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1 Introduction

The present work is motivated by the experimental observations on the structure of lean premixed
hydrogen-air flames propagating in a Hele-Shaw chamber [1–3]. For large enough distance, h, between
the plates of the Hele-Shaw chamber, these experiments show angular sawtooth-shaped flame structures
at the large scales and small flame cells at the small scales. However, as the distance h is reduced and
becomes close the planar flame thickness, δf , the experiments report the existence of isolated flame
cells that can propagate steadily in the form of a one-headed or two-headed type and can develop into a
fractal-like pattern [2, 3]. This latter phenomenon, observed for very lean hydrogen-air mixtures, is an
anomaly to the traditional quenching limit given by a Peclet number, Pe = h/δf , of order 40 [4]. Such
combustion regime is of particular relevance for safety issues in the storage and use of hydrogen.

Propagation of lean hydrogen-air flames have been studied in a two-dimensional (2D) domain employing
detailed chemistry and transport [5, 6]. These works report the angular sawtooth shapes and the cellular
structures in agreement with [1] for large h. In cases of small h, 2D simulations can not capture the
effects of confinement (losses of momentum and heat) inherent to the Hele-Shaw chamber when the
plates are very close. In this work, we propose to analyze these confinement effects by making use of
numerical simulations within the quasi-2D approximation [7–9] and employing the one-step reduced
kinetics [10] to describe the chemistry of the hydrogen-air combustion. The momentum loss effects are
analyzed by comparing the overall propagation and structure of the flame obtained from 2D and quasi-
2D simulation results. The modification of the flame propagation and structure in the presence of heat
loss is given for different amounts of heat losses representative of very small gap distances.

2 Governing Equations

In the limit of very small distance between the plates of the Hele-Shaw burner (h/δf → 0), the 3D
reactive Navier-Stokes equations written in the low-Mach number approximation can be reduced to the
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following 2D set of equations
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where v, ρ, p, T stand for the velocity, density, pressure and temperature, respectively; Yk, hk, ω̇k

and Wk denote the mass fraction, enthalpy, reaction rate, and molecular weight of the species k; µ is
the dynamic viscosity; Lek the Lewis number of species k; λ and cp the thermal conductivity and the
heat capacity of the gas mixture; Tw the temperature of the outer walls of the plates and is fixed to the
ambient temperature, Tw = 298 K. The mixture follows the equation of state of ideal gas with constant
thermodinamic pressure, P .

Within this formulation, referred to as the quasi-2D approximation, the flow properties are averaged
accross the gap distance h and the momentum equation is reduced to the linear relation (2) for the
velocity field, similar to Darcy’s law. The heat-loss parameter, b = 2λw/hhw (with λw and hw the
thermal conductivity and the thickness of the solid wall material, respectively), in Eq. 4 accounts for
the conductive losses averaged between the plates. For further details on the derivation of the quasi-2D
formulation the reader is referred to [7, 8].

The chemistry is described by the one-step reduced kinetics for lean hydrogen-air deflagrations devel-
oped in [10]. This chemistry employes only N = 3 species (H2, O2, and H2O) instead of the 8 species
(H2, O2, H2O, H, O, OH, HO2, and H2O2) involved in the detailed chemistry. Compared to the fully
detailed chemistry, the one-step kinetics has the advantage to include the main steps of chemical reac-
tions and tackle the relevant physics of lean hydrogen combustion at a low cost. In all the simulations
presented here the equivalence ratio is φ = 0.4, the fresh mixture temperature is set to Tu = 298 K
and the constant mixture thermodynamic pressure takes the value P = 1 atm. The species diffusiv-
ities are imposed by setting spatially homogeneous Lewis numbers, with LeH2

= 0.3, LeO2
= 1.11,

and LeH2O
= 0.83. The thermal conductivity of the gas mixture is computed with the approximation

λ/cp = 2.58 × 10−4(T/Tu)0.7 g/(cm·s), with cp evaluated by NASA polynomials. The Soret effects
are not included. For the considered equivalence ratio, fresh mixture temperature, diffusion coefficients,
and transport model, the planar flame velocity and the flame thickness computed with the one-step ki-
netics take the values SL = 32.8 cm/s and δf = 0.06 cm (with δf defined on the maximum temperature
gradient).

