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Flame propagation in ducts and channels is important for 
identifying the criteria of flashback in ducts and safety applica­
tions in power generation, mining and petrochemical industries. 
The problem is also relevant to combustion of gas flowing 
into  the crevice volumes of internal combustion engines.1 The 
interaction between the flame and the local blockage caused by 
the presence of equipment and vessels provides local flame 
acceleration of the propagating flame front (FF).2 The modeling 
of the influences of such local blockage on explosion was per­
formed through laboratory-scale studies.3,4 The effect of pressure 
waves generated by a flame on the formation of FF shape was 
reported.5,6

The interaction of chemical kinetics and heat and mass 
transfer processes due to turbulent mixing caused by obstacles 
in  combination with momentum exchange processes could 
significantly accelerate flames to the limits where the damage 
of a volume in which the flame accelerates is expected.6–12 Such 
an undesirable influence of obstacles inside the volume on flame 
acceleration has been investigated.8–10

However, at highly blocking obstacles, the flame acceleration 
can be explained9,10 by not only the increase of turbulence, when 
the expanding flow passes the obstacle, but also ‘by accumulation 
of free radicals behind the obstacle. The mixing of these radicals 
with the unburned gas makes the gas mixture highly explosive’.9 

It was shown13,14 that spark initiated flames of lean hydrogen–
air mixtures at 1 atm propagated through meshed aluminum 
spherical obstacles with a mesh size of 0.04–0.1 mm2. The flame 
of 15% H2 in air accelerated after obstacle; acoustic gas perturba­
tions occurred in the reactor; the smaller diameter of the spherical 
mesh caused the earlier occurrence of the acoustic perturbations. 
However, the FF of a stoichiometric natural gas–air mixture 
did not accelerate after the obstacle; acoustic perturbations were 
missing. Thus, the active centers of methane and hydrogen 
combustion, which determine flame propagation, have different 
chemical nature, namely, the termination of active intermediates 
on the obstacle surface contributes significantly to the interaction 
of FF with obstacles in the case of natural gas–air mixtures; i.e., 
the role of active intermediates is very important in the process.

Here we report experimental results on flame propagation in 
a cylindrical channel with obstacles. The aim of the work was to 
study FF penetration through single round openings and close 

meshed obstacles and to estimate the effectiveness of the obstacles 
for methane flame suppression.

Flame propagation through a single obstacle in CH4–oxygen 
mixtures is shown in Figure S1 (Online Supplementary Materials).† 
In Figure 1(a),(b) selected frames of flame propagation through 
the round opening d = 2.5 and 4 cm inserted into a planar obstacle 
of 14 cm in diameter recorded with the speed video camera are 
presented. The following remarkable peculiarities of the combustion 
process are revealed: the ignition after obstacle does not occur in 
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The ignition of a dilute methane–oxygen mixture (total pressure, to 200 Torr) after a single obstacle can be observed markedly far from 
the obstacle surface. The use of meshed sphere as an obstacle leads to an increase in the distance of flame emergence behind the obstacle 
in comparison with a round opening; two or more close-meshed obstacles strongly suppress flame propagation. 

