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The surface densities of flame fronts in turbulent premixed propane/
air flames were determined experimentally. The instantaneous flame
fronts were visualized using laser induced fluorescence (LIF) of OH
on two Bunsen type burners of 11.2 and 22.4 mm diameters. Non-
dimensional turbulence intensity, #'/S;, was varied from 0.84 to 15,
and the Reynolds number, based on the integral length scale, varied
from 34 to 467. These flames are in the flamelet combustion regime
as defined by the most recent turbulent premixed combustion dia-
grams. From 100 to 800 images were recorded for each experimental
condition. Flame surface densities were obtained from the instan-
taneous maps of the progress variable, which is zero in the reactants
and unity in the products. These flame surface densities were cor-
rected for the mean direction cosines of the flame fronts, which had
a typical value of 0.69 for the Bunsen flames. In the non-dimensional
turbulence intensity range of up to 15, it was found that the maximum
flame surface density and the integrated flame surface density across
the flame brush do not show any significant dependence on turbu-
lence intensity. This was discussed in the framework of a flame surface
density-based turbulent premixed flame propagation closure model.
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The implication is that the conceptual increase in flame surface
density with turbulence may not be the dominant mechanism for
flame velocity enhancement in turbulent combustion in the region
specified as the flamelet combustion regime by the current turbulent
premixed combustion diagrams. Small-scale transport of heat and
species may be more important and chemistry may not be decoupled
from turbulence. Further, the applicability of the flamelet approach
may be limited to a much smaller range of conditions than presently
believed.

Keywords: flamelets, flame surface density, turbulent premixed
combustion

INTRODUCTION

Although the structure of turbulent premixed flames, i.c. either flamelet
or thickened flame sheet, still is a continuing matter of debate (e.g.,
Ronney and Yakhot, 1992; Zimont, 2000; Kortschik et al. 2004), the
widely held belief is that the structure (chemical and hydrodynamic) of
a stretched laminar premixed flame can be preserved in a turbulent flow
field over a range of conditions collectively known as the flamelet regime.
In this regime, the turbulent flame is considered as a propagating sheet
composed of stretched flamelets of small but finite thickness (Bray,
1990; Cant and Bray, 1988; Peters, 1999). Since the instantaneous beha-
vior of these asymptotically thin layers is considered the same as those of
laminar flames, the turbulent burning velocity can be approximated by
the product of the flamelets’ surface area and the laminar burning veloc-
ity corrected for the effect of stretch and flame curvature (Bray and
Cant, 1991). In this way, the laminar flamelet assumption is exploited
to avoid dealing with the complex chemical structure of the turbulent
flame. Thus, the flamelet assumption asserts that the flame front behaves
as a constant-property passive scalar surface. Most recent experimental
and numerical studies imply that the flamelet combustion regime, where
the flamelet approach can be used, is much wider than previously
thought (Bédat and Cheng, 1995; Peters, 1999; Poinsot et al., 1990;
Roberts et al., 1993).

Within the laminar flamelets regime, the complex chemical kinetics
mechanism is represented in terms of the laminar flame propagation
velocity, S;. The wrinkling of the flame front surface by turbulence is
described by the mean flame-surface area per unit volume that is
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known as the flame surface density, X. The mean rate of conversion of
reactants into products per unit volume, (@), can be expressed as

(@)(x) = puSaZ(x) (1)

where p, is the density of reactants, X(x) is the local flame surface den-
sity, and Sy is the local propagation velocity of the flamelets. Sq was
defined as the reactant consumption velocity by Bray and Cant (1991),
but also called as the flamelet displacement velocity (see, e.g., Sinibaldi
et al.,, 1998). The ratio of the laminar burning velocity of a planar and
unstretched flamelet, S;, to the flamelet displacement velocity, Sy, is
dependent on the flame curvature and the aerodynamic strain rate.

Simple algebraic closure models have been proposed for flame sur-
face density, X (Bray, 1980; Bray et al., 1985). The Bray—-Moss—Libby
model (Bray et al., 1985) for X is based on the spatial distribution of flame
crossings along a contour of mean progress variable, (c), which is 0 in the
reactants and 1 in the products. An alternative formulation for modeling
the spatial variation of the flame surface density, based on the gradient of
the progress variable across the flame front (Pope, 1988), is

2(x) = (X'(x)) = (IVelo(c - ¢r)) (2)

where Ve is the spatial flame front gradient, é(¢ — ¢r) is the instantaneous
flame front position (J is the Kronecker delta), and X'(x) is the instan-
taneous local flame surface density.

