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Abstract—A problem formulation is proposed for simulating lean premixed hydrogen—air combustion in a
closed volume with numerically generated turbulence. Two-dimensional simulations of flame propagation
from a small ignition kernel showed that the following sequence of regimes is observed with increasing turbu-
lence intensity and decreasing mixture strength: a corrugated flame with a continuously connected front, a
regime with a local loss of front connectivity, and flame extinction through disintegration of a growing kernel
into fragments. The transition from steady self-sustained combustion to extinction corresponds to changes in
mixture and turbulence parameters leading to a stronger influence of turbulent velocity field on local flame
structure. The proposed approach to numerical simulation of the transition regime characterized by loss of
front connectivity and fragmentation of the flame under the action of turbulent eddies can be used to evaluate

the effect of turbulence intensity on flammability limits.
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INTRODUCTION

The aim of fundamental research on combustion of
gases is to analyze the influence of various factors on
flammability limits and combustion characteristics of
fuel-air mixtures. Knowledge of the physical mecha-
nisms underlying particular combustion regimes is
necessary when developing new and improving exist-
ing technical systems, as well as when justifying safety
measures at facilities whose operation involves the use
or generation of gaseous fuel-air mixtures. Of particu-
lar interest are combustible mixtures containing
hydrogen, which is both a promising fuel [1] and a
hazardous reactant generated and accumulated in
industrial facilities, such as nuclear power plants [2].
When an accident is in progress at a nuclear power
plant, convection currents that occur in the contain-
ment building mix the hydrogen released from the
damaged reactor core with air, water vapor, and other
gaseous components [2]. Accidental ignition of the
resulting combustible mixture by a local energy source
can lead to an explosion and ensuing destruction of
the containment. Recommendations for preventing
and mitigating such explosions are generally based on
the flammability and combustion characteristics of
premixed gases [3—5].

In traditional approaches to experimental study of
premixed combustion [6, 7], critical conditions are
determined for steady self-sustained flame propaga-

tion from a local ignition source in a closed volume. In
particular, the lean flammability limit for quiescent
hydrogen—air mixtures under normal conditions at
normal gravity corresponds to a volume fraction of
hydrogen from 4 [3] to 6% [5]. However, it should be
noted that so-called ultra-lean combustion (with
hydrogen percentage varying from 4—6 to 9—10%)
always occurs in the form of spherical “caps” [8, 9]
driven upwards by buoyancy [10]. It was shown in [11]
that the main mechanism responsible for extinction of
ultra-lean flames is the stretching of the front of an
initially spherical kernel by the flow induced by its
buoyancy-driven rise. Combustion dies out after the
front breaks at its leading point and the hydrogen con-
centration (less than 4—6%) becomes insufficient to
sustain exothermic reaction in the resulting flame
fragments. A similar quenching mechanism can occur
when a flame propagates from a spark kernel in strong
turbulence. Flame stretching by the strongest eddies
gives rise to portions of the front protruding into the
fresh mixture (“flame tongues”) and their breaking
away from the main flame [12, 13]. Quenching of the
separate kernels formed as a result of a loss of front
connectivity can lead to complete cessation of com-
bustion. It has been experimentally established that,
when turbulence is sufficiently strong, self-sustaining
flame propagation is impossible even far from the
flammability limits determined for quiescent mixtures
[14]. The influence of this scenario of turbulent flame
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extinction on burning velocity and flammability limits
[15] has been poorly studied and is of interest for anal-
ysis of combustion regimes in practical systems [16],
including prospective engines [17] and explosion sup-
pression systems [18].

In this paper, we propose a numerical simulation
approach to study lean premixed hydrogen—air com-
bustion in a closed volume with numerically generated
turbulence. As a result of solving the formulated prob-
lem, possible combustion regimes are visualized for
mixtures with hydrogen concentration in air ranging
from 5 to 10%.

FORMULATION OF THE PROBLEM

The main difficulty of direct numerical simulation
of premixed combustion in real systems is the need to
resolve local flame structure characterized by a length
scale on the order of flame thickness, 1 mm for lean
hydrogen—air mixtures under standard conditions. In
addition, detailed kinetic mechanisms must be used to
more accurately reproduce quantitative characteristics
of combustion. Both factors impose severe restrictions
on the choice of simulation parameters, which narrow
the scope of direct numerical simulation due to lim-
ited computational resources. In particular, 3D simu-
lation of premixed hydrogen—air combustion can be
performed only in a small computational domain, and
a comprehensive study of flame structure and evolu-
tion is feasible only in a 2D setup. A direct comparison
of DNS results with experimentally observed lean pre-
mixed hydrogen—air flame dynamics [19] has shown
that both flame structure and front geometry obtained
in 2D simulations closely correspond to 3D experi-
mental data. The 2D simulations presented in [10, 11]
are in satisfactory agreement with experimental data
on flammability limits at normal gravity [9] and
microgravity [3—5]. Based on the flame extinction
mechanism described in [11], it can be assumed that
interaction of a flame front with a two-dimensional
flow can accurately reproduce quantitative character-
istics of a real flame (at least for lean hydrogen—air
mixtures). In numerical simulations of turbulent com-
bustion, it is advisable to use synthetic homogeneous
isotropic turbulence generated as a stationary process.
Although the characteristics of stationary turbulence
differ between 2D and 3D geometries [20], taking into
account the remarks made above, we restrict ourselves
to considering two-dimensional turbulence. A similar
approach was proposed in [21], where the solution of
a two-dimensional problem quantitatively reproduced
some experimentally observed characteristics of tur-
bulent combustion of hydrogen—air mixtures.

