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Abstract

Turbulent premixed flames of methane-air and propane-air stabilized on a Bunsen-type burner
were studied to investigate the dynamics and structure of the flame front at a wide range of
turbulence intensities. The non-dimensional turbulence rms velocity, rms velocity divided by
the laminar flame velocity, covered the range from about 3 to 24. The equivalence ratio was
varied from 0.6 (0.7 for propane) to stoichiometric. The flame front data were obtained using
planar Rayleigh imaging, and particle image velocimetry was used to measure instantaneous
velocity field for the experimental conditions studied. The gradients of temperature profiles
decreased noticeably with increasing non-dimensional turbulence rms velocity. Flame front
curvature statistics indicated that the curvature probability density functions are highly
symmetric. Frequency of crossing from negative to positive (and vice versa) curvatures did
not show any clear sensitivity to non-dimensional turbulence rms velocity, but decreased by
increasing fuel-air equivalence ratio. The product of curvature and diffusivity, a crucial term
in the level-set equation proposed for the thin reaction zones regime, was found to be very
small as compared to laminar burning velocity, but the product of rms curvature and
diffusivity was higher than the laminar burning velocity. Flame surface densities integrated
over the flame brush volume did not show any sensitivity to the non-dimensional turbulence
rms velocity. Some of the single shot Rayleigh temperature profiles at higher turbulence
intensities were radically different than those at lower intensities which are similar to laminar
flame profiles. These findings question the validity of the flamelet hypothesis in the thin
reaction zones regime where Karlovitz number exceeds unity.

Introduction

The processes involved in turbulent premixed combustion are remarkably complex and some
of the factors affecting it are so elusive that our comprehension and description of this
important problem is in a confused state. As compared to other combustion problems,
turbulent premixed combustion has very few principles whose foundations are firmly
established [1]. As a result, we mostly rely on assumptions to describe the physics: many
assumptions made in the simulation, and to a certain extend, in experimental analysis of the
turbulent premixed flames are based on the flamelet hypothesis. However, the validity of the
flamelet hypothesis and the combustion regime where it is applicable are the subjects of much
debate. The present study is concerned with the experimental analysis of the rate of
propagation of a flame through turbulent premixed reactants, specifically in the regime of thin
reaction zones, with an emphasis on the soundness of the flamelet hypothesis.

Through the influence of turbulence, the front of a turbulent premixed flame is subjected
to the motions of eddies that leads to an increase in the flame surface area, and the term flame
wrinkling is commonly used to describe it. If it is assumed that the flame front would continue
to burn locally unaffected by the stretch, then the total turbulent burning rate is expected to
increase proportionally to the increase in the flame surface area caused by wrinkling. When



the turbulence intensity is high enough such that the stretch due to hydrodynamics and flame
curvature would influence the local laminar burning rate, then the actual laminar burning rate
should reflect the influence of stretch. It is shown that [2] the front structure of a freely
propagating planar flame is insensitive to stretch for equidiffusive flames, i.e. when the Lewis
number is unity, such as methane-air mixtures. So the flame front thickness, flame
temperature, and burning rate are independent of the hydrodynamic stretch. But in the
presence of front curvature, the flame stretch has an effect on the front structure: there is a
smoothing effect of curvature on wrinkled flames, and as a consequence the positive curvature
tends to reduce local burning rate whereas the negative curvature enhances it.

The planar non-equidiffusive flames, on the other hand, are affected by the hydrodynamic
stretch and the direction of this effect depends on the Lewis number, Le, of the deficient
reactant. When combined with stretch imposed by flame curvature in wrinkled flames, the
tendency to form sharper segments would be enhanced for Le < 1 (e.g., lean hydrogen-air
mixtures), and be moderated for Le > 1 (e.g., lean propane-air mixtures) [3]. This means that
the degree of wrinkling, and hence the flame surface area, would increase in mixtures with Le
< 1 relative to mixtures with Le > 1 as shown by experimental [4] and DNS data [5].

