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Abstract: The dynamic behavior of hydrogen-air lean premixed flames due to
intrinsic instability was numerically investigated by two-dimensional unsteady
calculations of reactive flows. We used the compressible Navier-Stokes equations
with the detailed hydrogen-oxygen combustion consisting of seventeen elementary
reversible reactions of eight reactive species and a nitrogen diluent. We obtained the
critical wavelength through the dispersion relation, which was closely related with
the dynamic behavior of premixed flames due to intrinsic instability. To investigate
the characteristics of dynamic behavior, the disturbance with the critical wavelength
was superimposed on premixed flames. The superimposed disturbance evolved
owing to intrinsic instability, and then the cellular-flame front formed. With an
increase in the space size, the burning velocity of a cellular flame became
monotonously larger, which was generated by disturbances with long wavelengths.
This indicated that the scale effect affected strongly the increase in the burning
velocity. In addition, we found that the concentrations of hydrogen and hydroxyl
radicals were high (low) in the downstream region of convex (concave) flame fronts
with respect to the unburned gas. This was due to the diffusive-thermal effect.
Moreover, we obtained the fractal dimension of flame fronts to elucidate the dynamic
behavior of premixed flames. We revealed the scale effect on the burning velocity
and the role of intermediate species in cellular flames to clarify the essence of
intrinsic instability.
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1 Introduction

Now we focus on the significance of lean combustion of hydrogen-air premixtures to reduce emissions
of carbon dioxide and nitrogen oxide. It is well known that hydrogen-air lean premixed flames become
unstable owing to intrinsic instability, i.e. hydrodynamic instability and diffusive-thermal instability
[1]. In practical applications of hydrogen-based lean combustion systems, we have to control the
dynamic behavior of hydrogen-air lean premixed flames due to intrinsic instability. Thus, the
clarification of intrinsic instability is critically significant to the practical implementation of lean
combustion systems based on hydrogen.

Hydrodynamic instability caused by thermal expansion is essential to the intrinsic instability of all
premixed flames, and diffusive-thermal instability caused by preferential diffusion of mass versus heat



affects the intrinsic instability of hydrogen-air lean premixed flames [2-6]. Intrinsic instability has a
great influence on the dynamic behavior of premixed flames. Thus, we shall obtain the fundamental
knowledge of intrinsic instability to control effectively hydrogen-air lean premixed flames.

Numerical approach is effective to clarify the essence of intrinsic instability of premixed flames. In
previous numerical researches, the fundamental mechanism of intrinsic instability was elucidated [7-
12]. In addition, the scale effect on the dynamic behavior of premixed flames was estimated through
the numerical results based on the one-step chemical reaction model [13-14] where the role of
intermediate species was disregarded. However, intermediate species play an important role in the
characteristics of hydrogen-air flames [15-16]. Thus, it is necessary to adopt detailed chemical reaction
model in numerical calculations to understand the role of intermediate species in the dynamic behavior
of hydrogen-air flames.

We performed numerical calculations of hydrogen-air lean premixed flames based on the detailed
chemical reaction model. The burning velocity of a cellular flame depending on the space size was
obtained to estimate the scale effect. The role of intermediate species in cellular flames was examined.
In addition, the fractal dimension of flame fronts was obtained to elucidate the dynamic behavior of
premixed flames.

2 Governing Equations

We adopted the reaction mechanism for hydrogen oxidation proposed by Westbrook [17] which is
modeled with seventeen elementary reversible reactions of eight reactive species, Hz, Oz, H, O, OH,
HO,, H,0,, H20, and N as a diluent.

To get the transport coefficients of pure gases, we used the formulae founded on the rigorous kinetic
theory [18]. Thermal conductivity, dynamic viscosity, and diffusion coefficients of each species in
gaseous mixtures were obtained by the mixture rules [19-21].

The body force, radiation, bulk viscosity, Soret effect, Dufour effect, and pressure gradient diffusion
were neglected in numerical calculations. We considered two-dimensional unsteady reactive flows and
took the direction tangential to the flame front as the y-direction, with the gas velocity in the positive x-
direction.

The goverining equations are written in the conservation form as:
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where pis the density, Y is the mass fraction, u and v are x and y components of velocity, p is the pressure,
e is the stored energy, T is the temperature, C is the molecular concentration, D is the effective diffusion
coefficient, w is the mass rate of production, x is the dynamic viscosity, « is the thermal conductivity, h is
the enthalpy, R is the universal gas constant, and the subscript i denotes the i-th species.

3 Numerical Procedures

Hydrogen-air lean premixed flames with the equivalence ratio of 0.5 were treated, and the temperature
and pressure of the unburned gas were assumed to be 298 K and 1.013x10° Pa, respectively. The
calculated burning velocity under the adiabatic conditions was 0.503 m/s.

