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ABSTRACT
Three-dimensional direct numerical simulation of a

stoichiometric methane—air turbulent premixed planar flame
propagating in homogeneous isotropic turbulence is con-
ducted to investigate local flame structures in thin reaction
zones. The detailed kinetic mechanism (GRI-Mech 3.0)
which includes 53 reactive species and 325 elementary re-
actions is used to represent methane—air flame. For a better
understanding of the local flame structure in thin reaction
zones, distributions of mass fractions of major species, heat
release rate and temperature are investigated. To clarify ef-
fects of turbulence on the local flame structures in thin re-
action zones, the statistical characteristics of flame elements
are revealed.

INTRODUCTION

To characterize premixed flames, the ratio of turbulent
intensity (e to laminar burning velocity g ) and the
ratio of length scale of turbulenc¢) (to nominal laminar
flame thicknessd:) are often used. With these two param-
eters, classification of particular flame regimes such as the
wrinkled flamelets, the corrugated flamelets, the thin reac-
tion zones and the broken reaction zones (Peters, 2000) can
be made. In practical combustors, such as gas turbine and
spark ignition engines, it is considered that turbulent flame
is formed in the thin or broken reaction zones. Researchers
are trying to attain a deeper understanding on local flame
structure of turbulent premixed flames in these particular
regimes in order to develop and validate proper combustion
models for engineering applications. However, due to diffi-
culties in measurement of turbulent flames in experiments,
flame structures even in the thin reaction zones have not
been clarified yet.

Remarkable progress in computational technologies
in recent years enabled researchers to conduct three-
dimensional direct numerical simulation (DNS) of turbulent
combustion with detailed chemistry. Three-dimensional
DNS of hydrogen—air turbulent premixed flames with de-
tailed chemistry have been conducted first in the world by
Tanahashet al. (2000, 2002) to investigate the local flame
structure and the turbulence—flame interaction. Dependence
of heat release rate on the three-dimensional geometrical
flame elements and the tangential strain rate have been in-
vestigated. Shinet al. (2013) have conducted DNS of
hydrogen-air premixed flames in the thin reaction zones.
It has been shown that the local heat release rate in the un-
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burned side shows 50-7®of that laminar premixed flame
and found to be lower than that in the corrugated flamelets
and the wrinkled flamelets (Tanahagtial, 2000, 2002;
Shimet al, 2011). Three-dimensional DNS of hydrogen—
air premixed flame with a detailed chemistry under a pres-
sure rising condition has been conducted for the first time
in our previous study (Yenerdagt al, 2015), it has been
revealed that pressure change is quickly reflected in charac-
teristics of the local flame structure.

Three-dimensional DNS of hydrocarbon flames with
a detailed chemistry remains a challenge despite improve-
ment in computational technology. Due to the high com-
putational cost, several DNS have been done with a re-
duced kinetic mechanism adopting a low-Mach number ap-
proach. A complex chemistry which includes 20 species de-
rived from GRI-Mech 1.2 mechanism and an adaptive time-
dependent low-Mach number model was adopted and used
by Bell et al. (2002, 2007, 2005). They have conducted
three-dimensional DNS of lean methane—air premixed pla-
nar flames (Belket al, 2002), a laboratory scale stoichio-
metric Bunsen flame (Bekt al, 2007) and a laboratory
scale lean V-flame (Be#t al, 2005). Carlssoet al.(2015)
recently conducted three-dimensional DNS of methane-air
planar premixed flames with a reduced kinetic mechanism
that includes 16 species and 25 reactions. In order to de-
velop higher accuracy of combustion models for industrial
applications, it is necessary to have a better understanding
of characteristics of flame elements with a more complex
and detailed chemical mechanism. With this in mind, three-
dimensional DNS of turbulent premixed planar flames prop-
agating in homogeneous isotropic turbulence is conducted
for the first time with GRI-Mech 3.0 kinetic mechanism
(Smithet al, 1999) which includes 53 reactive species and
325 elementary reactions to investigate local flame charac-
teristics of methane—air premixed flame classified into the
thin reaction zones.

DIRECT NUMERICAL SIMULATION

In this study, three-dimensional DNS of a stoichiomet-
ric methane—-air turbulent premixed flame has been con-
ducted using GRI-Mech 3.0 (Smitkt al., 1999) kinetic
mechanism, which includes 53 reactive species and 325 el-
ementary reactions. The DNS code developed in our previ-
ous study (Tanahasht al, 2000, 2002) is used. The Soret
effect, the Dufour effect, pressure gradient diffusion, bulk
viscosity and radiative heat transfer are assumed to be negli-



Table 1. Numerical parameters for DNS of methane-air
turbulent premixed flames.

