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ABSTRACT

Three-dimensional direct numerical simulations (DNS) of
methane-air turbulent premixed flames with a realistic re-
duced kinetic mechanism have been conducted to investigate
effects of turbulence characteristics on the local flame struc-
ture. The reduced kinetic mechanism (MeCH-19), which is
constructed based on GRI Mech. 2.11, is verified by compar-
ing with two detailed kinetic mechanisms; GRI Mech. 2.11
and Miller & Bowman through the two-dimensional DNS. Im-
portant properties such as temperature, heat release rate and
turbulent burning velocity obtained from detailed and reduced
kinetic mechanisms are compared and they show good agree-
ments with each other. Since the availability of MeCH-19
is verified by two-dimensional DNS, three-dimensional DNS
is conducted using MeCH-19. Numerical conditions of the
DNS can be classified into thin reaction zones. Different from
our previous DNSs of hydrogen-air turbulent premixed flames,
the distributions of temperature and heat release rate do not
coincide and quite low heat release rate regions correspond-
ing to the local extinction are observed. In the vicinities of
these regions, flame elements are strongly stretching into two
tangential directions. The local extinction mechanism was
clarified by introducing lifetime of reactive species relative to
eddy turnover time of strong coherent fine scale eddies in tur-
bulence.

INTRODUCTION

The characteristics of the turbulent premixed flames have
been classified by the ratio of the laminar burning velocity
(SL) to turbulence intensity (u..,,s) and the ratio of the lami-
nar flame thickness (6) to turbulence length scale (1) (Borghi,
1985; Peters, 1986; 1999). Peters (1999) has proposed the
combustion diagram based on the relation between u!.,,./SL
and !/ép, and has classified the flame structure into four
regimes; wrinkled flamelets, corrugated flamelets, thin reac-
tion zones and broken reaction zones. In the wrinkled and
the corrugated flamelets regime, flame structure is considered
to be approximated by the laminar flame with small curva-
ture under strain field, whereas characteristics of the flame
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elements in the thin reaction zones and the broken reaction
zones are supposed to be quite different from that of laminar
flame. However, actual flame structures in each regime have
not been clarified yet.

Due to the recent remarkable development of the computer
technology, direct numerical simulations (DNS) of turbulent
combustion with detailed kinetic mechanisms and tempera-
ture dependence of transport and thermal properties become
possible (Baum et al., 1994a; Poinsot et al., 1996; Tanahashi
et al., 1998; Hilbert et al., 2003). DNS of turbulent combus-
tion with detailed kinetic mechanism have been extended to
three-dimensional flow field for hydrogen fuel (Tanahashi et
al., 2000; 2002; Nada et al., 2004a). From three-dimensional
DNS of hydrogen-air turbulent premixed flames with a de-
tailed kinetic mechanism, Tanahashi et al. (2000) have shown
that coherent fine scale eddies of which mean diameter is about
8 times Kolmogorov length and maximum azimuthal velocity
is about 1.2 times Kolmogorov velocity (Tanahashi et al., 1999;
2001; 2004) are very important for the determination of the
local flame structure in turbulence. Three-dimensional flame
structures are caused by strong fine scale eddies in turbulence
and the handgrip and spire structures (Nada et al., 2004a) are
observed even in the corrugated flamelets regime, and enhance
flame wrinkling and local heat release rate.

It is well known that responses of flame structure to flow
field such as strain rate are different for fuels. To investigate
turbulent flame structure in details, three-dimensional DNS
of hydrocarbon fuels are required. For hydrocarbons, several
tens species and several hundreds elementary reactions have to
be taken into account in DNS. DNS of turbulent combustion
have been extended to hydrocarbon fuels such as methane and
propane from simple hydrogen fuel (Echekki and Chen, 1996;
Chen et al., 1998; Saito et al., 2002). However, almost all pre-
vious studies were restricted to two-dimensional calculations
due to the limitation of computer resources. To realize three-
dimensional DNS, high accurate reduced kinetic mechanisms,
which are available for turbulent combustion, should be de-
veloped. In this study, three-dimensional DNS of methane-air
turbulent premixed flames are conducted with a reduced ki-
netic mechanism to investigate fuel effects on the local flame
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Figure 1: Geometry of the flow field.