Initial conditions for disturbed flames were provided with the solutions of stationary planar flames.
On a planar flame, we superimposed a sinusoidal disturbance with the initial amplitude Ao and the
wavelength A. The displacement of the flame front in the x-direction due to the disturbance was given

by
A, sin(2zzy/A) ©

Boundary conditions were as follows: In the x-direction, the free-flow conditions were used
upstream and downstream, and the one-sided difference approximation with second-order accuracy was
appropriated. The inlet-flow velocity was set equal to the burning velocity of a planar flame. In the y-
direction, the spatially periodic conditions were used.

The explicit MacCormack scheme, which has second-order accuracy in both time and space, was
adopted for numerical calculations. A computational domain was 50 mm in the x-direction (Lx) and N
times wavelength in the y-direction (L,), which was resolved by 1851 x (32N + 1) spaced grid. We set
N =1, 2,4, 8and 12, and confirmed that the numerical results were independent of Lx. The minimum
grid size in the x-direction was set to 0.02 mm, and the used grid was fine enough to prevent numerical
errors from contaminating the solutions. The time-step interval was 10 ns.

4  Results and Discussion

Figure 1 shows the dynamic behavior of premixed flames at Ly = 44, 84c and 124, where A is the
critical wavelength corresponding to the linearly most unstable wavelength. The unburned gas flows
in from the left, and the burned gas flows out to the right. Disturbances superimposed on flames evolve,
and then cellular-flame fronts appear. This is due to intrinsic instability, i.e. hydrodynamic instability
and diffusive-thermal instability. The shapes of flame fronts change drastically with time, and we
observe 2, 4 and 6 cells at Ly = 44, 84c and 121, respectively.

A cellular flame has wider surface area, so that the burning velocity of a cellular flame (Sc) is larger
than that of a planar flame (Su). Figure 2 shows the normalized burning velocities of cellular flames,
depending on Ly /A.. The normalized burning velocity increases monotonously as the space size
becomes larger, which is generated by disturbances with long wavelengths. We understand that the
long-wavelength components of disturbances have a great influence on the increase in the burning
velocity. The obtained results indicate that the scale effect affects strongly dynamic behavior of
premixed flames.
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Fig. 1: Dynamic behavior of premixed flames at Ly = 44, 84c and 12 4.
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Fig. 2: Normalized burning velocities of cellular flames.
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Fig. 3: Distributions of hydrogen radical (upper) and hydroxyl radical (lower).
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Fig. 4: Relations between the number of circles N, and the radius of circles r by the box counting
method in fractal analysis.



Figure 3 shows the distributions of hydrogen radical (upper) and hydroxyl radical (lower). We find
high concentrations of hydrogen and hydroxyl radicals in the downstream region of convex flame fronts
with respect to the unburned gas. This is because that the downstream region has high temperature due
to the diffusive-thermal effect. In the downstream region of ‘concave’ flame fronts, on the other hand,
the temperature is low. Therefore, the concentrations of hydrogen and hydroxy| radicals are high (low)
in the downstream region of convex (concave) flame fronts.

To obtain the fractal dimension of flame fronts, we perform the fractal analysis adopting the box
counting method. Figure 4 shows the relations between the number of circles N, and the radius of
circles r for cellular flame fronts at Ly = 124 (t = 4.3, 4.5 and 4.7 ms). From the gradients of lines, we
obtain the fractal dimension, D = 1.24, which is independent of the time.

5 Conclusions

We have investigated numerically the dynamic behavior of hydrogen-air lean premixed flames due to
intrinsic instability, based on the compressible Navier-Stokes equations with the detailed hydrogen-
oxygen combustion consisting of seventeen elementary reversible reactions of eight reactive species
and a nitrogen diluent. The obtained results are as follows:

1. The superimposed disturbance on a premixed flame evolves owing to intrinsic instability, and then
the cellular-flame front forms. The shapes of flame fronts change drastically with time.

2. The burning velocity of a cellular flame increases monotonously as the space size becomes larger.
This indicates that the scale effect affects strongly the increase in the burning velocity.

3. We find that the concentrations of hydrogen and hydroxyl radicals are high (low) in the downstream
region of convex (concave) flame fronts with respect to the unburned gas. This is due to the
diffusive-thermal effect.

4. We obtain the fractal dimension of flame fronts to elucidate the dynamic behavior of premixed
flames, D =~ 1.24. This value is independent of the time.

The scale effect on the dynamic behavior and the role of intermediate species in cellular flames are
revealed to clarify the essence of intrinsic instability. The heat loss appears in practical applications
and affects the dynamic behavior of hydrogen flames. In the near future, therefore, we will perform
numerical calculations of hydrogen-air premixed flames taking account of the heat loss which has a
great influence on intrinsic instability, especially diffusive-thermal instability.
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