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The features of the interaction of counterflow flames in
diluted methane-oxygen mixturesat atotal pressureof up to
200 Torr in a closed reactor were established. It was found
that in the mode of interaction of flames propagating in hot
reaction products, two-dimensional flame vortices arise due
to density stratification; flames, propagating through the
initial mixture, interact with the formation of only three-
dimensional structures.
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Counterflow flames provide a unique platform for understanding
the interactions between mixing processes and chemical reaction
kinetics and can serve as a model for studying the effects of
physical and chemical perturbations on flame structure using axially
opposed symmetric flame jets.1= It should be noted that even in
the absence of chemical reactions, the instabilities arising from the
interaction of counter jets are poorly understood. The literature
provides data on the interaction of coaxial counterflows of liquids,
demonstrating the occurrence of various vortex structures.*

In the following, we used the terminology given in the published
work:3 counterflow flames are twin flames generated by two
identical opposing jets of fuel-air mixtures (two identical, axi-
symmetric, premixed jets of reactants shooting into each other).

It is well-known that vortices are characteristic features in
large-scale geophysical flow systems. In particular, it became
clear from satellite imagery that the Earth’s atmosphere and its
oceans contain a wealth of horizontal structures in a range of
spatial scales, such as large-scale vortices, which usually have a
long lifetime. A common feature of these vortices is that their
flow field is almost two-dimensional. The analysis carried out in
previous works®7 showed that in a density-stratified medium,
the initially three-dimensional isotropic turbulence forms quasi-
two-dimensional vortex rings (hereinafter, 2D vortices). Density
stratification can be caused by temperature gradients or differences
in the concentration of the starting reactant or intermediate.
Energy sources for this can be found in decaying convective clouds
and thunderstorm anvil outflows. The role of these phenomena in
reactive flows has not been sufficiently determined.

As shown in the cited paper,® the propagation of counterflow
flames caused by simultaneous initiation at opposite butt-ends of
a cylindrical reactor leads to a significantly greater increase in
pressure (by a factor of ~2) than in the case of flame propagation
from a single initiating source. This indicates the importance of
identifying the patterns of flame propagation initiated by two or
more ignition sources for explosion safety problems. As was shown
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earlier,® flame fronts (including counterflow flames) in mixtures
of H, and CH, with oxygen in closed cylindrical vessels propagate
with variable velocities; in addition, the transition from a spherical
flame arising upon initiation to propagation in a cylindrical pipe is
accompanied by the appearance of instabilities at the flame front.

Previously, we have shown%! that the ignition of a methane—
oxygen mixture (total pressure up to 200 Torr) behind a single
obstacle with a small circular opening is observed at a noticeable
distance from the surface of the obstacle (“flame jump’). ‘Flame
jump’ is the distance the flame front occurs behind the obstacle.
It was shown that the length of the *flame jump’ after the opening
in the obstacle is mostly determined by the time of the transition
from laminar to turbulent flow, rather than by the ignition delay
time. Thus, the relative contribution of gas-dynamic factors to
the process is essentially higher than that of kinetic ones.

This work is aimed at revealing, by means of high-speed filming,
the interaction modes of flames propagation in hot reaction products
and in the initial gas mixture in a closed cylindrical reactor after
spark initiation and qualitative interpretation of these modes
using numerical calculations.

First, the interaction of flame jets of the initial mixture in hot
combustion products was investigated. The temperature in the
flames interaction zone was estimated. For the readings of the
flame pyrometer, the value ¢ = 0.1 was chosen.’2 The values
measured by two methods are in satisfactory agreement, giving
1020°C, but they obviously represent the lower limit of the real
value. Figure 1 shows the results of high-speed filming of the
outflow of a flame jet from one compressible syringe (the second
syringe was plugged) at an initial pressure of 180 Torr. As seen
in Figure 1, the hot products of the propagating flame cause the
syringe to compress and a gas jet to emerge from its nozzle; the
jet ignited in the hot gas forms a 2D vortex in a horisontal plane,
observed in a side view [Figure 1(a)], i.e, the fact that gas-dynamic
vortices spread in a combustible environment made it possible to
visualize these vortices. In our experiments, there were deviations
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Figure 1 High-speed filming of the emergence of two-dimensional vortex
rings from flame jets generated by a single compressible syringe in hot reaction
products. (a),(b) Frames from two separate experiments. Initial pressure,
180 Torr. The figures on each frame correspond to the frame number after
an initiating discharge.

of the vortices [Figure 1(b)] from the horizontal plane, related to
the deviation in the direction of density stratification caused by
temperature gradients arising in the random process of flame
turbulence decay [see Figure 1(a), frame 34].