Table 1: Numerical parameters for two-dimensional DNSs of
methane-air turbulent premixed flames.

Rey, Re; u'/Sp /6L

GRI Mech. 2.11 116 350 18.5 2.51
M&B 116 350 16.2 2.56
MeCH-19 116 350 18.4 2.52

structures and local extinction mechanism of premixed flames
in high intensity turbulence. First, two-dimensional DNS with
two different detailed kinetic mechanisms and a reduced Kki-
netic mechanism were conducted to validate performance of a
reduced kinetic mechanism for DNS of turbulent combustion.
The validated reduced kinetic mechanism is applied for three-
dimensional DNS and the results are analysed to investigate
effect of fuel on the local flame structures and local extinction
mechanism of turbulent premixed flames.

VALIDATION OF REDUCED KINETIC MECHANISM

Details of the governing equations can be found in Miyauchi
et al. (1996). For detailed kinetic mechanisms, GRI Mech. 2.11
(49 reactive species and 279 elementary reactions) (Bowman
et al.) and Miller & Bowman (51 reactive species and 235
elementary reactions) (Miller and Bowman, 1989) are used
and, for a reduced kinetic mechanism, MeCH-19 (23 reac-
tive species and 19 step reactions) (Homma, 2001) is used.
The reactive species included in MeCH-19 are H2, H, O, O2,
OH, H20, HO3, C, CH3, CH4, CO, CO2, CH20, CaHa,
CQH4, C2H6, NH3, NO, NOQ, HCN7 HCNO, HNCO and
N2. The temperature dependence of the viscosity, the thermal
conductivity and the diffusion coefficients are taken into ac-
count by linking CHEMKIN packages (Kee et al., 1986; 1989)
with modifications for vector/parallel computations. Figure
1 shows a schematic of the flow field in the two-dimensional
DNSs. The governing equations are discretized by 4th-order
central difference scheme in the z direction and by a Fourier
spectral method in the y direction. The boundary conditions
in the z direction are NSCBC (Poinsot and Lele, 1992; Baum
et al., 1994b) and those in the y direction are periodic. Time
integration is implemented by the third-order Runge-Kutta
scheme.

Numerical parameters of DNSs are listed in Table 1. The
initial turbulent velocity fields are same in all cases. A
methane-air mixture in the unburned side is set to ¢ = 1.0
at 0.1MPa and 700K. The inflow boundary condition for the
velocity field is given as u;, = Sr + v/(y,t). The turbulence
u/(y,t) was obtained by the preliminary DNS of homogeneous
isotropic turbulence by a spectral method and Reynolds num-
ber based on Taylor micro scale Rey is 116.4. §; denotes
laminar flame thickness based on temperature gradient and
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Figure 2: Distributions of temperature, vorticity and heat
release rate obtained from two-dimensional DNS with GRI
Mech. 2.11 (a) and MeCH-19 (b).
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Figure 3: Temporal developments of turbulent burning veloci-
ties obtained from two-dimensional DNS with different kinetic
mechanism.

is defined by 67, = (Tp — Tw)/(0T/0%) maz, where T, and T}
denote temperature in the unburned and burned side, respec-
tively.

Figure 2 shows distributions of temperature, vorticity and
heat release rate obtained from GRI Mech. 2.11 and MeCH-
19. The distributions of important properties obtained from
MeCH-19 coincide very well with those obtained by GRI Mech.
2.11 except for the minor species which are calculated by the
assumption of the steady state. Figure 3 shows temporal de-
velopment of the turbulent burning velocity for three kinetic
mechanisms. The burning velocity obtained by Miller & Bow-
man is a little bit high compared with GRI Mech. 2.11 and
MeCH-19. This difference is caused by reaction rates related
to CHy and inherent characteristics of the kinetic mecha-
nism. These results suggest that MeCH-19 is available for
DNS of turbulent premixed flames. The use of MeCH-19 re-
duces computational time and memory to about 1/8 and 1/2,
respectively.

