as the flame is located far from the barrier.
On the contrary, flame disturbances near the hole occur rather sporadically, indicating a
degree of stochasticity present in the flame interaction with the flows issuing from the hole.
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Figure 5. Leading flame point coordinates in the experiments for d = 90 mm: (a) flame passage;
(b) flame extinguishment. Barrier position at 600 mm is shown by horizontal bar.

3.3. Flame Passage Through Medium-Size Holes

As a representative example of intermediate-sized hole, consider the case of d = 50 mm
where the flame passage probability was just 20% (see Table 1 and Figure 2). In Figure 6a,b,
the overlaid flame fronts are shown for the experiments where the was extinguished after
the barrier (a) and before it (b). In Figure 7, the flame front shapes at different instants are
shown for the case of flame extinguishment before the barrier. The time histories of the
flame leading point coordinate for all repeatability tests performed for the same geometry
and experimental conditions are shown by different colors in Figure 8.

Figure 6. Flame extinguishment before (a) and after (b) the barrier with a hole of d = 50 mm.
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Figure 7. Flame extinguishment before the barrier, d = 50 mm, see Figure 6b.
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Figure 8. Leading flame point coordinates in all experiments for d = 50 mm: (a) flame passage;
(b) flame extinguishment. Arrows show the instants of flame front rupture.

3.4. Flame Passage Through Small Holes

For a hole where d = 7 mm, the passage probability increased to 62% (see Table 1 and
Figure 2), which is much higher than what was observed for larger (intermediate) holes.
Figures 9–11 show the flame fronts and their leading coordinates. Flame extinguished
also occurred in two modes, either after the barrier, when a “bubble” was formed (see
Figure 9b), or before the barrier (similar to Figure 6b in the case discussed in the previous
section).

Figure 9. Flame passage through a barrier with a hole of d = 7 mm: (a) flame passage; (b) extin-
guishment after barrier with “bubble” formation.
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Figure 10. Flame passage through hole d = 7 mm, see Figure 9a.
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Figure 11. Leading flame point coordinates in all experiments for d = 7 mm: (a) flame passage;
(b) flame extinguishment.

4. Discussion
Analysis of the video recordings obtained in the experiments on flame propagation in

a Hele-Shaw channel with a single-hole internal barrier revealed some common features of
the flame behavior in the closed channel section, as well as near the hole.

For proper interpretation of the results obtained, it is necessary to consider the specific
features of the Hele-Shaw channel used in the experiments. As can be seen in Figure 1, the
combustion chamber consists of two sections, the closed one (where ignition takes place)
and the open one; these two sections are connected by a rather small hole in the dividing
barrier. For the particular geometry of the channel, the cross section area of the largest hole
(d = 90 mm) through which the gas flow between the sections occurs is 2.7 cm2, while
the total area of two channel walls in the closed section (determining the heat losses) is
59 × 33.6 × 2 = 3965 cm2, making the gas cooling by the closely spaced channel walls
very efficient.

Due to the high blockage ratio limiting the gas flow rate through the hole, pressure
drop can develop across the barrier. After ignition of combustible mixture, rapid expansion
of combustion products occurs; the pressure in the channel section before the barrier
increases monotonically, exceeding the pressure behind the barrier (approximately equal to
the ambient pressure). However, intensive heat losses from the hot combustion products
to cold channel walls result in gas shrinking (due to the temperature decrease). The high
drag in the narrow channel results in much slower pressure equalization over the Hele-
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Shaw channel in comparison with large channels or unconfined systems where pressure
equalization occurs at a sonic speed (isobaric combustion). Therefore, the flow in the
channel possesses “inertia” (of dissipative nature), making it somewhat similar to the
Helmholtz resonator.

With the two processes running concurrently (gas expansion due to combustion heat
release and gas shrinking due to cooling by channel walls), the pressure drop across the
perforation can change its sign with time, resulting in the alternating flow direction through
the hole. Driven by this flow, a gas jet emerges on the downwind side of the orifice, blowing
into the open or closed channel sections in accordance with the pressure drop sign.

Occurrence of the gas jet directed towards the approaching flame is proven by the
periodic rupture of the flame front at its central point, breaking the flame into two symmetric
fragments that propagate further and then merge back into a continuous flame front. Such
events occur quite far from the barrier, they are clearly visible on the time histories of
the flame leading point, as sudden discontinuities (indicated by arrows in Figure 8, also
identifiable in Figures 5 and 11).

It is necessary to note that by “local extinguishment” leading to flame front breaking,
we mean the disappearance of some fragments of the visible flame or thin glowing zone.
For example, Figures 4, 7 and 10 show that the continuous flame breaks, forming continu-
ous front pieces separated by “holes” between them. Of course, chemical reactions may
(and most likely do) still run in these latter areas (if there is a combustible mixture, then,
according to Arrhenius’s law, the reaction rate is nonzero even at low temperatures), but
these reactions do not form a visible flame front. Our camera sensitivity was sufficient to
record the flame front at all times, and disappearance of flame front fragments indicates a
sharp decrease in the rate of chemical reactions and the associated thermal radiation and
chemiluminescence, which is referred to as “local extinguishment”. Actually, we never
observed flames reappearing from the areas where they had been extinguished (i.e., where
the flame front had broken). Flames never reappeared from the “empty space;” on the
contrary, the dark areas were only reignited when existing (visible) pieces of flame front
propagated into them.