In addition to the quasi-2D problem given by Eqs. (1)-(4), numerical simulations are also performed
with the full set of the Navier-Stokes, temperature and species equations written in the 2D frame (mak-
ing use of the same one-step kinetics and flame parameters than those described above). These additional
simulations solve the momentum equation instead of (2). These (unconfined) 2D simulations allow to
identify momentum-loss effects by direct comparisons with the results obtained from the quasi-2D sim-
ulations. Moreover, they provide possible comparisons with the 2D results given in [6] where detailed
chemistry was used (see Sec. 3.1).
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2 Numerical Treatment

The numerical simulation code used for the integration of the governing equations is the Open source
Field Operation And Manipulation (Open-FOAM) toolbox [11]. The equations are discretized on a
collocated grid arrangement making use of the finite volume method. The PIMPLE algorithm is applied
for the pressure-velocity coupling to ensure mass conservation. Temporal discretization is performed
through a first-order Euler scheme while a second-order scheme is used for spatial discretization.

The computational domain is large enough to contain the main flame scales, with the dimensionsLx×Ly

in the longitudinal and transversal directions, respectively. In the 2D and quasi-2D adiabatic simulations
(see Sec. 3.1) Lx = Ly = 200δf . A uniform cartesian grid is used with the grid resolution ∆x = ∆y =
0.1δf . When heat loss is accounted for in the quasi-2D simulations (see Sec. 3.2), the transversal domain
size is reduced to Ly = 50δf and the mesh resolution is refined such that ∆x = ∆y = 0.05δf . The time
step is small enough to maintain numerical stability and takes the value ∆t = 10−3δf/SL.

Boundary conditions are p = 0 atm and ∂T/∂x = ∂Yk/∂x = 0 at x = 0 and vx = ∂T/∂x =
∂Yk/∂x = 0 at x = 200δf , so the flame front propagates towards increasing x. Periodic boundary
conditions are used in the transversal direction y.

In the adiabatic simulations, the computations are initiated with the planar unstretched premixed flame
solution to which a sinusoidal pertubation with small amplitude is added. Then, the time evolution of the
front flame is followed up to reach a well-established state. The total time of the simulations is around
t = 170δf/SL. To initiate the quasi-2D simulations with heat loss, a long-term solution of the flow field
from the adiabatic quasi-2D case has been used.

3 Results

3.1 Momentum-Loss Effects

The effect of momentum loss is shown in Fig. 1 (left) by comparing the time evolution of the con-
sumption speed, Sc = (ρuYH2,u

Ly)−1
∫ Lx

0

∫ Ly

0 ω̇H2
dx dy (with ω̇H2

the hydrogen consumption rate), as
obtained for the 2D and the quasi-2D formulation. For the quasi-2D formulation, b = 0 cal/(cm3·s·K) is
set in the temperature equation (4) to represent adiabatic walls. Figure 1 (left) exhibits well-established
time evolutions for both cases and shows higher values of Sc in the presence of momentum loss com-
pared to the 2D case, for which this effect is absent. Instantaneous 2D and quasi-2D flame fronts are
illustrated in Fig. 2. Under momentum loss the corrugated flame front tends to form more elongated
cells in a finger-like structure, thus increasing the total flame surface area and the consumption speed.
Also, the maximum temperature located around the head of the cells is higher in the quasi-2D case
(1760 K) than for the 2D case (1610 K). The increase of temperature leads to larger ω̇H2

and thus larger
consumption speed as well. Note that, because flame curvature promotes differential diffusion, both
temperatures are above the adiabatic one (1438 K).