THREE DIMENSIONAL DNS OF METHANE-AIR TURBU-
LENT PREMIXED FLAME

Since the availability of MeCH-19 is verified by the two-
dimensional DNS, three-dimensional DNS of methane-air tur-
bulent premixed flame is conducted with MeCH-19. Numeri-
cal methods are same as the two-dimensional DNSs. Boundary



Table 2: Numerical parameters for three-dimensional DNS of
methane-air turbulent premixed flames.
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Figure 4: The location the three-dimensional DNS on the tur-
bulent combustion diagram.

condition and spatial discretization in the z direction are
periodic and Fourier spectral method, respectively. Inflow
boundary condition for chemical species is set to be methane-
air mixture with ¢ = 1.0 at 0.1MPa and 950K. Computa-
tional domain is selected to be 5.5mmx5.5mmXx5.5mm and
513 x 192 x 192 grid points are used.

Table 2 shows the numerical parameters for the three-
dimensional DNS of methane-air turbulent premixed flame.
Fully-developed homogeneous isotropic turbulence of which
Reynolds number based on Taylor micro scale is about 37.4
is used for initial and inflow boundary condition for the ve-
locity field. Figure 4 shows the location of the present DNS
and previous DNSs of hydrogen-air cases (Tanahashi et al.,
2000; 2002; Nada et al., 2004a) on the turbulent combustion
diagram of Peters (1999). The present DNS is classified into
the thin reaction zones. D/§r, in Table 2 denotes the ratio
of the most expected diameter D(= 8n) of the coherent fine
scale eddies to the laminar flame thickness d7,. In our previ-
ous study (Tanahashi et al., 2000), it has been shown that the
coherent fine scale eddies in turbulence play important roles
in the local flame structure of the turbulent premixed flames.

FLAME STRUCTURE OF METHANE-AIR TURBULENT
PREMIXED FLAME

Figure 5 shows contour surfaces of temperature (1400K)
and heat release rate (AH/AH, = 1.0) with distributions of
axes of coherent fine scale eddies. Here A H, denotes the max-
imum heat release rate of the laminar flame. Similar to the
cases of hydrogen-air premixed flames, the coherent fine scale
eddies existing in the vicinity of the flame fronts decay due to
the increase of viscosity and the effect of expansion caused by
temperature rise. Flame fronts are distorted by the fine scale
eddies in the unburned side. However, differences between
hydrogen-air and methane-air turbulent premixed flames can
be observed in distribution of the heat release rate. In Fig.
5(b), there is a large region of low heat release rate (see circle
in Fig. 5(b)). This has never been observed in hydrogen-air
turbulent premixed flames even for the same turbulence in-
tensity. Figure 6 shows distributions of temperature and heat
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Figure 5: Contour surfaces of temperature (a) and heat release
rate (b) with distributions of axes of coherent fine scale eddies.

Figure 6: Distributions of temperature (a) and heat release
rate (b) on a typical cross-section.
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Figure 7: Provability density functions of local heat re-

lease rate of hydrogen-air and methane-air turbulent premixed
flames.

release rate on the typical cross-section including the low heat
release area. The low heat release rate area (see circle in Fig.
6(b)) shows about 0.3AH, although temperature is relatively
uniform and still high. There is a possibility that this region
represents the local extinction in turbulent premixed flames.

STATISTICAL CHARACTERISTICS OF LOCAL FLAME
STRUCTURE

To clarify effects of turbulence characteristics on local flame
structure quantitatively, the statistical characteristics of flame
elements are investigated. The flame fronts are defined as
points with the local maximum temperature gradient. Proba-
bility density functions of local heat release rate in methane-air
and hydrogen-air turbulent premixed flames are shown in Fig.
7. The local heat release rate is the maximum heat release
rate in a flame element and normalized by AH,. The variance
of local heat release rate in methane-air turbulent premixed
flame is much larger than those in hydrogen-air turbulent pre-
mixed flames, and there are lots of flame elements that show
high heat release rate of 2.0AHy, and low heat release rate of
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Figure 8: Joint probability density functions of principal cur-

vatures of flame front for Hz-air flame in previous work (a)
and for CHy-air flame (b).
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Figure 9: Mean heat release rates conditioned by principal
curvatures for Ha-air flame in previous work (a) and for CHy-
air flame (b).

0.5AHy, along the flame front. For hydrogen-air turbulent pre-
mixed flames, probability density functions show their peaks
at about 1.0AHy,. For methane-air turbulent premixed flame,
however, probability density function shows a weak peak at
0.7AHp,. This value is lower than the maximum heat release
rate of the laminar case.