Figure 2 shows typical results of high-speed filming of the
interaction of counter flame jet outflows from the compressible
syringes at an initial pressure of 180 Torr. As can be seen in
Figure 2(b),(d), the hot products of the propagating flames cause
the compression of the syringes and the emergence of gas jets
from their nozzles; the jets then ignite in the hot gas, forming
counterflow flame fronts. The interaction of counterflow flames
is accompanied by the formation of vortices; the behavior of the
vortices is not the same in different experiments, and also varies
depending on the orientation of the density stratification caused by
temperature gradients that arise in the random process of flame
turbulence decay, as was demonstrated above in Figure 1.

We have observed two types of interaction of counter jets,
corresponding to the interaction of jets in a gas in which either
density stratification has already occurred [see Figure 2(b)] or

Figure 2 Sequences of side view photographs showing (a) the collision of
two jets with the same momentum and the formation of a vortex quadrupole
in a linearly stratified fluid, and (c) the frontal collision of two round jets in an
experiment with distilled water as a fluid and the formation of a toroidal vortex
ring-like structure. (b),(d) High-speed filming of the interaction of counter
flame jets generated by compressible syringes in two separate experiments.
Initial pressure, 180 Torr. The figures on each frame correspond to the frame
number after an initiating discharge, the ellipses indicate two-dimensional
dipolar vortices, and the white lines correspond to the same time.

the gas density at the moment of interaction is relatively uniform
[see Figure 2(d)]. Figure 2(a)'® and Figure 2(c)* illustrate the
features of the interaction of jets in liquids observed in earlier works.
Notice that the density uniformity [see Figure 2(d)] can be
maintained only at the moment of jet interaction, after which the
toroidal flame vortex falls apart [see Figure 2(d), frames 68-71].
The resulting density stratification is evidenced by the formation
of a 2D flame vortex [see Figure 2(d), frame 72]. Therefore, under
conditions of nonuniform density stratification, 2D flame vortices
can propagate out of the zone of counter jets interaction. This is
important for explosion safety problems, because 2D flame vortices
can penetrate through narrow gaps, which can be present in
manufacturing facilities.

As follows from the discussion above, the analysis of gas-
dynamic factors is sufficient for a qualitative consideration of the
observed features. In Figure 3,6 the interaction of counter jets is
illustrated by the results obtained by the finite element analysis
using the FlexPDE 6.08 software package (PDE Solutions Inc.,
1996-2008, example 2D_PISTON_MOVINGMESH.PDE).*
A 2D flow of an ideal gas in a compressor cylinder was modeled
in cylindrical (r, 2) coordinates [Figure 3(a)]. The initial gas pressure
is chosen to be 100 Torr. The domain boundaries move according
to the movement of the counter pistons, while the interior mesh
is tensioned within the moving boundaries. This results in a fixed
Lagrangian—Eulerian model in which the mesh moves but with
different velocity than the gas:

op (dpur opv .

- — 1
o +< o )/r-ﬁ- o2 C,div(grad(p)), @
au u ou JP _ . . _ 5 2
m + ™ + v—az + o Ip = C,div(grad(u)) — C,ulr?, (2
9 9 d P .
8—1;+ua—1r]+va—1;+a—z/p = C,div(grad(v)), (3)

T tu—+v—+yP(=—/r+
u v y r/r 3

oP oP oP ( Iru v
at or 9z e] Z

) = C,div(grad(P)). @)
Here C, is the smoothing coefficient: C; = sqrt(yPylp,) (Rimesh
grid), C, = max(v, Cy), t is the time, p and p, are the current and
initial gas density, respectively, v is the gas kinematic viscosity,
uand v are the velocity components, P and P, are the current and
initial pressure, respectively, y = 1.4 is the ratio of specific heat
capacities, and the boundary conditions are given in the cited
book.14 As seen in Figure 3, the calculations of vorticity
o = 1/2|ovléz - dulor| acceptably illustrate the occurrence of
two vortices in the direction perpendicular to the initial interacting
counter jets.

