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ABSTRACT 
Turbulent non-premixed stoichiometric methane-air flames have been stud- 
ied using the direct numerical simulation approach. A global one-step mech- 
anism is used to describe the chemical kinetics, and molecular transport is 
modeled with constant Lewis numbers for individual species. The effect of 
turbulence on the internal flame structure and extinction characteristics of 
methane-air flames is evaluated. The flame is wrinkled and in some regions 
extinguished by the turbulence, while the turbulence is weakened in the 
vicinity of the flame due to a combination of dilatation and a 25:l increase 
in kinematic viscosity across the flame. Reignition followed by partially- 
.premixed burning is observed in the present results. Local curvature effects 
are found to be important in determining the local stoichiometry of the flame, 
and hence, the location of the peak reaction rate relative to the stoichiomet- 
ric surface.-The results presented in this Study demonstrate the feasibility 
of incorporating global-step kinetics for the oxidation of methane into di- 
rect numerical simulations of homogeneous turbulence to study the flame 
structure. 

INTRODUCTION 
The present study is part of a larger effort to evaluate the effect of differ- 
ent levels of reduction of fuel oxidation kinetics on methane-air turbulent 
non-premixed flame structure and extinction characteristics. In the present 
paper, the results from direct numerical simulation (DNS) with a single-step 
mechanism for methane-air combustion using empirically derived rate con- 
stants are presented. The transport model in the present DNS accounts for 
individual Lewis numbers for each of the species and differences in molecular 
weight between species. Previous DNS studies [l, 2, 31 have assumed equal 
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molecular weights for all of the species and have assumed a stoichiomet- 
ric mixture fraction of 0.5. In the present DNS, the stoichiometric surface 
corresponds to a mixture fraction of 0.055. 

To quantify the flame structure and the dynamics of extinction, the 
interaction between a non-premixed laminar flame and isotropic decaying 
turbulence is studied. The flame structure is determined in terms of curva- 
ture, strain-rate and scalar dissipation rate. 

GOVERNING EQUATIONS AND NUMERICAL METHOD 
The governing equations are the continuity, momentum, species, and energy 
equations written in Cartesian tensor notation as follows: 

where 

is the stress tensor, 
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is the total energy per unit mass of the mixture, e is the internal energy per 
unit mass, h, is the enthalpy of species a given by, 

T 
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where h: and C,, are the corresponding enthalpy of formation and specific 
heat at constant pressure respectively. The heat flux vector is given by 

and the species diffusion velocity is 



where D a ~  is the binary diffusion coefficient between species a and the N-th 
species taken to be nitrogen. To ensure that the net diffusion velocity is zero, 
the constraint Y a V a j  = 0 is enforced to obtain V N j .  The equation of 
state is 

N 

p = pRT (10) 

where R is the mixture gas constant given by 

-1 

R=RO/W, w =  [g(g)] 
where Bo is the universal gas consta.nt, is the average molecular weight of 
the mixture, and W, is the species molecular weight. The mixture averaged 
thermal conductivity is modeled through the approximation suggested by 
Smooke [4], 

N 

A = CpA ($)' Cp(T) = YaCpa(T) 
a=l 

where A = 2.58 x = 0.7, and cp is the specific heat of 
the gaseous mixture. The individual species specific heats are obtained 
as polynomial functions of temperature using the Chemkin thermodynamic 
database [5]. The diffusion coefficients are obtained by prescription of Lewis 
numbers for individual species through 

g/cm-sec, 

x 

The Lewis number- data is obtained from Smooke [4]. For the one-step - 
mechanism, the Lewis numbers for CH4, 0 2 ,  C02, and H20 are 0.97, 1.11, 
1.39, and 0.83, respectively. The other symbols in these equations have 
the usual meaning. Conservation equations for four reacting species are 
considered (CH4,02, COP, and H20)  and the mass fraction of NZ is obtained 
through the relationship E:=, Y, = 1, where N = 5. 

The dimensionless form of the governing equations is obtained through 
definition of appropriate reference quantities based on the air stream prop- 
erties. The sound speed at infinity a,, corresponding density p - ,  and the 
dynamic pressure p,a& are used for the velocity, density, and pressure ref- 
erence quantities. The reference temperature is (7- - 1)T' where 7- is the 
ratio of specific heats at temperature T, of the air stream. The reference 
fluid properties used are p-, A,, and CPm corresponding to air at temper- 
ature T,. A reference length scale Lref is chosen to be the distance between 



the fuel and oxidizer jets in the opposed diffusion flame used to initialize all 
the dependent variables in the computational domain. 

