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Theignition of a dilute stoichiometric methane-oxygen mix-
ture (total pressure, up to 200 Torr) occurs behind a single
opening on thetransition of alaminar flow toaturbulent one
rather than after adelay period of ignition.
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The theoretical description of the inception and growth of
instabilities in laminar shear flows that lead to a transition to
turbulence is an unsolved problem of fluid mechanics. This is
an extraordinarily complicated process, which is not fully under-
stood. Despite long-term systematic experimental and theoretical
studies, the cause of an infringement of alaminar gas flow, e.g.,
in the presence of obstaclesin round pipes and the emergence of
turbulence, remains unclear.1-?

In case of ignition after a possible failure of any gas infra-
structure at industrial or civil sites, the pressure load due to fast
propagating flames can endanger the integrity of a building.3-°
Although the global characteristics of flame acceleration have
been investigated,” ! the data obtained by locally highly resolved
measurement methods determining process variables like density,
temperature, velocity, and species concentration are still very poor.
This is due to the fact that the required resolution in time and
space cannot be achieved even by the use of modern optical
methods for highly transient processes.?

Previously,®° the combustion of lean hydrogen—air mixtures
was studied in the presence of highly blocking obstacles sub-
stituting an opening between two rooms. The extinction of a
hydrogen flame in the jet area has to be expected even at
concentrations much higher than the flammability limit of the
mixture. In addition, it was experimentally shown!? that an
acoustic resonator like Helmholtz's resonator connected with a
cylindrical reactor can provide a significant flame acceleration
under spark initiation in lean (15%) hydrogen—oxygen mixtures
close to the lower detonation limit. This is very important for
both solution to problems of explosion safety and the validation
of computer codes simulating these accidents.

Recently, we found'® that the ignition of methane-oxygen
mixture (total pressure, up to 200 Torr) after a single obstacle
with asmall circular opening is observed markedly far from an
obstacle surface. The meshed sphere as an opening leads to
increase in the length of a flame jump through the obstacle as
compared to the round opening. We mean by flame jump the
distance of flame front emergence behind an obstacle. The
symmetry of the openings alowed 2D modeling to be used;
however, flame penetration modeling through a rectangular
opening calls for a 3D approach. Thus, it is important to obtain
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reliable experimental data on the penetration of a flame front
(FF) through a small rectangular opening.

It was shown'*1® that the active centers of methane and
hydrogen combustion, which determine flame propagation, are
chemically different. Thus, the termination of active intermediates
on the obstacle surface contributes significantly to the interaction
of FF with obstacles in natural gas—air mixtures, i.e., the role of
active intermediates is very important in the process.®1°

Here, we report experimental results on flame propagation
through circular and rectangular openingsin a cylindrica channdl.
The aim of this work was to study FF penetration through
rectangular openings in comparison with circular ones with the
use of both color speed cinematography and the visualization
of gas currents by the illumination of inert fine powder with a
laser sheet. Thus, the concerned combustion phenomenon is the
acceleration of an initially slow flame by single obstacles with
small circular and rectangular openings of different blockage ratios
for dilute stoichiometric methane—air mixtures to understand the
influence of the local geometry.

