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In a breakdown of fire safety, an amount of flammable gas can 
be  released into ambient air. The resulting explosive mixture 
can endanger the integrity of a vessel, reactor, mine, etc. Due to 
complex branched chain combustion processes and the geometry 
of a containment, the propagation of a flame front (FF) and 
the  resulting warming-up cannot be simulated with suitable 
accuracy. The compressible reactive Navier–Stokes equations 
can be simplified and used for modeling non-isothermal flow 
only if the flow with a low Mach number is assumed.1–3 In low 
speed turbulent combustion applications, the variable-density 
approximation of low Mach number of the Navier–Stokes 
equations is an adequate basis for simulation. Nevertheless, any 
comparison of experimentally recorded FF propagation with the 
result of numerical modeling is credible only in a qualitative 
aspect, e.g., on propagation velocity of the boundary of initial and 
reacting gas, and on the shape of this border. The consideration 
of detailed kinetics in calculations provides additional uncertainty 
since most of kinetic parameters are not accurate enough to draw 
convincing conclusions. The completeness of the kinetic mecha
nism is reasonably always under question because an important 
reaction can be overlooked. Moreover, there are no unicity 
theorems on reactive Navier–Stokes equations; thus, any agree
ment between calculated and experimental quantities does not 
argue in favor of the chosen system of equations and the reaction 
mechanism, as there can be other sets of governing parameters 
describing the same experimental data.2,3

It is known that chemical transformation in blue ‘cool’ hydro
carbon flames4,5 is incomplete and some active combustion 
products can initiate the secondary yellow ‘hot’4 FF propagating 
over incompletely reacted mixture chemically and thermally 
activated with a primary blue FF. Note that the color of a blue 
methane flame is mainly due to CH (431 nm) and CH2O (470 nm) 
luminescence, and the yellow color of a flame is caused by the 

emission of Na atoms excited in ‘hot’ flame.4 The reactions of 
hydrocarbon oxidation to CO occur in a blue flame, and the 
reactions of CO oxidation to CO2 occur in a yellow flame. Thus, 
there is a possibility to share in time these two macrokinetic 
processes in experiments on flame penetration through obstacles. 
We have found6 that the ignition of dilute methane–oxygen 
mixures (total pressure up to 200 Torr) after a single obstacle with 
a small circular opening is observed markedly far from an 
obstacle surface (flame jump). The meshed sphere as an opening 
leads to an increase in the length of a flame jump through the 
obstacle, as compared to a round opening.

This work was focused on the comparative contributions 
of  hydrodynamics and chemical kinetics to the penetration of 
methane–oxygen flames through complex obstacles studied by 
3D spectroscopy and color high-speed cinematography.†
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It was experimentally found that, on the penetration of a 
flame through obstacles, gas dynamic factors such as flame 
turbulization can determine the kinetics of combustion, 
for  instance, a transition of low-temperature hydrocarbon 
combustion to the high-temperature mode.

†	 The experiments were carried out with stoichiometric methane–oxygen 
mixtures diluted with CO2 and Kr at initial pressures of 100–200 Torr 
and 298 K in a horizontal cylindrical quartz reactor 70 cm in length and 
14 cm in diameter. The combustible mixture (15.4% CH4 + 30.8% O2 + 
+ 46% CO2 + 7.8% Kr) was prepared; CO2 was added to decrease FF 
velocity and to enhance the quality of filming; Kr was added to diminish 
the discharge threshold. A pair of spark ignition electrodes was located 
near the butt end of the reactor. 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.7 The ignition and flame propagation was 
observed by an optical 3D spectrometer (hyper spectrometer) and a 
Casio Exilim F1 Pro color high-speed camera (the frequency of shots 
was 300–600 s–1). A video file was stored in computer memory and its 
time-lapse processing was performed.8–11 The 3D spectrometer12 simul
taneously measured both a horizontal narrow strip on the test object 
(a spatial coordinate) and a spectral wavelength with a two-dimensional 
optical detector array. The hyperspectral recording of a combustion process 
was described elsewhere.12,13 The speed video filming of combustion and 



Mendeleev Commun., 2017, 27, 192–194

–  193  –

The sequences of frames of high-speed filming of FF propaga
tion in a gas mixture through complex obstacles A, B and C are 
presented in Figure 1.‡ The first center of ignition was observed 
in close proximity to the surface of the second obstacle for all 
three obstacles contrary to the case of a single obstacle.5 It means 
that the length of a flame jump is mainly determined by gas 
dynamic factors. 

The numerical modeling performed using compressible dimen
sionless reactive Navier–Stokes equations in low Mach number 
approximation,7 which describe flame propagation in a two-
dimensional channel,6,8,12 was qualitatively consistent with experi
mental data.6,12 

The problem was solved by finite element analysis using 
the FlexPDE 6.08 package.14 Initiation condition was taken as 
T = 10 on the right boundary of the channel; there was a vertically 
located orifice in the channel. Boundary conditions (including 
the orifice) were Cx = 0, Cy = 0, n = 0, u = 0, v = 0, rx = 0, ry = 0, 
and a convective heat exchange Tt = T – T0. A single Arrhenius 
reaction was considered.