The equations are solved using a standard sixth-order accurate com- 
pact finite difference scheme (Lele [6]) for approximating spatial derivatives, 
and a third-order Runge-Kutta scheme for time adm,ncement. A modified 
version of the Navier-Stokes Characteristic Boundary Condition (NSCBC) 
procedure originally developed by Poinsot and Lele [7], and suitably modified 
to account for variable specific heats is implemented. The boundary condi- 
tions are periodic in the y direction and non-reflecting in the z direction 

The turbulence field is prescribed by an initial two-dimensional tur- 
PI. 
bulent kinetic energy spectrum function 

where k is the wavenumber, IC0 is the wavenumber corresponding to the most 
energetic eddies, and uo is the rms velocity. 

INITIAL CONDITIONS AND FLAME PARAMETERS 
The reacting flow field in a one-dimensional steady laminar opposed jet difi- 
sion flame configuration including a full 40 step chemical kinetic mechanism 
was obtained using the Sandia code OPPDIF. Pure methane md air at 1 
atmosphere, 300°K with a strain rate of approximately 20 sec-l are the con- 
ditions imposed at the fuel and oxidizer jets which are separated by a distance 
of 1 cm. These correspond to low strain rate conditions. The strained lami- 
nar flame solution from OPPDIF was then allowed to relax to an’ unstrained 
condition in the DNS code where the one-step kinetic mechanism and the 
mr . r e ,qm&gg~aJmt .P j seh i s  €or the present study. The rate for 
the global step: CH4 + 202 --+ CO;! + 2H20 used i n  the DNS is taken from 
Bui-Pham [8], namely, k = 5.2 x 1013exp(-14906/T) (units are moles, cm, 
s , K, and KJ/mole). The unstrained one-dimensional lamina flame profile 
was used to initialize the species mass fraction, temperature, and density 
fields in the turbulence simulations. 

The DNS was initialized in a two-dimensional computational domain 
with a plane laminar diffusion flame in the center separating fuel on the 
left half of the domain and oxidizer on the right half of the domain. The 
velocity field was initialized with the turbulent kinetic energy spectrum given 
in Eq. (14) over the-entire domain with the exception of the region near 
the outflow boundaries. The turbulent R.eynolds nuinber was taken to be 
57 based on the Taylor microscale; note that the flame.is thicker than the 
microscale but thinner than the turbulent integral scale. 
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Figure 1. Plane unstrained laminar stoichiometric methaneair nonpremixed flame struc- 

ture, a) temperature and species mass fraction, and b) species production rates. - CH4 > 

CO2, - H20. ........ 02, ---- 

RESULTS AND DISCUSSION 

Laminar Flamelet Results 
Shown in Fig. 1 is the flamelet structure in mixture fraction coordinates for 
the global one-step reaction mechanism. The mixture fraction is defined 
in terms of the corresponding element mass fractions given in Smooke [6]. 
Note in Fig. la that the maximum flame temperature of 2250 I< is located 
at the stoichiometric mixture fraction 2,t = 0.055 and that the temperature 
gradient, $, is larger on -the oxidizer side of the flame. The greater extent 
of the high temperature region in mixture &action coordinates on the fuel 
side has implications for the relative strength of the turbulence on the fuel 
and oxidizer sides of the diffision flame as will be discussed in the following 
section. 

A diskhd,ixeq&&Yedifference-between the one-step and multi- 
step mechanisms is the width of the reaction zone. In Fig. lb, it can be 
seen that the consumption of the fuel extends over a wide range of mixture 
fraction for the one-step mechanism. The thinness of the fuel-consumption 
layer in multi-step mechinisms [9] is one of the primary causes of resolu- 
tion difficulties in direct simulations of turbulent flames. Furthermore, in 
the one-step approximation, both fuel and oxidizer leak through the reac- 
tion zone (Fig. la). For multi-step mechanisms, only oxygen leaks through 
the reaction layer in agreement with numerical. calculations employing full 
detailed mechanisms [9]. 

Turbulent Flame Structure 
The turbulent two-dimensional DNS was postprocessed at 1.0 and 1.5 tur- . 
bulent eddy turnover times. This is suf€icient time for the initial adjustment 
to occur between the imposed turbulence spectrum and the laminar flame. ' 



For the purpose of evaluating strain rate and curvature effects, the flame 
surface is located by the stoichiometric mixture fraction, 2 = 0.055. The 
flame normal is defined using the local gradient of 2: 

The strain rate tangent to the flame surface is given by: 

S T = V ' T ' U -  (16) 

Instantaneous isocontours of the vorticity magnitude, temperature, 
and CHq production rate at t = 1.0 eddy turnover time are shown in Fig. 2. 
In these figures the flame is denoted by the stoichiometric mixture -fraction 
2 = 0.055.It is evident from Fig. 2a that the vorticity is significantly weak- 
ened in the vicinity of the reaction zone. The reduction in vorticity is more 
pronounced on the fuel rich side of the flame since the temperature remains 
high for a greater distance away from the flame due to the smaller temper- 
ature gradient that exists on this side. The reduction in vorticity in the 
vicinity of the flame is attributed to a combination of dilatational effects and 
a substantial increase in the kinematic viscosity with temperature. The ratio 
of the kinematic viscosity in the reaction zone to that in the fuel -freestream 
is 25:l. As a result of this large rise in kinematic viscosity the turbulence 
that was initially inside the reaction zone has little effect on stretching or 
wrinkling the flame. The turbulence is able to penetrate the flame only in 
regions where the flame is locally extinguished as shown by a comparison of 
the vorticity magnitude (Fig. 2a) and the reaction rate (Fig. 2c). 