In the previous study (Nada et al., 2004b), it is clari-
fied that local heat release rates show strong correlation with
three-dimensional geometrical shapes of the flame element in
hydrogen-air turbulent premixed flames with ¢ = 1.0. In this
study, the correlation between local heat release rates and
geometrical shapes of flame front is also examined by using
principal curvatures (k1 and ks). Principal curvatures are de-
fined as k = k1 + k2 = 1/r1 + 1/r2(k1 < k2), where k, r1
and 72 denote mean curvature and two radii of curvature of
the flame surface, respectively. Figure 8 shows the joint prob-
ability density functions of principal curvatures of flame front
for Ho-air flame and CHy-air flame. The flame elements con-
vex toward the burned side are defined to have positive value
and the principal curvatures are normalized by Kolmogorov
length (n). The probability difference between neighboring
contour lines is 2.0 times. From the two principal curvatures,
flame shape can be classified into spherical surface convex to-
ward the burned side (S-B), cylindrical surface convex toward
the burned side (C-B), hyperboloidal surface (HB), cylindrical
surface convex toward the unburned side (C-U) and spherical
surface convex toward the unburned side (S-U). In Fig. 8(a),
typical shapes of flame elements in each regimes are shown
schematically, where the arrows denote the burned side. Al-
though flame elements in both cases are distributed in every
regimes, the maximum value of |k2n| is smaller than that of
|kim| in the case of methane-air turbulent premixed flame.
The curvatures of flame elements convex toward the burned
side tend to be smaller than those of flame elements convex
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Figure 10: Joint probability density functions of tangential
strain rates at flame front for Hp-air flame in previous work
(a) and for CHyg-air flame (b).
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Figure 11: Mean heat release rates conditioned by tangential
strain rate at the flame front for Ha-air flame in previous work
(a) and for CHy-air flame (b).

toward the unburned side. Figure 9 shows mean local heat re-
lease rates conditioned by ki and ko. Heat release rates tend
to decrease when the regime changes from S-B to S-U, while
the correlation between heat release rate and curvatures for
methane-air turbulent premixed flame is not clear compared
with hydrogen-air case.

Similar to the of curvature, it is necessary to divide tangen-
tial strain rates into two components. The tangential strain
rate can be split into the minimum tangential strain rate
(at1) and the maximum tangential strain rate (at2). Fig-
ure 10 shows joint probability density functions of tangen-
tial strain rates at flame front for Hg-air flame and CHy-air
flame. Tangential strain rates are normalized by the time
scale based on Taylor micro scale. Due to the conditions
of the strain rate, flame elements can be classified into three
regime; stretching-stretching (S-S), stretching-compression (S-
C) and compression-compression (C-C) regime. Probabilities
of flame elements that are affected by two-dimensional strain
of the order of Taylor time scale are high in both cases, and
almost all flame elements are stretched into one tangential di-
rection at least. Figure 11 shows mean local heat release rates
conditioned by a¢1 and a¢2. In the cases of hydrogen-air turbu-
lent premixed flames, correlations between heat release rates
and tangential strain rates are hardly observed. However, in
the case of methane-air turbulent premixed flame, they show
relatively strong correlation. The heat release rates tend to
increase from C-C regime to S-S regime. In S-S regime, the
heat release rate also increases with increase of the tangen-
tial strain rate. However, in S-S regime, the flame elements
that are stretching strongly in two directions (see circle in Fig.
11(b)) tend to show low heat release rate. Most of these flame
elements exist in the vicinity of low heat release rate region
in Fig. 5 and they are considered to be closely related to local
extinction of turbulent premixed flames.
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Figure 12: Contributions of dominant elementary reactions to
heat release rate in methane-air laminar premixed flame.

Figure 13: Distributions of heat release rates due to R8 (a)
and R9 (b) on a typical cross section.
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Figure 14: Distributions of mole fractions of CHs (a) and O
atoms (b) on a typical cross section.

