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A principal effect of turbulence on premixed flames in the flamelet regime is to
wrinkle the flame fronts. For non-unity Lewis numbers, the local flame structure is
altered in curved regions. This effect is examined using direct numerical simulations
of three dimensional, constant density, decaying isotropic turbulence with a single
step, finite rate chemical reaction. Simulations of Lewis numbers 0.8, 1.0 and 1.2
are compared. The turbulent flame speed, ST , increases as Le decreases. The
correlation between ST and 'IL' found in previous Le = 1 simulations has a strong
Lewis number dependency. The variance of the pdf of the flame curvature increases
as Le decreases, indicating the flames become more wrinkled. A strong correlation
between local flame speed and curvature was found. For Le > 1, the flame speed
increases in regions concave towards the products and decreases in convex regions.
The opposite correlation was found for Le < 1. The mean temperature of the
products was also found to vary with Lewis number. For Le = 0.8, it is less than
the adiabatic flame temperature and for Le = 1.2 it is greater.

1. Introduction

Premixed flame propagation in many technologically important flows is essentially
a front propagation problem. The flame is a propagating surface separating regions
of unburnt reactants from burnt products. Such flames are classified as being in
the flamelet regime characterized by large Damkohler numbers, Da, which is the
ratio of inverse strain rate to chemical time scale. For large Da, the flame responds
quickly to strain, and its local structure is maintained sufficiently so that the flame
is a propagating front.
In the flamelet regime, the important issues concern the total area and local propagation speed of the front. This information gives the total consumption rat e of
reactants which defines the turbulent flame speed. The first of these issues, total
flame area, in a sense incorporates the second issue since it is controlled by the
complete interaction of turbulence and flame. The turbulence convects, stretches,
and wrinkles the flame while it propagates forward tending to reduce the wrinkling.
Most current approaches to understanding this issue involve relating the time evolution of the area to turbulence effects (convection, strain, diffusion) and propagation
effects (collisions, dewrinkling) (Cant et al., 1990; Candel et al., 1990).
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The second issue in the flamelet regime, the local propagation speed, depends on
local strain and curvature effects. For moderate values of Da less than unity, the
flamelet regime is still valid, but the local structure is altered. The most likely result
is that the flame is compressed and the local speed is reduced (Libby and Williams,
1982). In unity Lewis number flames, this is the primary effect of turbulence on
flames in the flamelet regime.
However, most real reactants have non-unity Lewis numbers, and curvature of
the flame surface becomes important. The Lewis number, Le , is the ratio of
thermal diffusivity to reactant mass diffusivity. The effect of curvature for Le # 1
can be described with reference to Figure 1. Thermal energy and reactant diffuse
in opposite directions along their respective gradients. For the case Le < 1, the
reactant diffuses more rapidly than thermal energy. In region A, the curvature
of the flame front results in a 'focusing' of reactant. This, in turn, results in an
enhancement of reaction and local propagation speed. T~e opposite situation occurs
in region B with reactant being 'defocused' and the local speed decreasing. Hence,
for Le < 1, a wrinkled flame is unstable, and we expect to see a wrinkled, cusped
front. For Le > 1, the situation is the opposite: thermal energy is 'defocused'
in A and 'focused' in B. This results in slower speeds at A and higher speeds at
B - a stable situation leading to less wrinkled flame fronts. This thermo-diffusive
mechanism is well-known for laminar flames. Its importance in turbulent flows
remains an open question.
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FIGURE 1. The influence of flame curvature on diffusion directions for temperature,

