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The use of hydrogen as fuel is limited by high flammability of its 
mixtures with air. The combustion of lean H2–air mixtures in 
the vicinity of the lower concentration flame propagation limit 
(CFPL) is of particular interest. In the mixtures, the flame front 
(FF) is nonuniform due to high H2 diffusivity. It leads to the 
occurrence of cellular flames1–4 even if gravity is missing.5 In an 
upward direction of flame propagation, CFPL in a lean mixture 
is lower than that in a downward direction;3 H2 consumption is 
incomplete. It is of interest to establish concentration areas of lean 
mixtures, in which either thermo-diffusive instability or hydro
dynamic instability of FF under gravity is the controlling factor. 
In this work, high-speed colour cinematography was used for this 
purpose. As distinct from shlieren cinematography,5 by which only 
the area of a drastic change in the gas density in FF is recorded, 
this method is more sensitive because FF emission intensity is 
determined by the occurrence of nonequilibrium concentrations 
of active particles in flame. 

The numerical analysis of the system of three-dimensional 
balance equations for mass, momentum and thermal energy for 
compressible medium along with chemical kinetics equations 
not always provides a single valued description of gaseous com
bustion; e.g., it depends on the choice of the model of turbulence 
flow.4 The aim of this work was to study the initiated ignition 
of lean H2–air mixtures at 1 atm by high-speed colour cinemato
graphy and to perform a numerical simulation of the process under 
the Boussinesq approximation to describe natural convection.6,7 

The experiments were performed with mixtures of 4% CCl4 + 
7.5% H2 + 88.5% air, 4% CCl4 + 8% H2 + 88% air and 4% CCl4 + 
11% H2 + 85% air.‡ The results of filming the FF propagation for 
these mixtures at T = 298 K and spark energy of E0 = 1.5 J are 
shown in Figure 1. In the combustion of mixtures (7.5 and 8% H2 in 

air), the movement of FF to the top of the reactor [Figure 1(a),(b)] 
was observed. It was shown that after flame quenched itself after 
propagating, the second flame propagation in the mixture can be 
initiated once again at the same place by the spark of the same 
energy [frame 40, Figure 1(a), and frame 39, Figure 1(b)]. We 
observed three successive ignitions of the same mixture. As fol
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A lean hydrogen–air (H2 < 10%) mixture can be repeatedly ignited. Numerical simulation based on Boussinesq approximation is in 
qualitative agreement with the observed features of combustion. 

†	 The electronic version of this article includes a video clip for Figure 1(c).
‡	 4% of carbon tetrachloride (CCl4) was added for the visualization of FF. 
Note that the CCl4 additive up to 5% to lean H2–air mixtures does not 
show any inhibiting action on combustion.5 A horizontal stainless steel 
reactor 25 cm in length and 12 cm in diameter supplied with demountable 
covers and an optical window 10 cm in diameter at a butt-end was used in 
the experiments.8 Electrodes of spark ignition were mounted at the reactor 
centre. Gas mixture was formulated in the reactor. First, CCl4 vapour and 
then H2 and air were allowed to bleed into the reactor to 1 atm. Spark 
initiation was carried out in 20 min. Ignition and FF propagation were 
recorded by means of a Casio Exilim F1 Pro colour high speed Full HD 
camera with a speed of 60 frames per second. Before each experiment, 
the reactor was pumped to 10–2 Torr.
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Sequences of video images of the propagation of cellular FF Figure  1 
(with consecutive numbers). 60 frames per second. (a) 4% CCl4 + 7.5% H2 + 
88.5% air, (b) 4% CCl4 + 8% H2 + 88% air and (c) 4% CCl4 + 11% H2 + 85% 
air; T0 = 298 K, E0 = 1.5 J. To start playback of the video clip available in 
the electronic version of the article, click on any image of Figure 1(c).
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lows from the calculations below, the number of repeated igni
tions increases with the reactor volume. At the repeated initiation 
quantity of cells and FF velocity are approximately the same as 
at the first ignition. The result indicates the necessity to account 
for the repeated ignition in lean H2–air mixtures under develop
ment of fire control systems. It was also established that, in the 
richest mixture (11% H2 + 89% air), cellular FF extends in all 
directions practically with the same velocity [Figure 1(c)], and 
faster by a factor of 4 than that in the mixtures containing 7.5 
and 8% H2 in air [Figure 1(a),(b)]. This result suggests that at the 
concentration of H2 higher than 10%, the flame velocity increases 
so that natural convection has no effect on FF velocity in upward 
direction. Note that, in such mixtures burning ‘symmetrically’, 
repeated FF propagation is not observed.