As the flame approaches the orifice, almost in all experiments it is broken into two
segments by the impingement of a cold gas jet from the orifice (see Figure 4 at t = 1.789 s,
Figure 7 at t = 1.877 s, Figure 10 at t = 1.635 s). This gas, flowing from the right channel
section, is combustible; the reverse flow brings a portion of fresh mixture into the zone
with high-temperature combustion products. Ignition and rapid combustion of the fresh
portion of combustible mixture leads to local pressure rise ahead of the barrier. As a result,
a positive pressure drop arises across the barrier, which leads to the ejection of a hot gas jet
through the hole into the open channel part.

If at this moment the flame front approaches the orifice, a burning jet (flame) is
ejected into the region behind the barrier. This is clearly visible in Figure 10 at times
t = 1.639− 1.652 s. The ejection of burning jet leads to the ignition of the initial combustible
mixture behind the barrier, which ensures further flame propagation beyond the barrier.

However, the impact of the reverse jet may not only break the flame front, but can also
lead to flame extinguishment, with the newly introduced mixture reacting gradually. Alter-
natively, the combustion products injected into the open channel part can blow off the flame
or dilute the mixture, also causing the flame extinguishment, visible as a bursting “bubble”.

It must be emphasized that the processes of gas heating and cooling are nonlinear and
proceed unevenly over the channel volume. The total heat release rate depends not only on
the local burning rate in the flame, but also on the flame curvature and surface area; the heat
losses include both the conductive and convective components. Even more complex are
the processes of flame interaction with gas jets originating from the hole in the perforated
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barrier. Taken together, these coupled processes with multiple feedbacks between flow and
chemistry, result in the probabilistic behavior of flame penetration through a single-hole
perforated barrier.

The results presented in Figure 2 show that, with the channel geometry fixed, the
probability of flame passage depends on the hole size non-monotonically. In our particular
case, the hole size of d = 20 − 40 mm provides the strongest flame-flow interaction and the
least favorable conditions for the methane-air flame passage.

In future studies, we plan to conduct a detailed numerical study of the process that
will allow us to reproduce the alternate blowing jet and estimate its velocity.

5. Conclusions
In the current studies conducted in semi-open Hele-Shaw channels with an internal

perforated barrier, the features of flame propagation and passage through the opening from
the closed to open part of the channel were identified.

The principal novel result obtained in this work was the demonstration of probabilistic
behavior of flame passage through a hole in the barrier: for the same experimental condi-
tions, in some experiments the flame passed through the hole, while in others the flame
was extinguished near the orifice. This behavior is quite unusual for laminar flames that
are considered to be deterministic in their nature.

By performing multiple runs at fixed conditions, we evaluated the flame passage
probability (0 ≤ p ≤ 1) and found its dependence on the hole size, p(d). No similar result is
known to us in the literature on flame/barrier interactions. Usually, the critical conditions
are typically determined in a “yes/no” manner, i.e., p = 0 or p = 1.

The main conclusions drawn from the results obtained are the following:

1. The primary driver of gas flow is the pressure generated by the thermal expansion
of hot combustion products. An opposite effect is attributed to the cooling of hot
combustion products by the channel walls; it leads to gas shrinking and pressure
decrease in the closed channel section.

2. The small size of the hole in the barrier slows down the pressure equalization between
the channel sections, significantly affecting the flow characteristics and flame propa-
gation dynamics. Gas mixture ignition in the closed section of the channel leads to
pressure rise, causing accelerating gas flow through the opening into the open section
of the channel. This outflow promotes gas turbulization in the open section, so that
the passage of flame through the hole in the barrier causes rapid ignition and burning
of the remaining fresh mixture.

3. For larger hole sizes, the processes of pressure equalization between the closed and
open channel sections run faster, and the effects of mixture turbulization become
less pronounced. Nevertheless, the arising gas flows play an important role in flame
propagation near the orifice, causing local flame extinctions and, in some conditions,
global flame extinguishment.

4. The number of repetitions performed for each hole size in this scoping study (mostly
10; up to 30 in some cases) allows the flame passage probability to be determined
only approximately (in the statistical sense). However, the standard deviations of
the probabilities evaluated from the Law of Large Numbers and shown in Table 1
and Figure 2 show that this number of repetitions is sufficient to establish the trend.
Of particular interest and novelty is the bimodal distribution found, with the local
maximum at d = 7 mm and local minimum at d = 30 mm (in the latter case, none of
the 10 tests resulted in flame passage).

5. When planning the experimental series (total of 212 experiments are listed in Table 1,
each requiring meticulous preparation and conduction), it was decided to focus on the
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establishment of the general trend and boundaries of the probability peak observed at
smaller gaps, rather than on obtaining higher accuracy at some particular point. In
the future, we plan to repeat the experiments for several values of aperture width d to
refine the probabilities, but we are confident that the qualitative picture obtained in
this study will remain unchanged.

6. The problem of flame passage through a perforated barrier reveals complex flame-flow
interactions that depend not only on the combustion characteristics of the mixture,
but also on the channel geometry. Therefore, more extensive experimental studies
and numerical simulations are necessary in order to generalize the results obtained in
the current work.

The findings of this work have significant practical implications for fire safety and fire
prevention in built environment and industrial sites. Flame penetration through very small
openings, cracks, and leaks in enclosing structures can be an effective mechanism for the
rapid spread of fire between different rooms. The penetration of flame and hot combustion
products through microscopic openings typically goes unnoticed during visual inspection,
as it is not accompanied by obvious signs of damage or deformation of the enclosure.
Consequently, the risk of fire spread due to small defects is significantly higher than what
is predicted by standard calculation models. It is important to keep in mind that the speed
and efficiency of flame transmission through openings can vary significantly depending on
the size, shape, and location of the defects, as well as the humidity, temperature, and gas
composition within the building. Therefore, when designing fire protection systems, it is
necessary to consider not only potential major damage but also microscopic defects, which
can play a critical role in the spread of fire.
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