T, and reactant mass fraction Y.
In the present work, we examine the effects of Lewis number on t urbulent flames
using direct numerical simulations. The objectives are: (1) begin a data base of
three dimensional, non-unity Lewis number, turbulent premixed flame simulations,
(2) examine the effects of Lewis number on global flame characteristics such as
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the turbulent flame speed and examine various correlations with global turbulence
parameters, (3) study the local Harne structure and investigate the thermo-diffusive
mechanism presented in Figure 1. Two cases were run, each with Le = 1.2 and 0.8.
The present work is an extension of the Le = 1 simulations of Rutland et al. (1989),
which should be referred to for more detailed information. The turbulent velocity
fields are referred to as cases 2 and 3 because they were previously labelled this way
in the Le = 1 simulations. These velocity fields simulate decaying homogeneous
turbulence. A modified version of the Rogallo code (1981) was used, and the flame
chemistry is represented by a single step, finite rate (Arrhenius law) kinetic scheme.
The simulations are constant density, and no feedback from the flame to the flow
field is allowed. The code uses spectral methods in a three-dimensional cubic domain
with periodic boundary conditions. Two flame fronts, propagating outwards from
the center of the domain, are required to satisfy the (periodic) boundary conditions.
The unperturbed plane laminar flame speeds, SL , are: 0.390 for Le = 1, 0.416 for
Le = 1.2, and 0.361 for Le = 0.8.
2. Results

2.1. Turbulent flame "peed
The turbulent flame speed, ST , is calculated by integrating the reaction rate
over the volume and normalizing by the laminar flame speed. This measures the
total consumption rate of the reactants. Figure 2 shows the effect of Lewis number
on ST . The flame speed is decreased for Le > 1 and increased for Le < 1. This is
consistent with the effect of unequal diffusivities in curved regions of the flame. The
Le > 1 flame is stable and tends to flatten out wrinkled regions, while the Le < 1
flame is unstable and wrinkles are accentuated. The effect of Lewis number on ST
is opposite to the effect on S L . Thus, in these simulations the variation of S L is
masked by the turbulence effects even though the ratio ;~ is of order unity.
Commonly, ST is correlated with u' based on the idea that the wrinkling effect of
the turbulence on the flame front is controlled by u' . The correlations are presented
in Figure 3. Previously, (Rutland et al., 1989) a correlation with u' was found in
Le = 1 simulations but only after flame-turbulence equilibrium is achieved. In our
terminology, equilibrium is reached when the flame speed begins to decay along
with the decaying turbulence. In Figure 3, the different Lewis number curves have
similar shapes which, according to previous work, indicates a correlation exists.
However, there is a definite Lewis number effect. Often these correlations contain
a correction for Reynolds number (Williams, 1985) but not one for Lewis number.
The Reynolds number is identical for the three Lewis numbers in each case, so all
of the variation is due to Le .
2.2. Flame curvature
As the Lewis number varies, changes in the curvature characteristics of the flame
are expected. Curvature is defined in planes tangent to constant progress variable
surfaces, positive curvature being convex towards the reactants. The progress variable, c , varies monotonically from 0 in the reactants to 1 in the products, and is
defined as 1 - Y, where Y is the normalized reactant mass fraction.
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FIGURE 2.

Turbulent flame speeds (normalized by SL ) vs. time; (a) Case 2, (b)

Case 3
Probability density functions of curvature are presented in Figure 4. Curvature
is defined as the half-sum of the local principal radii of curvature. For all Lewis
numbers shown, the pdf' s are centered around zero (means vary from -0.003 to
0.001) and skewed towards negative values. As c increases, the skewness decreases
to values less than - 0.61 for c = 0.9 . There is also a tendency for the skewness to
decrease as Le increases.
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FIGURE 3.