At numerical simulation we considered a flat two-dimensional 
system of equations where the reaction-diffusion system is coupled 
with the Navier–Stokes equations under the Boussinesq approxi
mation to describe natural convection, which can occur because 
of the heat produced by the reaction.6,7 In this model, changes in 
density r are caused by changes in temperature T (r0 is the initial 
density, and b is the factor of volume expansion of the medium): 

r = r0 + dr,   dr << r0,   dr = –r0 bT.	  (1)

Density change is considered only in the equations of movement 
and ignored in the indissolubility equation. Then (after subtraction 
of hydrostatic pressure p0 = r0gh), two-dimensional equations of 
movement and indissolubility in dimensionless variables x = x/L0, 
z = y/L0, t = t/t0, J = u/V0, n = u/V0, q = (T – T0)/(Tc – T0), p = p/P0, 
Yi = Ci /[H2]0, where L0, t0, V0, T0, P0 are characteristic dimensional 
scales of length, time, speed, temperature and pressure, Ci is the 
concentration of components, g = 980 cm s–1, u, u are the com
ponents of current velocity, Tc is the adiabatic combustion tem
perature of the mixture of given composition, and T0 is the initial 
temperature, take the form:
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 = V(u, n) is the medium velocity, and ey is the unit vector 
in upward direction. Temperature distribution in gas is described 
by the heat conductivity equation (c is thermal diffusivity and Qi 
is heat emission sources)
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Distributions of component concentration are described by the 
corresponding reaction-diffusion equations (Di is diffusivity and 
Kij is rate constant)
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In equations (2)–(4),§ traditional notations for dimensionless 
numbers of Rayleigh (Ra), Reynolds (Re) and Pecle (PeT, Pei) 
were used.
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The objective consisted in the establishment of the possibility of 
qualitative modeling of both cellular combustion regime and 
increase in cells quantity with increase of H2 content, as well as 
repeated initiation of a cellular flame in the mixture, which 
already burnt. The reduced kinetic mechanism of H2 combustion 
at 1 atm was represented in the form13

H2 + O2 ® 2 OH, k0 = 1.92×1014 exp(–21890/T) cm3 molec–1 s–1,14 

OH + H2 ® H2O + H, k1 = 4.63×1012 exp(–2100/T) cm3 molec–1 s–1,15 

H + O2 ® OH + O, k2 = 1.99×1014 exp(–8460/T) cm3 molec–1 s–1,16

O + H2 ® OH + H, k3 = 1.88×1014 exp(–6897/T) cm3 molec–1 s–1,16

H + O2 + M ® HO2 + M, k4 = 6.47×1015(T/298)–0.8 cm6 molec–2 s–1,17

H + HO2 ® 2OH, k5 = 1.69×1014 exp(–440/T) cm3 molec–1 s–1,16

H2 + HO2 ® H2O2 + H, k6 = 3×1013 exp(–14400/T) cm3 molec–1 s–1,16

OH + O ® H + O2, k7 = 9.29×1012 cm3 molec–1 s–1,18

O + HO2 ® OH + O2, k8 = 3.25×1013 cm3 molec–1 s–1,16

OH + HO2 ® H2O + O2, k9 = 2.89×1013 exp(250/T) cm3 molec–1 s–1,17

2HO2 ® H2O2 + O2, k10 = 2×1012 cm3 molec–1 s–1,19

H2O2 + M ® 2OH + M, k11 = 1.3×1017 exp(–22750/T) cm3 molec–1 s–1,20 
H + H + M ® H2 + M, k12 = 2.2×1015 cm6 molec–2 s–1.17 