LOCAL EXTINCTION MECHANISM

To clarify the local extinction mechanism, distribution of
reactive species and balances of elementary reactions should
be considered. Figure 12 shows contributions of dominant ele-
mentary reactions to heat release rate in methane-air laminar
premixed flames. Elementary reactions in Fig. 12 are as follow;

e R1: 204+M & O2+M,

e R5: H+204CH20+N2< 20H+NO-+HCN,

e R7: H420+CyH4+No& OH+CH3+NO+HCN,
e R8: H4+0O+4+CyHye Hao+CH3+CO,

e R9: O4+CH3z« H4CH20.

In this study, balances of the above elementary reactions
are investigated carefully. Figure 13 shows distributions of
heat release rates due to R8 and R9 on a typical cross section
shown in Fig. 6. Although the contribution of heat release
rate due to R8 is still high in the low heat release rate re-
gion, contribution of R9 is relatively low. Figure 14 shows
distributions of mole fractions of reactants in R9; CH3 and O
atoms. The distributions of CHz and O atoms are separated
into the unburned and burned side of the reaction zone. O
atom distribution at the flame front is relatively smooth com-
pared with CHj3 distribution. In Fig. 15, the distributions of
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Figure 15: Distributions of reaction rates of CHs (a) and O
atoms (b) on a typical cross section.
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Figure 16: Ratios of lifetimes of species to the eddy turnover
time of coherent fine scale eddy.

reaction rates of CHgz and O atoms are shown. Although the
reaction rates of CHz and O atoms possesses high values in
the low heat release region, they are also separated into the
unburned and burned side of the reaction zone.

To clarify the reason why the reactants in R9 are separated,
lifetimes of reactive species (Haworth et al., 2000) and an eddy
turnover time of coherent fine scale eddy are taken into ac-
count. In this study, lifetimes of reactive species are defined
as Tc; = [Xi|maa/|Wilmaz- [Xi]lmae and |w;i|maz denote the
maximum values of molar concentration and reaction rate of
specie ¢ in the laminar flame, respectively. An eddy turnover
time of coherent fine scale eddy (7p) is defined by its most ex-
pected diameter (8n) and turbulence intensity (u!.,, ) because
strong coherent fine scale eddies are scaled by w/.,,,. Figure
16 shows the ratios of lifetimes of reactive species to the eddy
turnover time of coherent fine scale eddy. Since the relative
lifetime of O atom is close to unity, O atoms are influenced by
turbulent velocity field in the unburned side when relatively
strong coherent fine scale eddies exist. However, CHz can fol-
low the turbulent velocity field. These results suggest that,
in highly stretching regions, the effect of convection becomes
dominant for distribution of the reactive species which have
lifetime close to or less than the eddy turnover time of strong
fine scale eddies. On the other hand, the reactive species,
which are produced by chain branching reaction of fuel and
have large value of 7p /7. ; like CHs, are hardly affected by
turbulence. Therefore, the reactants of dominant reactions are
separated into the unburned side and burned side of the reac-
tion zone. As a result, the dominant reactions are suppressed
in highly stretching region.



CONCLUSION

In this study, direct numerical simulation of three-
dimensional methane-air turbulent premixed flames propa-
gating in homogeneous isotropic turbulence is conducted to
investigate the effects of turbulence characteristics on the lo-
cal flame structure and the mechanism of local extinction.

In methane-air turbulent premixed flames, local heat re-
lease rate is well correlate with tangential strain rate at the
flame front. The most expected strain rate is simple two-
dimensional stretching of the order of u/.,,,,/A. The flame ele-
ments stretched into two tangential directions shows high heat
release rate. However, excessive stretching leads to decrease
of the local heat release rate. In contract to hydrogen-air tur-
bulent premixed flames, effects of the flame curvature are not
dominant for methane-air flames.

In methane-air turbulent premixed flames, large spots with
very low heat release rate are observed. These spots rep-
resent local extinction of the premixed flame in turbulence.
Flame elements with low heat release rate due to the excessive
stretching are observed in the vicinity of these spots. The local
extinction mechanism is investigated by introducing lifetime of
reactive species relative to eddy turnover time of strong coher-
ent fine scale eddies. Since O atoms cannot follow the strong
turbulent motion, one of important elementary reactions for
heat release rate (O4+CHs< H+CH20) is suppressed. This
mechanism is well represented by the separation of CH3 and
O reaction rates in the reaction zones.
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