In flamelet models, the flame surface density is obtained either using
an algebraic closure or by way of a godelin transport equation, known as
the X-equation. The X-equation was first formulated by Marble and
Broadwell (1977). In a turbulent flow field, the averaged X-equation con-
tains terms representing transport by mean flow, transport by turbulence
and flame propagation, and production and destruction by flame stretch
of the flame surface. Modelling assumptions are needed for the transport
due to flame propagation, the turbulent diffusion velocity, and turbulent
flame stretch. Unfortunately, these terms are not experimentally access-
ible. Further discussion on the Z-equation and its numerical solution
schemes can be found in Pope (1988), Trouvé and Poinsot (1994), Boger
et al. (1998), and Prasad et al. (1999).

Most of the experimental data on flame surface density are limited to
low turbulence intensities, e.g., Deschamps et al. (1994), Deschamps et al.
(1996), Shepherd (1996), and Ghenai (1996). In most of studies, the three-
dimensional information has been extracted from the two-dimensional
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data by making certain assumptions. In Deschamps et al. (1996), images
from orthogonal planes have been used to determine the mean orientation
angle, i.e., the direction cosine, along the line of intersection of the planes.
Several studies concluded that in a wide range of flame geometries, the
mean direction cosine is about 0.65-0.75 (Deschamps, 1996; Shepherd
and Ashurst, 1992; Zhang et al., 1998). Bingham et al. (1998) introduced
a new technique, crossed-plane tomography, for direct determination of
the instantaneous flamelet surface normals by using data from tomo-
graphic images recorded simultaneously from two orthogonal laser illumi-
nation planes, which were used to determine the flame surface density
(Bingham et al., 1998; Knaus et al., 1999).

Experimental data obtained in Bunsen flames and firing homogenous
charge spark ignition engines at low turbulence intensities, i.e., ¢/ /St less
than 2, did not show any significant variation of the flame surface density
with turbulence intensity (Deschamps et al., 1994, 1996; Smallwood and
Deschamps, 1996; Knaus et al., 1999). To provide experimental flame sur-
face density data at medium to high turbulence intensities, we have carried
out an experimental program and determined the flame surface densities
of turbulent premixed flames on a Bunsen type burner. The Reynolds
numbers, Re,, based on the integral length scale, A, cover the range 34
to 467, and u' /Sy covers the range from 0.84 to 15.

EXPERIMENTAL METHODOLOGY

The turbulent premixed conical flames studied were produced by two
axisymmetric Bunsen-type burners with inner nozzle diameters of 11.2
and 22.4 mm. Low turbulence intensity flames studied on the 22.4 mm
diameter burner were reported previously (Deschamps et al., 1996). Pre-
mixed turbulent propane-air flames with equivalence ratios of 0.8 and 1.0
were stabilized by using an annular propane pilot for low turbulence
flames and a hydrogen pilot for high turbulence ones. Turbulence levels
were controlled by perforated plates positioned three nozzle diameters
upstream of the burner exit. The turbulence parameters were measured
under reacting conditions by LDV of fine silicone oil droplets seeded
in the flow. The integral length scales, A, and turbulence intensities, u/,
reported in Table 1, were measured on the burner centerline at the
nozzle exit.

The integral length scale was determined using Taylor’s hypothesis.
The turbulence intensity field measured for the flame condition “M” is
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Table 1. Summary of experimental conditions and results

Data
Set d(mm) ® U(m/s) A(mm) ' (m/s) «'/SL A/oL o1 (mm) X (mm)-1 St/Sp

A 224 1.0 11 1.5 0.36 0.84 40 48 0.3 3.1
B 224 1.0 14 2.3 0.6 1.4 62 47 0.31 4.5
C 224 0.8 14 2.5 0.6 20 47 57 0.3 5.8
D 112 1.0 39 1.5 23 53 40 64 0.28 8.9
E 11.2 1.0 42 1.8 2.8 6.5 48 51 0.37 7.4
F 11.2 1.0 42 1.8 2.8 6.5 48 43 0.31 7.8
G 112 1.0 53 1.6 3.1 7.1 43 55 0.24 6.8
H 11.2 1.0 56 1.6 3.4 79 43 58 0.27 9.2
1 11.2 1.0 73 1.8 3.7 86 48 64 0.25 10.8
J 112 08 42 1.9 2.7 9.1 36 59 0.36 8.8
K 112 1.0 77 1.6 4.5 104 43 56 0.33 11.7
L 11.2 08 72 1.7 3.9 129 32 58 0.22 13.5
M 112 08 77 1.7 4.5 15 32 66 0.31 19.5