Dimensionless time scales, lengths and speeds of process were 
chosen as follows: t0 = 1/(k1

0[H2]0), x0 = y0 = (D3/k1
0[H2]0)1/2, 

V0 = x0 /t0 = (D3k1
0[H2]0)1/2, d4 = c/D3, where k1

0 = 4.63×1012 is 
the preexponential factor of reaction OH + H2 ® H2O + H, D3 
is  the H2 diffusivity. Dimensionless variables and parameters 
took the form t = t/t0, x = x/x0, z = y/y0, Yi = ci /[H2]0 (ci is the 
concentration of ith component). Kp is the dimensionless reaction 
velocity. For a bimolecular step, Kp = kp/k1

0p corresponds to the 
step number (p ¹ 4, 12). For a termolecular step, Kp = kp[H2]0/ k1

0, 
where p = 4, 12. Nondimensional diffusivities d0, d1, d2, d3, d5, 
d6, d7 (di = Di/D3, i = 0–6) in H2–air mixture correspond to OH, 
O, H, H2,O2, HO2 and H2O2, respectively. For example, the heat 
conductivity equation in dimensionless variables takes the form: 
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Here, Cp is the average thermal capacity at constant pressure, 
0.25 cal g–1 K–1;21 d4 is nondimensional thermal diffusivity of the 
mixture, it is considered that d4 » d5, r is gas density (g cm–3), 
M = 760×1019/T, T is temperature (K). Thermal effects of ele
mentary steps Qi and diffusivities were taken from refs. 22, 23. 
Indexes m, n, which change from 0 to 6, correspond to non
dimensional concentrations of OH, O, H, H2, O2, HO2 and H2O2. 
The index p at dimensionless rate constants Kp = kp/k1

0 changes 
from 0 to 12 and corresponds to the reaction number in the kinetic 
mechanism above. The initiation centre was given by an ellipse 
with axes of 20×30 nodes [Figure 2(a),(b)], in which nondimen
sional H atoms concentration and q were set equal to 0.4–0.6. In 
the calculated area outside of the centre of ignition the concentration 
of all intermediates were set equal to zero, q = 0, concentration 
of H2 was set equal to 6 and 8% in air containing 21% O2. Thus, 
the solution of the system of equations (2)–(4) satisfies the 
following initial conditions outside of initiation area: 0 < x < L,  
0 < z < L,  t = 0: Yi (0, x, z) = 0 (i ¹ 3, 4), Y3(0, x, z) = fH2

, Y4(0, x, z) = 
= fO2

, T(0, x, z) = 300 K. Boundary conditions are 0 < x < L: 
T(t, x, 0) = 300 K, T(t, x, L) = 300 K, 0 < z < L: T(t, 0, z) = 300 K, 
T(t, L, z) = 300 K. On the boundaries the termination of active 
centres is missing: [¶Yi(t, x, z)/¶z]L = 0, [¶Yi(t, x, z)/¶x]L = 0, 
where L is dimensionless length and width of the channel, cor
responding to dimensional size of 5.9 cm under our conditions, 

§	 Calculations were performed in Cartesian coordinates using a uniform 
grid (513×513 nodes). The second order of approximation of finite difference 
derivatives was used. Integration of equation (2) was performed in two 
stages.9 At first, the movement equations were integrated without pressure 
forces, and intermediate field of velocities was obtained, then from indis
solubility condition a potential additive to the intermediate field of velocities, 
corresponding to the action of a pressure gradient was calculated. Pressure 
field was calculated by solving a boundary problem with the use of multigrid 
techniques11 for equation (2), which turns out from indissolubility condi
tion as a result of substitution of the intermediate field of speeds.10 After 
computation of the field of speeds, numerical integration of equations (3), (4) 
was performed to calculate new values of temperature and concentration. On 
lateral borders of the calculated area normal derivatives were put equal to 
zero (a condition of mirror symmetry). The integration of equations (3), (4) 
was carried out by a modified alternately triangular method.12
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fH2
, fO2

 are the fractions of initial reagents ([H2]0 and [O2]0) in the 
mixture.