Flame propagation in the stoichiometric mixtures of methane
with oxygen diluted with CO, or Kr at initial pressures of
100-200 Torr and 298 K in ahorizontal cylindrical quartz reactor
70 cm in length and 14 cm in diameter was investigated. The
reactor was fixed in two stainless steel gateways at butt-ends
supplied with inlets for gas pumping and blousing and a safety
shutter, which swung outward when the total pressure in the
reactor exceeded 1 atm.’3 A pair of spark ignition electrodes
was located near the left butt-end of the reactor (see Figure S1,
Online Supplementary Materials). Thin obstacles with rectangular
openings (7 and 10 mm width and 65 mm in length) or circular
openings 20 and 25 mm in diameter were placed vertically at the
center of the reactor. In certain experiments, the circular opening
20 mm in diameter and the rectangular opening 10 mm wide and
65 mm long were closed by iron mesh with 0.5 mm cells (wire
diameter, 0.25 mm). The illumination of fine MgCO; particles,
which are blown out from the reservoir through an opening
with gas current at flame propagation from left to right, was
carried out by means of alaser sheet. The combustible mixture
(15.4% CH, + 30.8% O, + 46% CO, + 7.8% Kr) was prepared,;
CO, was added to enhance the quality of filming by decreasing
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Figure 1 High-speed filming of FF propagation through (a) therectangular
opening (slit) 7 mm wide and 65 mm long, (b) an opening 25 mm in
diameter, a rectangular opening 10 mm wide and 65 mm long: (c) the slit
was placed vertically, (d) the slit was placed horizontally and (€) the slit was
placed vertically and closed by iron mesh. Initial pressure, 170 Torr. The
figure on aframe corresponds to a frame number after discharge.

FF velocity; Kr was added to diminish the discharge threshold.
The reactor was filled with the mixture to a necessary pressure.
Then, spark initiation was performed (discharge energy, 1.5 J).
Speed filming of ignition dynamics and FF propagation was
carried out from the side of the reactor with a Casio Exilim F1 Pro
digital camera (frame frequency, 600 s1).1416 The video file
was stored in computer memory and itstime-lapse processing was
performed.’> Chemically pure reagents were used.

Flame propagation through circular and rectangular openings
in methane-oxygen mixtures is shown in Figure 1. The FF
does not penetrate through the obstacle; therefore, the limit on
penetration exists because FF successfully propagates through a
10 mm wide opening [Figure 1(c)]. The first spot of ignition is
observed near the obstacle surface as distinct from FF propagation
through a round opening [Figure 1(b)] behind which a flame
jump is observed. Figure 1(d) (frames 24, 25) shows the second
flame jump in the presence of the mesh placed on 10 mm wide
rectangular opening.

The accumulation of free radicals behind the obstacle was
detected experimentally. The mixing of these radicals with
unburned gas enhances the explosiveness of the mixture®1° due
to chain branched combustion processes.81213

Figure 2 shows the gas currents detected by the illumination
of MgCO; fine particles by alaser sheet, which was blown out
with expanding gas from the reservoir (see Figure S1) through
both circular and rectangular openings. The density in the flow
after the obstacle exhibits two maxima near the obstacle and far
from the obstacle surface. The position of the second maximum
correlates with the length of the flame jump through the cor-
responding obstacle.

Shot sequences of a gas current through the rectangular
opening and high-speed filming of a gas current through the
rectangular opening closed by iron mesh are also shown in
Figure 2. In a similar way to FF penetration through circular
openings, the density in the flow after obstacle reveas two
maxima. The second flame jump is observed at a greater distance
in the presence of the mesh.

To determine major factors influencing the flame jump at FF
penetration through a small opening, it is reasonable to compare
the penetration of FF through circular and rectangular openings.
Apparently, as can be seen in Figure 2, long before the contact
of FF with the obstacle, fine particles illuminated by the laser
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Figure 2 Speed filming of FF and visualization of gas current through
(a) acircular opening (d = 20 mm), (b) acircular meshed opening (d = 20 mm),
a rectangular opening 10 mm wide and 65 mm long: (c) vertically placed
slit and (d) vertically placed slit closed by iron mesh. Initial pressure,
170 Torr. The figure on a frame corresponds to frame number after dis-
charge, 300 frames per second.

sheet already start moving [Figure 2(a), shot 8; Figure 2(b),
shot 7; Figure 2(c), shot 8; Figure 2(d), shot 7]. Therefore, an
initially undisturbed submerged axisymmetric or plain jet is
formed in the gas behind an obstacle [Figure 2(b), shots 7-9
and Figure 2(c), shots 8-10, respectively].