†	 The flame propagation of stoichiometric mixtures of methane with 
oxygen diluted with CO2 and Kr at initial pressures 100–200 Torr and 
298 K in a pumped out horizontal 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 (Figure S1) 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. A pair of spark 
ignition electrodes was located near the butt-end of the reactor. A spherical 
mesh consisted of two stainless steel hemispheres fastened by a spring, 
and it was placed in the center of the reactor. Meshed spheres with the 
diameters d = 8 (wire diameter of 0.3 mm, cell size of 0.3 mm2), 10 (wire 
diameter of 0.35 mm, cell size of 0.5 mm2) and 13 cm (wire diameter of 
0.5 mm, cell size of 1 mm2) were used. In other experiments, planar meshed 
stainless steel obstacles with d = 14 cm (either with a wire d = 0.3 mm, 
cell size of 0.5 mm2; or with a wire d = 0.5 mm and a cell size of 0.1 mm2) 
were placed vertically in the center of the reactor. Meshed spheres d = 4 cm 
(wire d = 0.1 mm, cell size of 0.15 mm2) and d = 5 cm (wire d = 0.15 mm, 
cell size of 0.2 mm2) inserted into a planar obstacle d = 14 cm were also 
used. For comparison, FF propagation through the planar obstacle with a 
central single round opening of 2.5 cm in diameter was investigated as 
the simplest model. The combustible mixture (15.4% CH4 + 30.8% O2 + 
+ 46% CO2 + 7.8% Kr) was prepared prior to experiment; CO2 was added 
to decrease FF velocity and to enhance the quality of filming; Kr was 
added to diminish the discharge threshold. The reactor was filled with 
the mixture and spark initiation was performed (the discharge energy was 
1.5 J). Speed filming of ignition dynamics and FF propagation was carried 
out from the side of the reactor (Figure S1) with a Casio Exilim F1 Pro 
color high-speed digital camera (frame frequency of 600 s–1).15 The video 
file was stored in a computer memory, and its time-lapse processing 
was performed.16 The pressure change in the course of combustion was 
recorded by a piezoelectric gage synchronized with the discharge. Acoustic 
oscillations were recorded with a Ritmix sensitive microphone (up to 
40 kHz). The audio file was analyzed with the Spectra Plus 5.0 software 
package. The reagents were of chemically pure grade.
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the immediate vicinity of the obstacle, the first spot of ignition is 
observed considerably far from the obstacle surface. As is seen 
in Figure 1, the less the diameter of an opening is, the farther FF 
from an obstacle appears (marked by arrows). A ‘flame jump’ 
(by flame jump we mean the distance of flame emergence behind 
an obstacle) is much longer in the presence of the meshed sphere, 
as an obstacle [Figure 1(c)]. In addition, the flame jump through 
the meshed sphere can be detected at considerably low initial 
pressures; besides, under our conditions, the flame in diluted 
mixture ‘jumps’ markedly farther than at 1 atm.9 The establish­
ment of the  dependencies of the length of flame jump on the 
geometry of a complex obstacle needs further investigation. Note 
that the accumulation of free radicals behind the obstacle was 
observed experimentally.9 The mixing of these radicals with the 
unburned gas leads to a highly explosive mixture.

As a starting point we took a qualitative two-dimensional 
numerical model of FF propagation through an obstacle using 
reactive Navier–Stokes equations within a low Mach number 
approximation. A simple elementary single plain obstacle with 
a central opening and a spherical meshed one were considered. 
Note that, in our opinion, any comparison of the experimentally 
recorded movement of FF with the result of numerical modeling 
is credible only in a qualitative aspect as there are no unicity 
theorems on reactive Navier–Stokes equations. Therefore, any 
agreement between calculated and experimental quantities does 
not argue for consent between calculation and experiment, as 
there can be other sets of the governing parameters describing 
the same experimental profiles (until uniqueness is proved). One 
can reliably analyze only qualitative velocity changes of move­
ment of the boundary of initial and reacting gas, as well as the 
shape and perturbations of this boundary. Moreover, a considera­
tion of the detailed kinetic mechanism introduces additional 
uncertainty into modeling. The vast majority of kinetic parameters 
is not accurate enough to draw adequate conclusions based on 
modeling. The question of completeness of the kinetic mechanism 
is always open, i.e. whether any important reaction is overlooked. 

Compressible dimensionless reactive Navier–Stokes equations 
in low Mach number approximation,15 describing flame propaga­
tion in a two-dimensional channel,16–21 showed a qualitative 
consent with experiments.15,19 

The problem was solved by finite element analysis by means 
of the package (FlexPDE 6.08, A Flexible Solution System for 
Partial Differential equations, 1996–2008 PDE Solutions Inc.22). 
Initiation condition was taken T = 10 on the right boundary of 
the channel; there was a vertically located orifice in the channel. 
The boundary conditions were Cx = 0, Cy = 0, n = 0, u = 0, v = 0, 
rx = 0, ry = 0 and convective heat exchange Tt = T – T0. 

The results of calculations are shown in Figure 2. The analysis 
of reactive Navier–Stokes equations in low Mach number approxi­
mation allows qualitative describing the experimental features 

of FF penetration through the obstacle (Figure 1), namely, the 
occurrence of the FF not in the immediate vicinity of an obstacle 
but in some distance behind it. Thus, it is enough to analyze the 
simplest model of a single plain obstacle with one opening for 
the description of this important experimental feature. The chain 
mechanism of chemical transformations leads to a better descrip­
tion of the process [namely, the FF movement back to the obstacle 
after ‘flame jump’, Figure 2(c), frame T ], as compared with 
modeling based on a single Arrhenius reaction [Figure 2(a),(b)]. 
It means that though the occurrence of ‘flame jump’ is determined 
for the most part by the gas-dynamic features of combustible 
gas penetration through an obstacle, the kinetic mechanism of 
combustion also considerably influences the process.