Re, Re Umy/S
37.4 144 7.14

/5 D/
20.1 4.64

gible. Temperature dependence of the viscosity, the thermal
conductivity and the diffusion coefficients is taken into ac-
count by linking the CHEMKIN packages (Ketal., 1986,
1989) with modifications for vector/parallel computations.
Figure 1 shows a schematic of the computational domain
for the present DNS. The domain size is set to be 11 mm
x 4.4 mmx 4.4 mm and 961« 192 x 192 grid points are
used. About 10 grid points should be contained to resolve
the laminar flame thickness to calculate chemical reactions
correctly, in this study, 22 grid points are within the lami-
nar thermal flame thicknes$\(). Navier-Stokes character-
istic boundary condition (NSCBC) (Poinsot & Lele, 1992;
Baumet al, 1995) is used in the direction and the pe-
riodic boundary conditions are applied in the- z direc-
tions. Governing equations are discretized by a fourth-order
finite difference scheme in the direction and a Fourier
spectral method in thg — z directions. Time integration

is implemented by the third-order Runge-Kutta scheme.
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Figure 2. Turbulent combustion diagram. The cross sym-
bols represent the previous DNS studies of-&ir planar
premixed flames (Tanahasdtial, 2000, 2002; Nadet al.,
2004; Shimet al, 2011)

LOCAL FLAME STRUCTURES

Contour surface of the heat release ratid (AH, ) and
temperatureT) with the second invariantX*) of the veloc-
ity gradient tensorjj) are shown in Fig. 3Q is defined by
(WjWj — SjSj)/2, whereSj andWi;j represent the sym-

The reaction source terms in species conservation equations metric and the antisymmetric partsAf, and is normalized

are advanced by the point implicit method (Browhal,
1989). The inflow boundary condition for the velocity field
is given asuin(y,zt) = (aS.,0,0) + U'(y,zt), where, S
is determined by preliminary one-dimensional calculations.
The turbulencel (y,zt) at the inflow boundary is given
through a preliminary three-dimensional DNS of homoge-
neous isotropic turbulence with the spectral method and the
periodic boundary conditionsa is a parameter which is
determined from the ratio of the turbulent burning veloc-
ity (Sr) to the laminar burning velocityy ) and is set to a
constant value so that the flame can stay in the computation
domain for a long time. In this regard,§_is nearly equal
to Sr. DNS is advanced at a constant 1.9 ns time step and
conducted for long enough to construct statistically mean-
ingful data.

Numerical parameters are presented in Table 1. The
initial Reynolds number iRg = 144andRe, =37.4.D is
the most expected diameter of the coherent fine scale eddy
(Tanahashet al,, 2004; Wanget al, 2007) and corresponds
to 8 times of the Kolmogorov length scalg)( The pre-
heating temperature, the initial pressure and the equivalence
ratio of unburned mixture are set 850K, 0.1 MPa and
1.0, respectively. The Karlovitz numbeKéa = (& /n)?) is
2.97. With the given parameters, the present methane-air
premixed flame is classified into the thin reaction zones, as
shown in Fig. 2.

Burned

Unburned

a-SL-HI'(y,z,t)

Flame

Figure 1. Schematic of computational domain.

by Uy, and then in the unburned sideAH* is normal-

ized by the maximum heat release rate of the correspond-

ing laminar premixed flameAH, ). The contour levels are

Q* =0.01, AH* = 1.0 andT is set to 1944 K where the

heat release rate shows the peak value in the corresponding

laminar flame. As shown here, fine vortices make the flame

front more complicated and increase the flame surface area.
For understanding the local flame characteristics of

methane—air premixed flame in the thin reaction zones

regime, the distribution of temperaturE)( normalized heat

Figure 3. Contour surfaces of the heat release sitE )
and temperaturel() with the second invariant of the veloc-
ity gradient tensor (whitey{H* = 1.0, Q* = 0.01, T=1944
K).
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Figure 4. Distributions of Temperatur&), normalized heat release rat®H{/AH, ) and mass fractions of OH and CH on a

typical plane.
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Figure 5. Scatter plots of mass fractions of HCO and local
heat release rate. Red symbols correspond to laminar flame.
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Figure 6. Scatter plots of mass fractions of HOH and
local heat release rate. Red symbols correspond to laminar
flame.

