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In the flamelet approach of turbulent premixed combustion, the flames are modeled as a wrinkled surface 
whose propagation speed, termed the “displacement speed,” is prescribed in terms of the local flow field 
and flame geometry [l]. Theoretical studies [2] suggest a linear relation between the flame speed and 
stretch for small values of stretch, 

where 5’: is the laminar flame speed, l i a  = m 5 ~ / S i  is the nondimensional stretch or the Karlovitz number, 
and M a  = L/SF is the Markstein number. The nominal flame thickness, S F ,  is determined as the ratio of 
the mass diffusivity of the unburnt mixture to  the laminar flame speed. Thus, the turbulent flame model 
relies on an accurate estimate of the Markstein number in specific flame configurations. Experimental 
measurement of flame speed and stretch in turbulent flames, however, is extremely difficult. As a result, 
measurement of flame speeds under strained flow fields has been made in simpler geometries [3,4], in which 
the effect of flame curvature is often omitted. 

In this study we present results of direct numerical simulations of unsteady turbulent flames with 
detaiIed methane/air chemistry, thereby providing an alternative method of obtaining flame structure and 
propagation statistics. The objective is t o  determine the correlation between the displacement speed and 
stretch over a broad range of Karlovitz numbers. The observed response of the displacement speed is then 
interpreted in terms of local tangential strain rate and curvature effects. 

S L / S ~  = 1 - M a K a ,  (1) 

Numerical Method 
The numerical scheme is based on the solution of the Navier-Stokes, species and energy equations for a 
compressible gas mixture with temperature dependent properties. The explicit finite difference algorithm 
uses a fourth-order low storage Runge-Kutta scheme for time advancement and an eighth-order explicit 
spatial differencing scheme [5]. The chemical mechanism is based on a detailed C1 mechanism by Warnatz 
[6] with 17 species and 68 reversible reactions. The species mass diffusion is determined by prescribing the 
Lewis numbers of each species [7]. The molecular viscosity of the mixture is temperature dependent, while 
the thermodynamic properties (enthalpy, specific heat) are temperature and composition dependent. The 
Prandtl number is taken to  be 0.708. 

The computations are initialized with a one-dimensional steady laminar flame profile. A fuel-lean 
mixture (equivalence ratio of 0.7) of methane/air is preheated to  800 K in the reactant freestream. The 
profiles are obtained from a one-dimensional steady code PREMIX [SI, and the solntion is allowed to adjust 
t o  the simplified transport in a one-dimensional DNS. 

The turbulence is prescribed by an initial two-dimensional turbulent kinetic energy spectrum function 
[9] which is superimposed on the laminar flame. The ratio of the turbulence intensity, u‘, to  S i  is taken to 
be 10, and the ratio of the integral eddy scale, L11, to  SF is 2.77. The turbulence Reynolds number based 
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on LI1 and the unburned gas properties at 800 K is 181. The computational domain size is 0.67 cm, or 
2 1 . 6 6 ~ ~  in the directions parallel and perpendicular to the laminar flame. The domain is resolved into 750 
uniform grid points in each direction. 

The Displacement Speed 
The direct numerical simulation resuits are used to evaluate the displacement speed of an isoline repre- 
senting the flame front. The isoline chosen corresponds to  the 10 % value of the unburnt methane mass 
fraction which is approximately the location of maximum heat release in the flame. The density-weighted 
displacement speed of the flame relative to  the local gas velocity is defined as: 

where pu denotes the density in the unburned state of the mixture, and 77 is the direction normal to the 
flame. The density-weighted formulation eliminates dilatational effects on the displacement speed, and 
yields a relatively constant value across the reaction zone 1131. Here, the subscript (Y is the index of the 
species for which the mass fraction isocontour is being tracked. The unit normal vector of the isoline is 
defined as 

(3) 
vyff 

I wff I -  n =  -- 

Equation (2) shows that the value of the displacement speed is a result of the balance between reaction 
(first term on RHS), normal diffusion (second term on RHS), and tangential diffusion (third term on RHS), 
and is modulated by the value of the scalar gradient at the location where it is measured. It is noted that 
the tangential diffusion term is linearly proportional t o  the local curvature [lo, 121. 