Calculated profiles of H atoms in FF for [H2]0 = 6% and 
[H2]0 = 8% are shown in Figure 2(a) and 2(b), respectively. The 
shade of gray colour in Figure 2 defines the value of H atoms 
concentration, more light colour corresponds to a higher concentra
tion. Note that the best agreement with experimental data presented 
in Figure 1 is reached at [H2]0 = 4% and [H2]0 = 6%, respectively. 
For the kinetic scheme above, the value of lower CFPL at 1 atm 
is 2%. The value is in qualitative agreement with published data,3 
where it is shown that, in an upward direction of flame propagation, 
CFPL is lower than that in a downward direction. It is known24 
that the value of CFPL can even reach 3% depending on both 
spark power and recording procedure. The model used in this 
work does not describe the regime of cellular FF propagation in 
all directions practically with the same velocity [Figure 1(c)] for 
[H2]0 > 10%, namely, the influence of convection is noticeable. 
The result obtained specifies the applicability of the Boussinesq 
approximation to the analysis of flame propagation in lean H2–air 
mixtures as [H2]0 increases.

As is seen in Figure 2, the calculations allowed us to qualita
tively describe both cellular regimes of combustion and an increase 
in cells quantity as [H2]0 rose for mixtures with [H2]0 < 8%. In 
addition, the possibility of repeated initiation of cellular flame 
in a mixture, which has already burnt [frame 12 in Figure 2(a) 
and frame 11 in Figure 2(b)] is due to the movement of both 
FF and hot reaction products to the top of the reactor. It leads to 
the enrichment of a bottom part of the reactor in H2; therefore, the 
gas mixture becomes combustible. The aforesaid is illustrated 
by Figure 3, in which the calculations of H2 concentration in the 
course of cellular FF propagation, corresponding to frames 12–16 
in Figure 2(a), are presented. Note that the results of calculations 
are in qualitative agreement with the theory of thermo-diffusive 
instability of flames.2,3 Thus, if all diffusivities are put equal to 
each other and to thermal diffusivity (thermo-diffusive instability 
is missing) propagation of a smooth flame ‘upwards’ rather than 
cellular regimes of combustion shown in Figure 2 is observed in 
calculations.

Influence of the chemical nature of the most quickly diffusing 
particle on the features of lean H2–air flames propagation was 
investigated numerically. The diffusivity of OH radicals in calcula

tions was put equal to the diffusivity of H atoms; simultaneously, 
the diffusivity of H atoms was put equal to the diffusivity of OH 
radicals; i.e., OH radicals became the most quickly diffusing par
ticles. However, neither the cellular character of a flame nor its 
velocity considerably changed. It means that, within the limita
tions of calculations performed, the regularities of lean hydrogen 
flames propagation do not depend on the nature of the most quickly 
diffusing intermediate product, and they are determined by the 
diffusivity of the initial insufficient component.2,3

This work was supported by the Russian Foundation for Basic 
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Numerical simulations of the cellular FF propagation. (Figure  2  a) 6% H2 + 
94% air, T0 = 298 K. Time interval between frames 1–11, 12–16 is ~0.04 s, 
between frames 8 and 9, 0.5 s. (b) 8% H2 + 92% air, T0 = 298 K. Time 
interval between frames 1–10, 11–13 is ~0.01 s, between frames 10 and 11, 
0.5 s.
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Numerical simulation of HFigure  3  2 concentration in cellular FF, corre
sponding to frames 12–16 in Figure 2(b). 6% H2 + 94% air, T0 = 298 K.