release ratAH /AH| and mass fractions of OH and CH rad-
icals on a typical plane are shown in Fig. 4. Here, the typical
plane means ax— z cross sectional plane that can represent
the characteristics of each flame structure well. The corre-
sponding laminar profile is shown in the bottom of each im-
age. In the circled region in Fig. 4 , the concentration of OH
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is relatively low. However, heat release rate around 0.50-
0.6\H_ and temperature around 1960 K can be found in
the same region, which is indicated by arrows. It is difficult
to measure this kind of flame structure if only OH is used
to identify flame front in planar laser induced fluorescence
(PLIF) measurements. These results actually reveal the lim-
itations and drawbacks of OH, which is a commonly used
flame marker in experiments. These sorts of flame struc-
tures in thin reaction zones could have significant effects on
fractal analysis of the flame surface, which is one of the use-
ful techniques to investigate characteristics of global flame
structures and is often used for developments of turbulent
combustion model for large eddy simulation (LES). Figure
5 shows scatter plots of normalized mass fractions of HCO
versus normalized heat release raiél (AH ). Values of

the corresponding laminar flame are also plotted. HCO
is known to be a good flame marker for methane—air pre-
mixed flames (Najnet al, 1998). It can be observed that
the mass fractions of HCO correlates well with heat release
rate, which shows that HCO is a good flame marker as well,
for the present stoichiometric methane—air premixed flame
in the thin reaction zones. Recently, HCO PLIF imaging
has been attempted by Zhet al. (2014). However, due

to low signal to noise ratio of PLIF of HCO, it was pro-
posed that simultaneous @G8-OH PLIF measurement is

a good flame indicator (Paul & Najm, 1998) as pixel by
pixel multiplication of CHO and OH correlates well with
local heat release rate. Figure 6 shows pixel by pixel mul-
tiplication of mass fractions of C#0 and OH versus local
heat release rate. Figure 7 shows the mass fraction distribu-
tions of CHO and CHO-OH on a typical plane. It can be
seen that pixel by pixel multiplication of mass fractions of
CH,0 and OH correlates well with local heat release rate
for the present stoichiometric methane—air premixed flame,
although the correlation of HCO between heat release rate
is better, as shown in Fig. 5. Several studies on turbulent
methane—air flames have used simultaneous CH-OH PLIF
(Tanahashet al,, 2005; Sjoholmet al,, 2013) and CHO-

OH PLIF (Paul & Najm, 1998; Bckle et al., 2000; Bal-
achandraret al, 2005; Rodert al, 2013; Kariukiet al,
2015; Gordoret al,, 2008; Zhotet al,, 2015) measurements
to identify local heat release rate and flame front. There-
fore, simultaneous CH-OH or C¥D-OH PLIF measure-
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Figure 7. Distributions of mass fractions of @8 and
CH,0-0OH on the same plane in Fig. 4.

ments may give more accurate results than single OH PLIF
on the flame front measurement in thin reaction zones.

STATISTICAL CHARACTERISTICS OF LOCAL
FLAME STRUCTURES

The statistical characteristics of flame elements are in-
vestigated to understand the effects of turbulence on local
flame structures in the thin reaction zones. The present
methane—air premixed flame is compared with stoichiomet-
ric hydrogen—air premixed flame from the previous DNS
study by Shimet al. (2013). As shown in Fig. 2, these two

cases are located in the thin reaction zones regime, and the

locations of B—air flame and the stoichiometric GHair
flame are almost identical. It should be noted that the flame
front is defined as surfaces with local maximum tempera-
ture gradient. Figure 8 shows the probability density func-
tion (pdf) of the local heat release rate on the flame front.
The local heat release rate of the both flames are normal-
ized by the maximum heat release rate of their correspond-
ing laminar flame. The most expected heat release rate in
the present methane flame is lower than their corresponding
laminar flame, as the peaks of the pdf shows value around
0.90H_. For hydrogen—air flame, however, the most ex-
pected heat release rates are in the range from 1.0 to 1.1
times that of laminar flame. The maximum heat release rate
reaches up to 1&4H, for the methane flame, while the max-
imum local heat release rate shows values arountH,.3n
the hydrogen case.