It is worth to mention that the flame structure drawn in Fig. 2 (left) is in satisfactory agreement with that
reported in [6], where authors present 2D simulations of lean hydrogen-air flames with identical flame
parameters as considered here but employing detailed chemistry. In particular, for the computational
domain size marked in Fig. 2 with rectangular white boxes, the present 2D case shows characteristic
sizes of the large and the small flame scales comparable to those given for the same domain in [6].
Moreover, we find a normalized time-averaged consumption speed Sc/SL ∼ 4.4, while [6] reports a
value of 4. By including the Soret effects this difference should be reduced.
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Figure 1: Time evolution of the consumption speed Sc. Left: 2D and quasi-2D (b = 0) simulations.
Right: quasi-2D simulations for different values of b.
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Figure 2: Visualization of the temperature field at time t = 0.3 s (∼ 165δf/SL). Left: 2D simulation.
Right: quasi-2D simulation. The dimensions of computational domain are rescaled with the flame
thickness δf . The white box (60δf × 40δf ) is drawn to highlight the characteristic flame scales as done
in [6].
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3.2 Heat-Loss Effects

In the following, the heat-loss effect is analyzed in the quasi-2D formulation. Not shown here, in the
presence of heat loss the flame front tends to flatten and the large scales present in the computational
domain of Fig. 2 (right) desappear while the small-scale flame cells remain. For this reason, the width
of the domain size can be reduced in this section to Ly = 50δf (large enough to contain the main flame
scales). The grid resolution has been refined to ∆x = ∆y = 0.05δf to correctly tackle the appearence
of isolated flame cells as the heat loss increases.

Figure 1 (right) shows that, as expected, increasing b reduces the consumption speed Sc. For b ≥ 0.14
cal/(cm3·s·K) flame extinction occurs. In Fig. 3 the water mass fraction, YH2O

, has been selected as a
marker for tracking the front evolution. For b ≥ 0.7 cal/(cm3·s·K) isolated two-headed flame cells are
observed to propagate throughout the chamber. As shown in Fig. 1 (right), the propagation speed of these
fingers reaches a steady state, at least for the observed times. The steady character of this two-headed
cell has been recently reported in [9], using a simple Arrhenius chemistry model. The characteristic size
of the cells (indicated by white arrows in Fig. 3) disminishes as b increases, varying between 6.7δf and
4.2δf . This size is close to the value of 6δf reported by [6] for the adiabatic and unconfined 2D case.
Also observed, is the larger separation between the two heads of the flame cell with the increase of b.
The pattern obtained here for b = 0.12 and 0.136 cal/(cm3·s·K) is very similar to that observed in the
experiments [2, 3], as well as the cell size (around 2 or 3 mm). It is worth noting that the displacement
velocity, Sd, of the isolated flame patterns (much appropriate to consider than Sc in these cases) can be
greater than the laminar flame SL. As for example, in the case b = 0.136 cal/(cm3 s K) the two-headed
cell propagates at Sd ∼ 2SL. The characteristics of the flame patterns corroborate quite well with
the experiments, however the lateral motion found in the present simulations was not observed in [2].
Similar lateral motions were also reported in previous numerical studies in unconfined 2D geometries,
as for example in [6]. This requires further examination to be explained.

Figure 3: Visualization of the water mass fraction, YH2O
, field given for different values of the heat-loss

parameter b. The dimensions of computational domain are rescaled with the flame thickness δf . White
arrows indicate flame finger size in non-dimensional units.
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4 Conclusions

The present study reports numerical simulations of lean premixed hydrogen-air flame propagating in a
Hele-Shaw chamber. The effects of momentum and heat, inherent to this confined geometry, are ana-
lyzed by employing a quasi-2D formulation based on Darcy’s law. This formulation allows us to reduce
the original 3D dimensionality of the problem to 2D with the flow properties averaged between the plates
of the chamber. Hydrogen chemistry is described by a one-step reduced mechanism. This mechanism
(in agreement with a more detailed chemistry) reproduces the main flame characteristics observed in
the experiments. The momentum-loss effects are examined in the adiabatic case by comparing results
obtained from a unconfined 2D formulation and from the quasi-2D formulation. The momentum loss
is shown to further corrugate the flame front (compared with the unconfined 2D case) leading to more
finger-like shapes, increasing, in turn, the consumption speed. In presence of heat loss, finger patterns
develop and isolated flame cells form. Their characteristic size decreases with the increase of heat loss,
and it is found to be four to six times the laminar flame thickness with a displacement velocity higher
than the laminar flame velocity.
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