Whereas the effect of heat release is to weaken the turbulence, the 
effect of turbulence is to wrinkle the flame. There are regions where the flame 
is locally extinguished, clearly shown by the discontinuities in the reaction 
rate contour lines in Fig. 2c. The extinction is a result of high tangential 
strainrate experienced by the flame. The correlation of tangential strain rate 
with reaction rate is shown in Fig. 3, and with the exception of a few points 
undergoing various stages of extinction, there is a strong positive correlation 
between tangential strain rate and reaction rate. 

At a later time, t = 1.5 eddy turnover times, conditions are such that 
locally the strain rate is reduced in regions with hot products due to heat 
release. The hot products act as an ignition source, and in locations where 
both fuel and oxidizer are present, the flame starts to burn again. A compar- 
ison of Fig. 4 and Fig. 2c shows a region where reignition occurred. In this 
region the flame is burning in a partidy-premixed mode. The peak reaction 
rate is 25 percent larger in the partidy-premixed region thag it is in the 
main body of the turbulent diffusion flame and, in mixture fraction coordi- 
nates shown in Fig. 5, the premixed region exhibits a peak in the reaction . 

rate near 2 = 0.1 whereas the main body of the turbulent difision flame 
exhibits its peak near the stoichiometric value. Furthermore, the reaction 
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Figure 2. Instantaneous isocontours of turbulent non-premixed methane-air flame at t = 
1.0 eddy turnover time, a) vorticity magnitude, b) temperature, and c) CHq production 
rate. The solid line denotes the stoichiometric mixture fraction, = 0.055. The fuel 
stream is on the left half of the domain and the oxidizer stream is on the right half. 

zone for the partially-premixed region is five times broader than the reaction 
zone for the diffusion flame as is denoted by the two-tiered structure of the 
CH4 production rate. 

It is also observed from a comparison of the reaction rate contour 
lines and the stoichiometric mixture fraction line (Fig. 2c) that the flame 
does not always burn at the stoichiometric mixture fraction. In regions’ that 
are curved toward the .oxidizer stream the flame has a tendency to burn 
fuel lean, whereas in regions that are curved toward the fuel stream the 
flame has a tendency to burn fuel rich. For the global one-step mechanism 
considered here where the Lewis number of both reactants is near unity, this 
phenomenon is attributed primarily to a kinematic effect and is particularly 
pronounced in regions having the greatest curvature. The curvature of the 
flame surface is given by 
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Figure 3. Scatter plot of maximum reaction rate along flame normal versus tangential 
strain rate. 
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Figure 4. C& production rate at i? = 1.5 eddy turnover time showing reignition and 
partially-premixed burning. 

where positive curvature is defined such that the flame is concave towards 
the oxidizer stream. As is shown in Fig. 6, in regions that exhibit negative 
curvature, the defocusing of methane combined with the focusing of oxygen 
at the flame overcomes the slightly greater mass dif€usivity of methane (Le = 
0.97) over oxygen (Le  = 1.11). Hence, locally the flame tends to burn 
lean. In regions that exhibit .positive curvature.the focusing of methane and 
defocusing of oxygen combined with the larger mass difhsivity of methane 
over oxygen leads to a situation where there is an abundance of methane at 
the reaction zone. Hence, in this situation the flame tends to burn fuel-rich. 
Lewis number effects may become more significant when fast difisingradical . 
species axe accounted for in multi-step mecha;nisms for methane-& flames. 