Turbulent flame speed vs. u ' ; (a) Case 2, (b) Case 3

The main effect of Lewis number on the curvature pdf's is for the peak values
in the hot side of the flame to decrease as Le decreases. This is indicated by an
increase in the variances. Evaluated at c ~ 0.5, the variances are 0.06, 0.08, and
0.11 in order of decreasing Le. This indicates the reaction zone becomes more
curved as the Lewis number decreases, which is consistent with our expectations of
thermal-diffusive effects.
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Probability density function of curvature normalized by the onedimensional flame thickness: S = (nurned - Tunburned)/!'!' rna",; (a) Le = 1.2, (b)
Le = 1.0, (c) Le = 0.8
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A principal issue for non-unity Lewis number flames is what effect flame curvature
has on local flame speed. In order to focus on curvature effects, the simulations were
examined at times when Da > 1 and strain effects are relatively minor. Contour
plots of reaction rate taken in x, z planes show the local reaction rate depends on
curvature, and the dependence is opposite for Le > 1 and Le < 1 (Figure 5).
More quantitative results are obtained by calculating the local flame speed. This
is accomplished by interpolating the temperature and reactant mass fraction along
the gradient of c and integrating the resulting reaction rate across the flame. The
results are shown in a joint pdf of flame curvature and flame speed (Figure 6). For
Le > 1, the local flame speed is increased in regions of negative curvature and
decreased in regions of positive curvature. The opposite effect occurs for Le < 1.
The local flame speeds and curvature are well correlated, and the approximate
slopes of lines drawn through the maximum regions are -0.6 for Le = 1.2 and +0.5
for Le = 0.8. These results are consistent with the qualitative explanation of Lewis
number effects.
Another effect of Lewis number on local flame structure is for strain effects to
qualitatively vary for Le > 1 and Le < 1. Even though the Damkohler number
is 1.3 for data presented in Figure 6 and strain effects are smail, they are still
present. This is seen in the pdf's when the curvature is zero and only strain effects
remain. Then the local flame speed is shifted from unity: decreased for Le > 1 and
increased for Le < 1. This is consistent with one-dimensional asymptotic analysis
(Libby et al., 1983) in which the compressive strain is aligned with the flame normal.
Examination of the non-unity Lewis number simulations show this alignment to be
the most common, similar to the Le = 1 simulations.

2.9. Product temperature"
For an Le = 1 adiabatic system, the temperature and reactant mass fraction
sum to unity at every point. In the product region behind the flames, the reactant
mass fraction is zero and the temperature is unity (T = 1 is the non-dimensional
adiabatic flame temperature). However, for non-unity Lewis numbers, the pointwise constraint on temperature and reactant mass fraction does not exist, and the
temperature varies behind the flame. This occurs in curved regions consistent with
the local reaction rates in Figure 5. Contour plots of temperature (not shown)
reveal local hot spots behind negatively curved regions for Le > 1 and behind positively curved regions for Le < 1. This effect was also found in two dimensions by
Haworth and Poinsot (1990) and Ashurst et al. (1987). In the present work, this
is shown in Figure 7 in a plot of the pdf of the temperature conditioned on the
progress variable being unity. For Le < 1, the average temperature is less than
unity, and for Le > 1, it is greater than unity. These local deviations in the burnt
gas temperature can have important consequences on pollutant formation with hot
regions contributing to NOx production and cool regions contributing to unburnt
hydrocarbon production. On initial inspection, Figure 7 may appear to violate the
adiabatic constraints on the system. However, the sample obtained by conditioning
on c = 1 does not define an adiabatic system since temperature gradients exist at
the flames. In addition, the pdf's in Figure 7 consider only the fully burnt gases
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FIGURE 5.

Contours of reaction rate; (a) Le = 1.2, (b) Le = 0.8

and ignore the partially burnt regions within the flame zones.

3. Conclusion
The direct numerical simulations of turbulent premixed flames with non-unity
Lewis numbers generally show the flames behaving in an expected manner. Differential diffusion represented by the Lewis number affects local reaction rates, which
in turn affects the global character of the flames . Most notable in these results is
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FIGURE 6.

Joint pdf of local flame speed and local flame curvature. Flame speeds

are normalized by the one-dimensional, laminar flame speeds; (a) Le = 1.0, (b)
Le = 1.2, (c) Le = 0.8.

C. J. Rutland & A. Trouve

308

40

10

0.875).900

0.925

0 .950

0.975

1.025

1.050

1.075

1.100

1.125

1.150

1.175

T

FIGURE 7.

Probability density function of temperature conditioned on c = 1.

the strong correlations between local flame speed and curvature. Indications are
that Lewis number effects could be much more important than strain effects for
determining the local flame speed. Future work will address this issue directly since
it has major implications for flamelet libraries used in turbulent flame models.
An unexpected finding was the strong variation in product temperature with
Lewis number. This is especially significant because of its potential effect on pollutant formation. Further study is required to clarify, characterize, and quantify this
result.
This work expands the previous work of Le = 1 flames. A data set covering
all of the major aspects of single step, constant density turbulent premixed flames
now exists. Future work will endeavor to put together a complete picture of these
flames.
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