If the second obstacle is placed at the distance of a flame jump 
after a flat obstacle with a single opening, the first center of 
ignition is observed in close proximity to the surface of the second 
obstacle. Such a qualitative difference from flame penetration 
through a single flat obstacle with the central opening indicates 
a noticeable role of the interaction of acoustic fluctuations in 

the reactor containing an obstacle with the propagating front of 
combustion even for a subsonic flame. Therefore, we took into 
account the main features of FF propagation through the complex 
obstacles. In addition, the results obtained by the visualization of 
FF penetration through orifices of different shape are important 
for the solution of explosion safety problems for the volumes of 
complex geometry.

Changes in combustion mechanism at flame penetration 
through obstacles were investigated by optical spectroscopy. 
Figure 2 shows the emission spectrum of a diluted methane–
oxygen flame and the scanning of the spectra along the reactor 
axis obtained by 3D spectroscopy. The bands at 600 nm were 
assigned to water vapor,12,15 as well as the bands at 944 and 
989 nm.16 The lines at 590 and 770 nm are the hot ones of Na 
and  K atoms, which are usually observed in flame emission.4 
The intensities of spectral bands along a reactor axis change 
in  the same directions because the spectra belong to reaction 
products or occur in the area of reaction products (Na, K4). 
Thus, the high-temperature mechanism of methane combustion 
followed by the excitation of alkaline metal bands is realized 
already after the first obstacle.

To increase the sensitivity of the technique, the change in 
time of spatial distributions of intermediates characteristic of 
methane oxidation along with Na line characterizing the value 
of  warming up4 was monitored with the use of interference 
filters. These intermediates are CH (A1D–X2P) at 431 nm and 
C2  (A3Pg–X3Pu) (1–0, 0–0 and 0–1 vibrational transitions) in 
a  range of 470 to 570 nm.4 The pairs of interference filters of 
435 (CH) and 520 nm (C2) (transition 0–0) and also of 435 and 
590 nm (Na) were used to establish the occurrence of intermediates 
and self-heating as the radiation of Na atoms is caused by thermal 
excitation at a flame temperature higher than 1200 °C.4

Figure 3 shows the results of the high-speed video filming of 
flame penetration through a flat obstacle 14 cm in diameter with 
a single opening 25 mm in diameter and the second flat obstacle 
of the same sizes closed by a flat grid. Only blue luminescence 

3D spectrophotometry were carried out simultaneously, or two speed 
video cameras equipped with interference filters were simultaneously 
used (Figure S1, see Online Supplementary Materials). The interference 
filters of 435 nm (40% filter factor, the half-width 15 nm), 520 nm (40% 
filter factor, the half-width 15 nm) and 590 nm (15% filter factor, the half-
width 15 nm) were applied.
‡	 Complex obstacles consisted of a flat obstacle 14 cm in diameter with 
a single opening of 25 mm in diameter (obstacle A), and the second flat 
obstacle with a single opening 25 mm in diameter (see Figure S1). The 
second flat obstacle was either a single opening 25 mm in diameter closed 
with a flat iron net (wire, d = 0.1 mm, cell size of 0.15 mm2) (obstacle B) 
or a single opening 40 mm in diameter, into which the net sphere was 
inserted (obstacle C). The second obstacle was placed at a ~12 cm distance 
of a flame jump6 after a flat obstacle with a single opening 25 mm in 
diameter.
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Figure  1  (a) High-speed filming and (b) results of the numerical modeling 
of FF propagation through the complex obstacles A, B and C. Gas mixture: 
15.4% CH4 + 30.8% O2 + 46% CO2 + 7.8% Kr. Initial pressure, 180 Torr. 
The figure on each frame corresponds to a frame number after discharge. 
The scale of dimensionless temperature is presented at the right. 
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Figure  2  (a) Spectrum of the flame at x = 125, y = 30 and (b) spectra of 
the flame along the reactor axis at x = 30, y = (1) 1, (2) 80, (3) 125, (4) 160, 
(5) 190 and (6) 230 (x is the spatial coordinate, y is the intensity). Gas 
mixture: 15.4% CH4 + 30.8% O2 + 46% CO2 + 7.8% Kr. Initial pressure, 
180 Torr.
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in the reactor caused by the radiation of CH radicals occurred 
before the first obstacle. The C2 radicals were detected only after 
the first obstacle; the greater part of a thermal emission (Na) in the 
process was observed after the first obstacle, i.e., after turbuliza
tion of a reacting gas flow. Thus, the technique used allowed us 
to separate cold and hot flames in time and space in a single 
experiment. This result is also important for the verification of 
numerical models of methane combustion.

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2017.03.029.
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Figure  3  High-speed video filming of penetration of the flame through 
obstacles A and B: (a) no filters and interference filter (b) 435 nm, (c) 520 nm 
and (d) 590 nm. Gas mixture: 15.4% CH4 + 30.8% O2 + 46% CO2 + 7.8% Kr. 
Initial pressure, 180 Torr. The figure on each frame corresponds to a frame 
number after discharge. (a), (d) Different locations of obstacles after flame 
penetration are because the frames are obtained for different experiments 
under the same conditions.
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