Results and Discussion 
The correlation of the displacement speed with Karlovitz number is shown in Fig. 1. It is observed that 
there exist two distinct branches depending on the sign of the displacement speed. The upper branch 
shows that the displacement speed decreases with an increase in l<a (and therefore positive M a  from the 
definition in Eq. ( l)), which is consistent with conventional description. In this branch, a Linear curve fit 
for l<u less than unity gives a Markstein number of 1.55, which is in reasonable agreement with the value 
1.27 obtained from the counterflow premixed flame calculations under the same upstream conditions. This 
confirms that, for small Karlovitz numbers (less than l), tangential strain rate has a stronger influence on 
the flame speed than curvature. 

The negative branch in Fig. 1 may seem counter-intuitive, as it appears that for some portion of the 
flame the displacement speed increases with the Karlovitz number. However, it is found that this branch 
occurs in the region of large positive (convex to  the upstream) curvature, where the center of curvature 
is located in the burnt gases. In this case, the flame is convectively pulled upstream by strong turbulent 
eddies, such that the magnitude of the diffusive flux tangential t o  the flame front exceeds that of the 
adverse convective flux [lo]. As a result, the flame retreats back towards products and exhibits negative 
displacement speed. The positive slope in the negative branch in Fig. 1 thus simply shows that the higher 
the positive curvature becomes, the faster is the retreating flame speed. 

The negative flame speed can also be achieved purely by excessive tangential straining, when normal 
diffusion exceeds reaction locally, again to  counteract the adverse convective fluxes [ll], In the earlier stage 
of the DNS results, we observed the negative displacement speed for very large values of positive Karlovitz 
number, shown by the linear segment in Fig. 2 for l i a  > 1. 

As a general remark regarding the present turbulent premixed flame data, we observe that large negative 
values of Karlovitz numbers are found to be mainly due to  the effect of strong curvatures; for these cases 
the correlation shows nonlinear behavior. For large negative curvatures (upper branch in Fig. I ) ,  the 
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displacement speed is enhanced due to  increased radical and fuel consumption rates resulting from focusing 
of H atom at the cusp 1131. Local flame curvatures in excess of 2 thermal thicknesses are observed as a 
result of the intense turbulence. For radius of curvature less than 0.25 nominal flame thickness, the flame 
undergoes mutual annihilation with neighboring flames. The process of upstream flame-flame interaction 
then counteracts the propensity of the flame to  propagate faster as a result of differential diffusion of H 
atom from behind the flame. The balance between these two processes determines the displacement speed 
for large negative curvatures. On the other hand, when the flame is positively curved, in the limit of large 
curvature, the displacement speed is linearly proportional to  the local curvature, or diffusion tangential to  
the flame surface [lo]. 

The statistical importance of the various branches in the correlation is shown in a probability density 
function (pdf) of the stretch rate shown in Fig. 3. The pdf has a positive mean value of 0.23 and a 
root mean square value of 1.49. Most of the area under the pdf is between a Karlovitz number of -2.5 
and 1.0, in a region where both strain and curvature effects are present. While the mean stretch rate is 
positive, a significant fraction of the flame is experiencing negative stretch at any given instant as a result 
of turbulence induced wrinkling of the flame. 
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Figure 1: Correlation of displacement speed with 
stretch rate for methane/air flame at an equivalence 
ratio of 0.7. 
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Figure 3: Probability density function of stretch rate 
at 10% unburnt CH4 

Figure 2: Correlation of displa.cement speed with 
stretch rate for methane/air flame at an equivalence 
ratio of 0.7 showing negative flame speed for K u  > 1. 