When the turbulence intensity reaches a certain value relative to the laminar burning
speed, it seems that the flame surface area increase through wrinkling no longer explains the
observed enhancement in the turbulent burning rate with increasing turbulence. Several
experimental observations supporting this phenomenon have been reported within the last
decade (see e.g. [6-11]). One of the implications of these observations is that the wrinkled
laminar flame structure breaks down when the non-dimensional rms velocity, u /S, reaches a
certain level. The passive characteristics of the premixed flamelets and their laminar thermal
structure are not preserved [6, 12, 13], and the scalar gradients within the flame front are
destroyed by turbulence [8, 13]. So there are strong indications that the flamelet assumption
used in turbulent premixed flame analysis has a much narrower validity range than currently
believed.

Approaches, other than surface area increase, to describe the turbulent flame propagation
when the critical » /S, level is reached are summarized in the next section. These approaches
cover (a) the level-set formulation for the thin reaction zones regime extending the flamelet
assumption; (b) the leading edge concept advocated originally in the Soviet literature; and (c)
the concept that the small eddies penetrate into the flame front and modify or destroy scalar
gradients and enhance heat and mass transport.

Background

Adaptation of the G-equation for the “thin reaction zones” regime [14] was to address the
non-correlation between flame surface area and the turbulent burning rate when the non-
dimensional turbulence rms velocity, u /S, , exceeds a critical value. So that the main driver in
propagating the turbulent flame would be the curvature, not the perceived increase in the
flame surface area. In most practical laboratory flames and in combustion devices, the ratio of
integral length scale, A, to the laminar flame thickness, &, might range from about 5 to 100.
In view of this, transition from wrinkled flame to thin reaction zones regime occurs at about
single digit values of «/S;.. Rigorously, however, the transition is marked by the conditions
where the Karlovitz number, Ka, is unity, which is known as the Klimov-Williams criterion
[1], indicating that the wrinkled laminar flame structure exists if the Reynolds number based
on Kolmogorov length scale, R, is larger than « /S,.. Markstein [15] originally formulated the
level set equation for the premixed flame propagation that is now known as the G-equation:
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Equation (1) was modified to represent the physics of the flame propagation within the thin
reaction zones regime. In the theory for the thin reaction zones regime [14] the propagation
speed of the instantaneous flame is given by s_= D« , where D is the diffusivity and x is the

local flame curvature. It is argued that this value is much higher than the laminar burning
velocity in this regime. The proposal that s_ should be used instead of the laminar burning
velocity in the thin reaction zone regime is based on the two-dimensional DNS data [16]. The
proposed level set equation for the thin reaction zones regime is a modification of the G-
equation, given as [14]:
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where s  =s, +s,, and s and s are contributions due to normal diffusion and reaction to
the displacement speed of the thin reaction zone. However, s, . is the same order of magnitude

as the laminar burning velocity. Therefore the observed high turbulent burning rates are
accounted for by the Dk, in the second term on the right hand side of Eqg. (2). It is
conjectured that the magnitude of Dx will be much greater than the laminar burning velocity
so that the modified G-equation would be able to represent premixed turbulent combustion in
the thin reaction zones regime.

One of the concepts originally discussed in Soviet literature in 1970s is the propagation of
the turbulent flame by the leading edges (or leading points) of the flame extending into the
unburned mixture [17]. The characteristics of the positive curvatures of the flame front then
determine the rate of flame propagation. The development of this concept was attributed to
Zeldovich [18] and the original idea behind it seems to be proposed by Baev and Tret’yakov
[19]. So it is proposed that, at least in lean flames, the influence of negative curvatures is
minimal whereas the influence of positive curvature dominates the propagation rate. Details
of this concept are discussed by Sabelnikov and Kuznetsov [20] as well as by Kuznetsov [18],
and a schematic is shown in Fig.1. Leading points, shown by arrows on the lower part of the
x-axis, are the drivers for the flame propagation irrespective of the negatively curved parts of
the flame sheet above the y-axis.

Combustion products

Unburned mixture

Figure 1. Schematic description of the leading edge (or points) concept of flame propagation.
Leading points, shown by arrows on the lower part of the y-axis, are the drivers for the flame
propagation. Adapted from [18].