After a contact of FF with the obstacle, the primary ignition
centers (the local volumes containing both the active centers of
combustion®° and the gas heated to combustion temperature)
arise in this submerged jet. It is believed that these primary
centers move in the submerged jet during the delay period
(induction period) of ignition; then, the ignition occurs. It is
inconsistent with data published by Jourdan et al.® who claimed
that, at passing the orifice by FF, the high turbulence intensities
in the turbulent jet lead to quenching effects resulting in an
extinction of the flame immediately behind the orifice.

Let usroughly estimate the time t of primary center movement
in the submerged jet in an incompressible flow approximation.”
For the axial velocity component v, in a plane-parallel stream
v /vy = 1.2/(0.1x/L — 0.41)¥2; and in an axisymmetric stream
vrl/vg = 0.96/(0.07x/R — 0.29). Here, v, is the flame vel ocity at
themoment of contact of FF with the obstacle, x isthe coordinate,
L is the rectangular dlit width, R is the radius of the circular
opening, and numerical values are published empirical parameters.'’
Then,

and

The tg/t, relation'” for equal values of upper integration limit
X =10, makes ~4; for X = 3, makes ~2. It meansthat, in aplane-
parallel stream, the primary center travels a distance of X for the
time much shorter than that in an axisymmetric stream; there-
fore, during the delay period of ignition, the primary center will
move away farther from the obstacle, as compared to the case of
the axisymmetric stream. On the other hand, the experiment has
shown [cf. Figure 2(b),(d)] that the ignition behind the opening
occurs earlier when FF passes the rectangular opening, than in
the case of the circular opening. It meansthat if the flame jump
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Figure 3 Results of the calculation of flame propagation through a single orifice, channel widths of (a) 1, (b) 0.8 and (c) 0.6 dimensionless units. Change
in dimensionless temperature for flame propagation through a single opening for n; = 0 (boundary conditions of type I) and n = 0 (boundary conditions of

type I1). The scale of dimensionless temperature is presented on the right.

length was determined by the delay period of ignition, it would
be smaller for the circular opening contrary to the experiment.

In our opinion, another explanation can be proposed. Recently,
Lemanov et al.’® determined the coordinates of laminar and
turbulent transition in a submerged jet for both flat and round
streams at different Reynolds numbers by means of visualization
and measurements by a heat-loss anemometer. They found that the
length of the laminar part in flat streams is considerably (by a
factor of 2-5) less than in the round one. It gives the grounds to
assume that the flame jump length in the submerged jet formed
after the opening is determined by the time of occurrence of the
transition from the laminar flow to the turbulent one rather than
the time of ignition delay period in the flammable mixture. The
relatively weak influence of the overall reaction rate on the
flame jump length is another reason for the above explanation.
We approximately illustrated the contribution of gas dynamic
and chemical factors by numerical modeling using compressible
dimensionless reactive Navier—Stokes equations in a low Mach
number approximation,16-2! which describe flame propagation
in atwo-dimensional channel. Flame propagation in three channels
of different widths was analyzed. The problem was solved by
finite element analysis with the FlexPDE 6.08 package.?? The
initiation condition was taken as T = 10 on the right boundary of
the channel with avertical orifice. The boundary conditionswere
C:=0,u=0,v=0,p =0, n: =0 (Figure 3, boundary conditions
of typel), n =0 (Figure 3, boundary conditions of type Il), and
convective heat exchange T, = T — T, where & isadimensionless
coordinate (x,y). The results of calculations of flame propagation
through the orifice are shown in Figure 3. The available data
reveal an increase in the time of occurrence of a laminar-to-
turbulent flow transition in pipes with increasing pipe diameter
in agreement with published data.?* Therefore, as Figure 3
indicates, the results of numerical calculations testify in favor
of a primary contribution of gas dynamic factors to the flame
jump length.

The results are important for both 3D modeling and the
solution of explosion safety problemsfor volumes with complex
geometry.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.mencom.2017.01.034.
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