Symbols: d = burner diameter; ® = fuel-air equivalence ratio; U = mean flow velocity;
A = integral length scale; # = rms velocity fluctuation; #'/S;, = non-dimensional turbulence
intensity; A/ = ratio of integral length scale to laminar flame thickness (6, = v/SL, where
is the kinematic viscosity); 01 = maximum flame brush thickness; Z,x = maximum flame
surface density; St/Sp = ratio of turbulent to laminar burning velocity.

shown in Figure 1. Similar profiles were obtained for other flame con-
ditions listed in Table 1.

The instantaneous flame fronts were visualized by laser induced
fluorescence of OH. A tunable excimer laser was wavelength tuned to
a strong OH radical molecular resonance line, Q{(3), which lies within
the A2Z* (v =0) — X*T1(v" = 0) electronic band. The dimensions of
the laser sheet at the burner centerline were about 17cm by 100 um
(FWHM) in the vertical and horizontal planes, respectively. The sheet
thickness was less than 150 pm over the full flame width. The sheet optics
consisted of a cylindrical lens for vertical plane expansion and a spheri-
cal lens for horizontal plane focusing. For LIF of OH, the images were
acquired with an intensified CCD detector (576 x 384 pixels) giving a
flame image spatial resolution of 150 pm. This resolution was much finer
than the inner cutoff for these flames, and thus all scales of wrinkling
were captured in the images (Deschamps et al., 1996). All LIF images
included full views of the flame from burner exit to flame tip.

The images were then systematically binarized by setting a threshold.
Pixel values of 1 indicate a progress variable equal to 1 (burnt gases) and
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Figure 1. Turbulence intensity, «/, profiles at various downstream locations for the flame set
“M.” X is the axial distance along flame centerline and d is the nozzle diameter.

pixel values of 0 indicate a progress variable of 0 (fresh mixture). The
resulting image represents the instantaneous map of the progress vari-
able. By averaging over the number of images selected (100 to 800) the
mean progress variable map is determined. Individual flame contours
(1 pixel wide) were detected from the instantaneous maps of the
fresh/burned gases. Averaging the flame contours provides a map of
the probability of presence of the flame front.

The approach for determining X~ was derived from the formulation of
Eq. (2). To evaluate Z(x), the instantaneous local two-dimensional flame
surface density, X (x), needs to be corrected by the individual flame front
orientation angle, 0, observed in the orthogonal plane. Z;:V (x), which is the
length of intersection between the flame front surface and plane xy, per unit
area, was calculated from the product of the gradient [V¢;|,, with the indi-
vidual contour map. The orientation of the normal to the flame front, 0y,
and X (x) were determined from individual maps of fresh/burned gases.
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As the Bunsen flame is axisymmetric, we obtained X(x) by dividing Z;y (x)
by cos(0,,), which must be statistically equal to cos(0,.) along the axis of
the burner assuming isotropic turbulence. Further details on the burner,
LIF imaging system, image processing, and surface density determination
may be found in Deschamps et al. (1996).

RESULTS AND DISCUSSION

A summary of results is given in Table 1. The Z(x) profile, including indivi-
dual data points, for one representative Bunsen flame is shown on Figure 2
as a function of reaction progress variable (c). This shows data averaged
from 800 flame images. The solid line in Figure 2 represents a Lowess
smooth of the data, and the maximum flame surface density is determined
from this fit. The mean local two-dimensional flame surface density,
X (x), and the mean orientation angle which produced the X(x) profiles
were also determined. The mean direction cosines (cos(0)) of the flame
front had a typical value of 0.69 for all the Bunsen flames. This is in good
agreement with the typical value of 0.7 found in numerous studies (Trouvé
and Poinsot, 1994; Deschamps et al., 1996; Shepherd and Ashurst, 1992).
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Figure 2. A typical flame surface density profile as a function mean progress variable, for
flame set “E.”
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The profile shown in Figure 2 is typical of those found for the other
flames in this study. They are also typical of those found at low to mod-
erate turbulence intensities (#'/Sy = 0.25 to 2.0) in Bunsen flames and
spark ignition engines (Deschamps et al., 1996). The profiles determined
in this study are comparable in shape to those found by Veynante et al.
(1994) in a two-dimensional V-flame, by Deschamps et al. (1994) in a
Bunsen flame, and by Boger et al. (1998) obtained by direct numerical
simulation. X, has little variation over the range of #'/S (0.84 to
15.0) investigated here, as shown in Figure 3. Experimental flame surface
density data reported in literature have also been included in Figure 3 for
comparison. Clearly, there is no systematic relationship between the
maximum flame surface density and the turbulence intensity. Results
from direct numerical simulation efforts (Bell et al., 2002; Boger et al.,
1998) also do not indicate any dependence of the flame surface density
on turbulent rms velocity.