The computational domain is a 80-by-80-mm
square with adiabatic slip walls. At the first stage, iso-
tropic turbulence is generated in a combustible mix-
ture of given composition. Next, the turbulent mixture
isignited by a point source in the center of the domain.
This geometry is close to the conditions of experi-
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ments [22], where combustion was studied under con-
ditions of stationary homogeneous isotropic turbu-
lence generated in the central region of a constant-vol-
ume chamber by fans located at the periphery of the
chamber.

The motion of a premixed gas is described by the
Navier—Stokes equations written in the weakly com-
pressible approximation [10], which is valid for react-
ing flows whose velocities are low compared to the
speed of sound. To simulate well-developed homoge-
neous isotropic turbulence, we use the following
model proposed earlier in [23]. In each computational
cell, we consider a stochastic velocity perturbation
defined as a time-dependent Wiener process with unit
variance and zero mathematical expectation, which
ensures the correct diffusion law for disturbances in
the velocity field. In this formulation, the flow velocity
components in each grid cell have the form

U=u,;+ u, (D)

u, = kyt’?, 2)

where u, is the deterministic component obtained by
solving the equations of gas dynamics and u, is the sto-
chastic component, with a factor k setting the turbu-
lence level, yis a standardized Gaussian random vari-
able (with unit variance and zero mean), and T is the
time step.

Random perturbation of the velocity field in an ini-
tially quiescent gas gives rise to a flow obeying the
Navier—Stokes equations and simultaneously experi-
encing perturbations at each grid point and at each
time step. The developing process quickly reaches a
steady state in terms of disturbance energy (fluctua-
tion amplitude) for all values of k£, domain size, and
grid cell size used in the simulations. A characteristic
fluctuating velocity trace illustrating a stationary pro-
cess at k= 100 is shown in Fig. 1a. Figure 1b shows the
corresponding two-dimensional flow field. In this for-
mulation of the problem, disturbances dissipate on
scales smaller than the computational cell.

The description of gas dynamics of combustion
adopted in this study is standard [24] and includes
thermal conductivity, viscosity, multicomponent dif-
fusion, the equation of state of a multicomponent
reacting gas, and kinetics of hydrogen oxidation calcu-
lated by using the mechanism described in [25]. It
should be noted here that, in contrast to problems
where the use of a one-step reaction of hydrogen oxi-
dation is justified (as in studies of detonation propaga-
tion and diffraction [18, 26]), when solving unsteady
combustion problems, and even more so when study-
ing near-limit combustion, the use of detailed kinetic
mechanisms is essential. The computations were car-
ried out using the algorithm proposed in [27] for solv-
ing gas-dynamics problems in the weakly compressible
approximation. To resolve flame structure, the cell
size was set to 0.1 mm (the flame thickness for the rel-
atively richest mixture, which contained 10% hydro-
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Fig. 1. Average amplitude of velocity fluctuations at k = 100, ' = 2.25 m/s (a); (b) typical fluctuating velocity field in a closed

volume. Streamlines are shown for k = 100, «' = 2.25 m/s.
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Fig. 2. Combustion regime diagram (a): I, wrinkled flame; 11, corrugated flame; 111, broken reaction zones (loss of front connec-
tivity); IV, unsteady combustion and flame extinction by turbulent eddies; (b) typical flame structure in a 10% mixture at ' = 2.0 m/s
(regime 11, Da = 16, Ka = 1.25); the temperature field is shown.

gen, was estimated to be 1 mm and was resolved with
ten cells).

RESULTS AND ITS DISCUSSION

To analyze turbulent combustion regimes, we
invoke two dimensionless parameters: the Damkohler
number Da and the Karlovitz number Ka. The Dam-
kohler number is defined as

o, u'

3)
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where Lristhe integral length scale of a turbulent flow,
9, is the laminar flame thickness, s; is the laminar burn-
ing velocity, and «' is the velocity fluctuation amplitude.

The Karlovitz number is defined as
_ 0
2 b
n

where 1 = L;Re~%*is the Kolmogorov scale, Re is the
turbulent Reynolds number calculated from the inte-
gral scale Lyand the velocity fluctuation amplitude u'.