Figure 9 shows the pdfs of the local flame thickness
() for the both flames, and the local flame thickness are
normalized by their corresponding laminar flame thickness
oL. & is defined byd = (Tp — Ty)/(T /dNn)max , Wheren
denotes a unit vector normal to the flame surface, and sub-
scriptu and b denote the unburned and the burned sides,
respectively. It can be clearly seen that, although very
thick flames can be found locally, the most expected lo-
cal flame thickness for the both methane and hydrogen
flames are thinner than their corresponding laminar flame.
On average, however, the mean flame thicknégs, in-
creases 1% that of laminar flame for the present stoichio-
metric methane flame. Sankarahal. (2007) have con-
ducted three-dimensional DNS of lean methane—air Bun-
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Figure 8. Probability density functions of the local heat
release rate on the flame front.
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Figure 9. Probability density functions of the local flame
thickness.

sen flame ¢ = 0.7), which is classified into the thin re-
action zones. They have found a thickening flame on av-
erage. Thinner flames results, however, were obtained for
lean methane—air premixed flames from several experimen-
tal studies (Dinkelackeet al, 1998; Soikaet al, 1998;
Buschmanret al,, 1996). Recently, Tamadonfar &i®ler
(2015) have conducted experiment on premixed turbulent
CHg—air flames in the thin reaction zones, they have shown
that the preheat zone and the reaction zone thicknesses are
thinner than the corresponding laminar flame for equiva-
lence ratios ranging from 0.6 to 0.7, and thicker than the
corresponding laminar flame for equivalence ratios ranging
from 0.8 to 1.0. However, they have discussed that the rea-
son behind flame front thickening might be due to the 2D
image processing procedure when calculating flame front
thickness (de Goegt al, 2005). In Fig. 9, for hydrogen
flame, the mean flame thickness decreases drastically, about
26% that of laminar flame.

The pdfs of the local mean curvatudg on the flame
front are shown in Fig. 10k is normalized by the corre-
spondingn in the unburned side. The flame elements con-
vex toward the unburned side have negative values. The
most expectedt showsO0 for all cases, and the probability
of positive curvature is relatively higher. This result is more
pronounced in the methane flame than that in the hydrogen
flame. For the both flames, the minimum curvature radius
of the flame front is about twice of the Kolmogorov length
scale.

Figure 11 demonstrates the pdfs of tangential strain
rate @) which is normalized byu;,s/A in the unburned
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Figure 10. Probability density functions of the local mean
curvature of the flame front.
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Figure 11. Probability density functions of the tangential

strain rate on the flame front.

side. The positive and the negative strains represent stretch
and compression, respectively. It can be seen that, all pdfs
skew to the positive side and the means positive for the
both flames. This means that for methane and hydrogen
flame, most of the flame elements tend to be stretched in
the tangential direction. The peak of the pdf of the tangen-
tial strain rate is less than 1 Taylor time scale. The max-
imum strain rate tangential to the flame front in the thin
reaction zones is about half of the value that is observed in
the flamelet regime such as the corrugated flamelet and the
wrinkled flamelet (Tanahaskt al., 2000; Shinet al, 2011;
Yenerdaget al, 2015).

CONCLUSIONS

In this study, three-dimensional DNS of methane-air
turbulent premixed flame has been conducted using GRI-
Mech 3.0 kinetic mechanism to investigate local flame
structures of a stoichiometric methane-air premixed flame
in the thin reaction zones regime.

At relatively high temperature region where heat re-
lease rate is around 0,48 , relatively low concentrations
of OH radicals are observed which could result in difficul-
ties in OH PLIF measurement to identify flame front in
experiments. These sorts of flame structures could have
significant effects on fractal analysis of the flame surface,
therefore, simultaneous CH-OH or GB-OH PLIF mea-
surements might give more accurate results than single OH
PLIF on the characteristics of global flame structures for
methane-air premixed flames classified into the thin reac-
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tion zones.

The statistical characteristics of local flame elements
have been investigated and compared with hydrogen-air
premixed flame in the thin reaction zones. The most ex-
pected heat release rate in methane—air premixed flames are
lower than their corresponding laminar flame, as the peaks
of the pdfs show value around @dthat of laminar flame.

For hydrogen—air premixed flame, however, the most ex-
pected heat release rates are in the range from 1.0 to 1.1
times that of laminar flame.

The most expected local flame thickness for all flames
are thinner than their corresponding laminar flame. On av-
erage, however, the mean flame thickneds, increases
10% that of laminar flame in the stoichiometric methane—
air premixed flame. For hydrogen-air premixed fladg,
decreases around 26

It is revealed that in the thin reaction zones, the min-
imum curvature radius of the flame front is about twice of
the Kolmogorov scale. The peak of the pdf of the tangen-
tial strain rate is less than 1 Taylor time scale. The max-
imum strain rate tangential to the flame front in the thin
reaction zones is about half of the value that is observed in
the flamelet regime such as the corrugated flamelet and the
wrinkled flamelet. These results show that in the thin re-
action zones, the effect of turbulence motion on the flame
front is not as strong.
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