In Eq. (1), the mean rate of reaction, (@) (x), and the flame surface
density, X(x), both vary with time and position; they are mean local
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Figure 3. Maximum flame surface density versus non-dimensional turbulence intensity.
Also shown are the results from Deschamps et al., 1996; Knaus et al., 1999; Lee et al.,
2000; Shepherd et al., 2002. Note the axis break and scale change on the x-axis.
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properties. An overall heat release Q within the turbulent flame brush of
volume ¥ can be written as

0= / puSLAHEAV (3)

where p, is the unburned mixture density, S; is the laminar burning velo-
city, X is the flame surface density, and AH is the enthalpy of reaction of
the premixed mixture. For a well-defined geometry of a flame front, over-
all heat release can be also expressed in terms of a turbulent burning
velocity St as:

0 = p,StAHA, 4)

where A, is the area perpendicular to the direction of the flame propa-
gation. These expressions for Q yield

St zdV
o=l )
SL Ao
Eq. (1) is equivalent to the Damkdhler’s hypothesis that
St At

For practical purposes, the turbulent flame brush is commonly taken as
the flame reaction zone bounded by the surfaces of (c) = 0.05 and
(¢) = 0.95. In view of Eq. (5), if we ignore the flame stretch and curvature
effects for the moment, the turbulent burning velocity is a function of the
integrated flame surface density. Integrated flame surface densities cal-
culated from the flame images are shown in Figure 4 as a function of
the non-dimensional turbulence intensity. Also shown in Figure 4 are
the integrated flame surface density data reported by Chen and Bilger
(2002) at low turbulence intensities obtained on Bunsen burner flames.

Integrated flame surface density shows no clear dependence on the
turbulence intensity for the turbulent flame conditions studied in the
present work. The observations that the integrated flame surface density
do not change with the non-dimensional turbulence intensity have some
serious implications. Experimental measurements on turbulent premixed
flames have shown that the turbulent burning velocity increases with
increasing turbulence. Table 1 shows the turbulent burning velocities
estimated from the ratio of the area of an equivalent laminar cone
(AL = q/SL, where q is the volume flow rate of the premixed reactants
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Figure 4. Integrated flame surface density data plotted as a function of nondimensional
turbulence intensity. Also shown are the data from Chen and Bilger (2002). Dashed line
indicates the best second-degree polynomial fit to the data.

and A is the area of the equivalent cone) to the area marked by the mean
progress variable (¢) = 0.05. The area marked by (c) = 0.05 denotes the
lower bound of the flame brush. The turbulent burning velocity St
increases as the turbulence intensity is increased. Thus the integrated
flame surface density is expected to increase with increasing #'/Sy in
accordance with Eq. (5), however, it does not show any evidence of sig-
nificant dependence on the flow turbulence.

If the integrated flame surface density at medium and high intensities
is insensitive to turbulence parameters, then the fundamental assumption
that the increasing turbulence intensity causes an increase in the flame
surface wrinkling should be re-examined.

A second parameter in the closure model is the flamelet displace-
ment or consumption velocity, Sq. The magnitude of Sy as inferred from
measurements and (direct) numerical simulations varies significantly and
the relative influences of flame curvature and aerodynamic stretch seem
to be unresolved yet. Recent evidence for the variation in Sy is summa-
rized as follows. Sinibaldi et al. (1998) showed that the displacement
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velocity varies enormously along the flame, as much as a factor of 7.5
(from 0.7 to 5.25 times the unstretched value), and the flame curvature
plays a dominant role in determining the displacement velocity. On the
other hand, Peters et al. (1998) conclude that the displacement velocity
is approximately 40% larger than the corresponding unstretched laminar
burning velocity for a stoichiometric methane flame and 40% smaller for
a lean flame. The strain rates that would quench the flame have been
quantified by Bradley et al. (1998) and the results have been used to
evaluate the S;/Sp ratio. More conservative approaches assume that
for flames with Lewis numbers close to unity, S4 remains close to the
laminar flame velocity (Trouvé and Poinsot, 1994; Veynante et al., 1997).