Ka 4)

Figure 2a shows a diagram illustrating modern
concepts of turbulent combustion regimes associated
Vol. 14
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Fig. 3. Time variation of flame structure at hydrogen concentrations of 8% (regime 111, Da = 2.3, Ka = 13.1) and 7% (regime IV,
Da = 0.88, Ka=42.4) in a velocity disturbance field with an amplitude of 2 m/s; temperature fields are shown at indicated times.

with dominant local structure of the flame brush. Line
Ka = Ka, represents a tentative boundary between
regimes I and II, corresponding to a weakly perturbed
and strongly curved front (in standard terminology,
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wrinkled flame and corrugated flame), respectively. The
curvature and stretching of the front in these regimes
are not sufficiently high to disrupt local flame struc-
ture on scales on the order of flame thickness, and it
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remains similar to the structure of a laminar flame.
For Ka > Ka, (regime III), strong stretching disrupts
quasi-laminar flame structure and the flame is locally
extinguished, leading to a loss of front connectivity
[13]. When Da > 1, laminar-like local flame structure
is destroyed by turbulent eddies. The question of what
flame structure should be considered dominant in
regime IV remains subject to debate, as does the pos-
sibility of self-sustained flame propagation.

Following these concepts, let us consider the
regimes of combustion of a lean hydrogen—air mixture
in a closed volume. Let us start with a mixture con-
taining 10% hydrogen. In this case, in the initially qui-
escent gas, the flame propagates isotropically from the
ignition source and over time engulfs the entire com-
putational domain. The laminar burning velocity is
~0.2 m/s and the flame thickness is about 1 mm. For
an integral scale of 80 mm (computational domain
size) and a small amplitude of velocity fluctuations
(0.2 m/s), combustion occurs in wrinkled flame
regime (Ka =3 x 10~3, regime | in the diagram (Fig. 2a).
At a higher amplitude of velocity fluctuations, a highly
curved flame front is obtained (corrugated flame,
regime II in Fig. 2a). For a 10% hydrogen—air mix-
ture, this is observed at a velocity fluctuation ampli-
tude of 1 m/s. In this case, Ka = 1.25, and no loss of
front connectivity was found in the simulations.

With decreasing hydrogen content in the mixture,
transition to broken reaction zones (loss of front con-
nectivity) is observed (regime III in Fig. 2a). Thus, in
an 8% hydrogen—air mixture at a velocity fluctuation
amplitude of ~2 m/s, flame stretching by turbulent
eddies leads to the breaking away of insular kernels
from the flame (Fig. 3, regime III). In this case, Da =
2.3. In the graph of average burning velocity (curve 111
in Fig. 4) at the time instant of ~50 ms, the value of the
burning velocity undergoes a jump. This phenomenon
can be attributed to a loss of front connectivity, when
the appearance of several simultaneously growing ker-
nels leads to a sharp increase in the total area of the
flame front.

In an even leaner mixture (7% hydrogen in air),
velocity fluctuations with an amplitude of 2 m/s,
much higher than the local flame velocity, create con-
ditions that prevent steady self-sustained combustion.
As an illustration, Fig. 3 (regime 1V) illustrates the
typical behavior of a dying flame. In this regime, the
tendency for the initial flame to disintegrate into parts
increases. Unlike in regime III, the resulting individ-
ual kernels are in a near-critical state. In a typical situ-
ation, such a kernel either gradually fades out or con-
tinues to grow slowly for some time before being extin-
guished. Scatter in the lifetimes and burning rates of
these kernels explains the observed fluctuations in
total burning rate (curve IV in Fig. 4) until the final
extinction after 38 ms. Similar behavior of near-limit
turbulent flames was revealed in experiments reported
in [15], where it manifested itself as a stepwise increase
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Fig. 4. Burning velocity for various mixtures in a fluctuat-
ing flow fields of given amplitude. Regime 11, 10%, 2 m/s;
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in pressure in a combustion chamber with fan-stirred
turbulence.

CONCLUSIONS

—A formulation of the problem of numerical sim-
ulation of turbulent combustion in lean hydrogen—air
mixtures is proposed.

—An analysis of the results obtained shows that the
key mechanism that determines combustion regimes
and limits in highly turbulent mixtures is that of local
flame stretching.

—Loss of connectivity of flame front plays an
important role in the transition from steady combus-
tion to extinction due to an increase in the intensity of
turbulence and a decrease in the concentration of
hydrogen.

—The predicted dependence of behavior of the
simulated flames on mixture composition and turbu-
lence intensity is consistent with the diagram of
regimes classified in accordance with the dominant
local flame structure.

—The proposed formulation of the problem can be
used to numerically estimate the concentration limits
of turbulent combustion and to provide computational
and theoretical support for experimental studies.
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