To ascertain the influence of local stoichiometry and curvature on 
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Figure 5. Scatter plot of CH, production rate versus mixture fraction at t = 1.0 eddy 
turnover time. 

reaction rate we next examine the correlation of the curvature with scalar 
dissipation rate and reaction rate shown in Figs. ?a and 7b. Note, that in 
both Figs. 7a and 7b there is a strong positive correlation between curva- 
ture and reaction rate and scalar dissipation rate. Large positive values of 
curvature are associated with maximum values of the reaction and scalar 
dissipation rates, whereas, large negative values of curvature are associated 
with minimum values of reaction and scalar dissipation rates. An explana- 
tion for this positive correlation is obtained by examining the structure of 

. the scalar dissipation rate (Fig. 8) , a quantity that is representative of the 
intensity of the small scale mixing. From this figure it is evident that lo- 
cally fuel-rich stoichiometry (2 > 0.055) results in more intense small scale 
mixing than fuel-lean stoichiometry. Note, that the peak dissipation rate 
occurs at a mixture fraction of one-half. Therefore, regions of the flame that 
are concave towards the oxidizer side (positive curvature), tend to experi- 
ence more intense small scale mixing, and therefore exhibit higher reaction 
rates and are more likely to become extinguished due to strain rate than 
regions in the flame that are concave towards the fuel stream (negative cur- 
vature). The curvature and Lewis number effects discussed here suggest that 
the peak reaction and scalar dissipation rates may not be coincident with the 
stoichiometric surface. 

Due to the weakening of the turbulence inside and near the flame as a 
result of the heat release, the primary wrinkling of the flame is attributed to 
the turbulence outside of the reaction zone. Therefore, the turbulent flame 
can be modeled as an ensemble of strained laminar flames for the present 
DNS. In regions of lage positive curvature a fuel-rich strained l&ninax flame 
could be used to model the turbulent flame structure, whereas a fuel-lean 
strained laminar flame could appropriately model regions of large negative 
curvature. Using high activation energy asymptotic analysis applied to a 
stagnant onedimensional laminar diffusion flame with unity Lewis numbers, 
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Figure 6. Schematic showing the effect of Lewis number and curvature on the local 
stoichiometry. Length of thin arrows denotes relative mass diffusivity of methane and air 
due to unequal Lewis numbers. Length of thick arrows denotes the relative mass diffusion 
of methane and air due to the net effect of Lewis number and curvature. 
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Figure 7. Scatter plot of mean curvature and a) CH4 production rate, and b) mixture 
fraction scalar dissipation rate. 
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Wichman [ll] showed that by varying the equivalence ratio such that the 
flame was either okygen rich or fuel rich, a separation in mixture fraction 
coordinates between the stoichiometric surface and the peak reaction rate 
and peak temperature was achieved. Consistent with what is observed in 
the present turbulent DNS, he found that the peak reaction rate occurred 
on the fuel side for fuel-rich conditions and on the oxidizer side for fuel- 
lean conditions. However, in the present DNS study, curvature effects are 
primarily responsible for the separation between the peak reaction rate and 
stoichiometric surface. 

Scatter plots of the temperature and species concentrations in mix- 
ture fraction coordinates are shown in Fig. 9. The maximum temperature 
(Fig. sa) occurs near the stoichiometric mixture fraction, 2 = 0.055. Con- 
sistent with the physical representation of the flame, the presence of both 
high and low values of the temperature suggests that there are regions in 



Figure 8. Scatter plot of mixture fraction scalar dissipation rate and mixture fraction at 
t = 1.0 eddy turnover time. 
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Figure 9. Scatter plot in mixture fraction coordinates at t = 1.0 eddy turnover time of 
a) temperature, and b) species mass fraction (0 cB4, x 0 2 ,  cop, + Hpo). 

the flame that are near equilibrium as well as other regions that are un- 
dergoing various stages of extinction as indicated by the spread of points 
between the equilibrium and pure mixing limits. .The species concentrations 
in Fig. 9b also provide evidence of regions undergoing Vasious stages of ex- 
tinction. Furthermore, it is evident that there is leakage of both CH4 and 
0 2  in this one-step model. 

CONCLUDING REMARKS 
Results from the’ DNS demonstrate that two-dimensional simulations of tur- 
bulent non-premixed methaneair flames incorporating a singlestep mech- 
anism are feasible. Extensions to multi-step mechanisms require resolving 
the fuel consumption layer of the flame, a region that is approximately an 



order of magnitude smaller than the overall flame thickness. The follow- 
ing is a summary of the key results obtained from the singlestep turbulent 
non-premixed DNS: 

0 The reaction rate and scalar dissipation rate are strongly correlated 
with the local curvature of the flame. 

0 The local stoichiometry of the flame is correlated with the cumture 
and results in a sepmation between the stoichiometric surface and the peak 
reaction rate. 

0 Burning “fuel-rich” results in a higher scalar dissipation rate, and 
hence, a higher reaction rate; local extinction is more likely to occur in fuel 
rich zones. 

0 Extinction and subsequent reignition followed by partially-premixed 
burning is observed on the “fuel-rich” side. The premixed region of the non- 
premixed flame has a higher reaction rate and broader reaction zone than 
the non-premixed ilame. 

0 The turbulence near the flame is weakened primarily by a 25-fold 
increase in kinematic viscosity across the flame. The turbulence is weaker on 
the fuel side of the flame as a result of higher temperatures in this region. 
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