Neglecting the effects of Sy for the sake of discussion, assuming that
it remains close to Sp, then we are faced with three possibilities:

1. OH is not a good marker for flame front imaging and this is the cause
of current controversial results: Laser-induced fluorescence of OH is
one of the most commonly used flame front markers. Although a
recent experimental effort implied that OH is not as good as the pro-
duct of OH and CH,O as an indicator of heat release rate (Paul and
Najm, 1998), it is adequate to mark the flame front location (Giilder
et al., 2000).

2. The flames studied in the present work are not within the flamelet
combustion regime (i.e., thin reaction zones regime): Figure 5 is a
premixed turbulent combustion diagram. It shows the approximate
domain of the flamelet combustion regime as redefined by Poinsot
et al. (1991), Roberts et al. (1993), and Giilder and Smallwood
(1995) in terms of the smallest eddies that could wrinkle the flame
front. The most recent work of Peters (1999) also claims a wider
domain for the flamelet regime as shown in Figure 5. The flames
studied in the present work are plotted in Figure 5, and it is clear that
they are within the flamelet combustion regime according to these
most recent definitions.

3. The last but the most critical possibility, which follows from item 2
above, is that the flamelet combustion regime is much smaller and
limited than presently believed. It may be confined to very low turbu-
lence intensities of order #' ~ S and large A/Jy ratios. This is in
conflict with a number of theoretical and numerical results and calls
for a reassessment of the assumptions leading to the current domain
of the flamelet combustion on turbulent premixed combustion
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Figure 5. Diagram of premixed turbulent combustion regimes adapted from Peters (1999).
Note the range of the thin reaction zone regime, and Kas; = 100 Ka. Circled area shows the
two sets of data in Figure 4 (squares denote data reported in this work; triangles are from
Chen and Bilger, 2002).

diagrams. Similar conclusions have been reached by applying the
fractal geometry concept to premixed turbulent flames of Bunsen-
type burners (Giilder et al., 2000).

If the area increase (due to increasing turbulence) does not explain the
increase in mean burning rate, then it may be proposed that the turbulent
transfer of species and heat (enhanced by small-scale turbulence) should
have a significant role in turbulent premixed combustion. The turbulent
premixed combustion analysis and predictions should not be based only
on the geometry of the flame front surface. This observation supports
the analytical work of Ronney and Yakhot (1992) that concludes that
the effect of scales smaller than the laminar flame front thickness are
probably significant for most flames at sufficiently high turbulence inten-
sities. It should be noted that thickening of the flame front by small-scale
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turbulence and its contribution to turbulent flame propagation were also
proposed by Zimont (1979). The probability of the flame front alteration
in the thin reaction zones regime by penetration of smaller size eddies into
the flame front, and the enhancement of heat and mass transport should
not be ignored, and there is some experimental evidence of this happening
(Kortschik et al., 2004), although no direct experimental evidence of flame
front thickenening has been reported.

CONCLUDING REMARKS

The characteristics of the flame surface densities in turbulent premixed
propane/air flames were investigated using laser induced fluorescence
of OH on two Bunsen type burners of 11.2 and 22.4 mm diameters in
the nondimensional turbulence intensity #'/Sy range from 0.84 to 15.
The Reynolds number based on the integral length scale was varied from
34 to 467. These flames are in the flamelet combustion regime (in corru-
gated and in the thin reaction zones) as defined by the most recent tur-
bulent premixed combustion diagrams.

In the non-dimensional turbulence intensity range of up to 15, it was
found that the maximum flame surface density and surface density pro-
file as a function of the progress variable do not show any dependence on
turbulence intensity. Also for the same flames, the integrated flame sur-
face density was found to be insensitive to turbulence intensity.

Our findings imply that the conceptual increase in flame surface den-
sity by turbulence may not be the dominant mechanism for flame velocity
enhancement in turbulent combustion in the region specified as the fla-
melet combustion regime by the current turbulent premixed combustion
diagrams. Small-scale transport of heat and species may be more impor-
tant and chemistry may not be decoupled from turbulence. Further, the
applicability of the flamelet approach may be limited to a much smaller
area than presently believed.
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