Obviously, the description of such features as the observed
decay of the toroidal vortex during the interaction of the initial
jets and the subsequent appearance of a two-dimensional vortex
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Figure 3 The results of calculating the vorticity w in the process of interaction
of counter non-reacting jets according to the mixed Lagrangian—Eulerian
model, in which the mesh moves, but with different velocity than the gas.
The domain boundaries move according to the left and right pistons, while
the interior mesh is tensioned within the moving boundaries. On the left, the
initial density stratification and density scale are shown. Arrows indicate the
direction of boundaries movement.
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Figure 4 (a) Typical frame sequence of the interaction of counterflow flames
penetrating through planar obstacles with central round openings. Initial pressure,
170 Torr. The figures on each frame correspond to the frame number after
an initiating discharge. Results of the process calculation: (b) change in the
dimensionless concentration n of the active intermediate and (c) change in
the dimensionless temperature T. The scales of nand T are shown on the right.

due to density stratification requires 3D modeling. In addition,
analyzing the problem of the interaction of combustible submerged
jetsunder conditions of density stratification caused by temperature
gradients arising in the random process of flame turbulence
decay is of interest for solving explosion safety problems.

In another series of experiments, the interaction of submerged
hot jets of the initial mixture in the environment of a cold initial
gas was studied. The outcome of this experiment on the interaction
of counterflow flames is shown in Figure 4(a). Thin obstacles with
round central openings (30 mm in diameter) were placed opposite
each other vertically in the center of the reactor. It should be
noted that the size of the hole is limited by its smallest diameter,
which under our conditions is 20 mm: the flame does not penetrate
through a hole of a smaller diameter. The obstacles were placed
at a distance equal to twice the ‘flame jump’ from each other, so
that the flame front had time to emerge® for both opposite flows.
Under our conditions, this distance was ~220 mm. Figure 4(a)
shows a typical high-speed video frame sequence of a counterflow
flame interaction.

As was shown in the cited work,0 any comparison of the
experimentally recorded movement of the flame emission front
with the result of numerical modeling is credible only in qualitative
aspects, such as changes in the velocity of the moving boundary
of the initial actively reacting gas, the shape of this boundary, the
degree of its ‘smoothness’ and pertubations of its structure. Thus,
the reaction rate was presented without specifying the details of
the chain mechanism. The set of compressible dimensionless
reactive 2D Navier-Stokes equations in cylindrical coordinates!® in
the low Mach number approximation®-11.16 was applied to illustrate
the experimental results. In the model, the movement of gas and
the appearance of jets were caused by the movement of counter
combustion fronts. The process of chemical transformation was
described by a simple chain mechanism.1® The initiation condition
was assumed to be T = 10 at the right and left boundaries of the
channel; the channel had two orifices at the same distance from
the butt-ends. The boundary conditions (including the orifices)
were C. =0,u=0,v=0,p:=0, n. =0, as well as convective heat
exchange T, = T — T, where & is a dimensionless coordinate.

The results of qualitative calculations of the flame interaction
are presented in Figure 4(b), which shows the change in the
dimensionless concentration of the reagent, and in Figure 4(c),
which shows the change in the dimensionless temperature. As can
be seen, the results of the analysis are in qualitative agreement with
the experimental data presented in Figure 4(a). Thus, the process
has the characteristic time of a chemical reaction, and not a gas-
dynamic one (cf. Figure 2 and Figure 4).

In addition, the resulting flame structures formed during the
interaction of the flames have a 3D appearance, as can be seen in
frame 17 in Figure 4(a). This is due to the actual absence of density
stratification under the experimental conditions. This means that
the relative contributions of gas-dynamic processes and chemical
kinetics of the combustion reaction differ from the case of the
interaction of flame jets of the initial mixture in hot combustion
products. In this case, the analysis of a three-dimensional model
is quite urgent for describing the regularities of the counterflow
flames propagation in closed pipes. At the same time, the illustrative
results of qualitative two-dimensional modeling taking into account
gas-dynamic and Kinetic factors, which are consistent with the
results of our experiments, allow us to indicate further ways to
modify three-dimensional analysis.

In summary, the features of the interaction of counterflow flames
of diluted methane—oxygen mixtures at a total pressure of up to
200 Torr in a closed reactor were revealed. It was found that in the
mode of interaction of flames propagating in hot reaction products,
two-dimensional vortices arise due to density stratification. Under
conditions of nonuniform density stratification, two-dimensional
vortices can propagate far beyond the zone of counter jets interaction.
It was also shown that counterflow flames propagating through the
initial mixture interact with the formation of only three-dimensional
structures.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2023.04.043.
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