Figure 3(a) shows the selected frames of speed filming of 
FF propagation in the gas mixture without obstacles and the time 
dependence of acoustic oscillations amplitude. In Figure 3(b), 
selected frames of speed filming flame propagation in the gas 
mixture in the presence of three nested meshed obstacles (d = 8, 
10, 13 cm) and the time dependence of acoustic oscillations 
amplitude are presented. The introduction of nested obstacles 
leads to noticeable frame suppression, as demonstrated by the 
level of maximum acoustic signal, which is 20 times less in the 
presence of obstacles than in an empty reactor. It was of interest 
to determine the dependencies of the maximum acoustic intensity 
on the number of obstacles. 

Note that the influence of obstacles can be expressed in the 
double way. On the one hand, the FF interaction with an obstacle 
can cause the development of flame instability, promoting its 
acceleration. On the other hand, the contact of FF with obstacle 
surface can increase the contribution of heterogeneous reactions, 
in particular, chain termination14 and increase heat losses. In 
Figure 3(c), the dependence of the maximum acoustic intensity 
on the number of obstacles is shown. Plain obstacles were placed 
in the center of the reactor at a distance of 2 mm from each other; 
the spherical ones were nested (13 and 10 cm, 13, 10 and 8 cm, 
the single obstacle was 13 cm in diameter). 

We observed flame acceleration in the presence of a single 
obstacle as compared with combustion without any obstacle. In 
these cases, the safety shutter of the reactor swung outward; i.e., 
the reactor pressure exceeded 1 atm (1.5 atm in the presence of a 
single obstacle). It does not matter whether the obstacle is planar 
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High-speed filming of FF propagation through (Figure  1  a) the round 
opening of 2.5 cm in diameter in a planar obstacle of 14 cm in diameter; 
(b) the round opening of 4 cm in diameter in a planar obstacle of 14 cm in 
diameter; (c) the meshed sphere of 4 cm in diameter (wire diameter of 
0.1  mm, cell size of 0.1 mm2) inserted into a planar obstacle 14 cm in 
diameter. Initial pressure 170 Torr. The figure on a frame corresponds to 
frame number after discharge. Arrows specify distances of FF occurrence 
flame after the obstacle.
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Results of calculation of flame propagation through (Figure  2  a)–(c) the 
single opening and (d) the meshed sphere. (a) Change in the degree of 
advancement of the reaction and (b) the corresponding change in temperature 
for single Arrhenius reaction; (c) change in dimensionless concentration of 
active intermediate (n) and temperature (T) for the simple chain mechanism; 
(d) change in temperature for single Arrhenius reaction.
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or spherical. However, note that the spherical obstacle consists 
of two hemispheres (single hemispherical meshed obstacles). 

Figure 3(c) shows that two or more obstacles strongly suppress 
flame propagation. In these cases, the safety shutter of the reactor 
did not swung outward pointing to the fact that the pressure did 
not exceed 1 atm (< 500 Torr according to pressure gage indica­

tions). Therefore, Figure 3(c) illustrates the occurrence of a 
boundary (one obstacle) between the flame acceleration and 
flame suppression modes due to both chain termination and heat 
losses on the obstacle surface.

The results obtained by the visualization of the development 
of flame front instabilities are important for the solution of 
explosion safety problems for volumes with a complex geometry.

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

in the online version at doi:10.1016/j.mencom.2015.07.026.
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Dependence of effectiveness of flame suppression on the number Figure  3 
of obstacles. Initial pressure 170 Torr. The figure on a frame corresponds to 
frame number after discharge. High-speed filming of FF propagation in the 
gas mixture in a quartz reactor (a) without obstacles and (b) in the presence 
of three meshed obstacles (d = 8, 10, 13 cm) enclosed in each other, spark 
discharge (1.5 J), speed of filming 600 frames s–1, the first frame corresponds 
to occurrence of the spark discharge and the time dependence of acoustic 
oscillations amplitude. (c) Dependence of maximum acoustic intensity on the 
number of obstacles: ( ) spherical enclosed obstacles; ( ) planar obstacles, 
d = 14 cm (wire, d = 0.5 mm, cell size of 0.1 mm2); ( ) planar obstacles, 
d = 14 cm (wire, d = 0.3 mm, cell size of 0.5 mm2).