The influence of turbulence on the inner structure of a premixed flame front is not trivial
even in the wrinkled flamelets regime [18]. Ronney and Yakhot [21] conclude that the effect
of scales smaller than the laminar flame front thickness is probably significant for most
flames at sufficiently high turbulence intensities. Detailed measurements of O’Young and
Bilger [12] show that small high-turbulence intensity eddies, comparable to the thermal flame



front thickness in size, have a strong convective effect on the preheat zone, broadening of the
thermal flame front. In addition, as turbulence increases, the value of the conditional mean of
the scalar dissipation departs significantly from that of a laminar flame [12]. It is shown in [6,
8-10] that when the non-dimensional turbulence intensity, «'/ S, , exceeds about 6-7, the flame

surface area increase estimated by the fractal analysis or flame surface density approaches
does not explain the observed increases in the turbulent burning velocity. One of the potential
contributors to the flame propagation is the enhancement of the transport within the flame
front by small size eddies that could penetrate into the preheat layer. An expression was
derived in [8] to estimate the contribution of flame front alteration, as a consequence of the
small scale turbulent eddies that may penetrate into the preheat layer of the premixed flame
front, to the flamelet burning velocity. The derivation was based on that (a) there is
experimental evidence of flame front alteration by active eddies penetrating into the preheat
layer and enhancing the transport, (b) these active eddies have a characteristic size
approximating the Taylor microscale, and (c) within the turbulence cascade the volume
occupied by a certain size eddy and its velocity obey power-law relationships (i.e. structure
functions), dictated by the intermittency of the turbulent field.

In this paper, experimental results obtained by 2D Rayleigh scattering in lean and
stoichiometric turbulent premixed flames are analyzed to address the question of the validity
domain of flamelet assumption. The turbulence intensities covered the regimes of wrinkled
and thin reaction zones. The results are discussed with respect to the three approaches
summarized above.

Experimental Methodology

Experimental setup, the method of measurements, and the data analysis used in the current
work were presented in detail previously [11, 22]. Here a brief description will be given. The
burner is a Bunsen type circular burner with a nozzle diameter of 11.2 mm.

Flame front images were captured using planar Rayleigh scattering [23-25]. This setup
consisted of a third harmonic (355 nm) Nd:YAG laser working at an energy level of 305
mJ/pulse and a frequency of 10 Hz; a set of beam-shaping optics through which the laser
beam passed to produce a laser sheet of 60 mm high and 150 um thick; an intensified CCD
camera with an array size of 1024 X 1280 pixels positioned at 90° to the scattered light, and
equipped with a 4.1 f-number 94 mm focal length camera objective. With this setup, a capture
area of 57 mm X 46 mm and a resolution of 45 um/pixel were achieved. The signal to noise
ratio for the products is about 14.3, and for the reactants 23.8. This is found by calculating the
ratio between the mean and standard deviation for an area of 2500 pixels in the product and
reaction regions of the flame. Typical Rayleigh scattering intensity is about 260 counts for
reactant pixels and 72 for product pixels. However, with this arrangement of the optical
layout, it was necessary to divide the flame into three sections along the flame centerline, and
images were captured for three sections separately. Each section of the flame has a height of
44 mm and width of 22 mm. The centers of the sections are 66.5, 96.5, and 121.5 mm above
the burner rim. More than 300 images were captured for each experimental condition.

The maximum resolution of the Rayleigh imaging system was found using the Contrast
Transfer Function (CTF) which corresponds to 22 line-pairs/mm at CTF of 10%. Thus, the
limiting resolution for the Rayleigh scattering measurements would be the laser sheet
thickness which is 150 um. Details of the Rayleigh image analysis and extraction of the flame
front thickness, curvature, and flame surface density information are described in [11].

Particle image velocimetry (P1V) was used to measure instantaneous velocity field for the
experimental conditions studied. The submicron oil droplets were generated by a nebulizer as
seeding particles. The actual PIV resolution was about 0.24 mm. This is the smallest velocity
structure that can be resolved which is smaller than the Taylor length scales in the current



experiments. The length scales were estimated by using the velocity field data from the PIV
measurements.

Results and Discussion

Flame Front Thermal Structure

The Rayleigh scattering images were processed to provide instantaneous temperature
gradients at progress variable ¢ = 0.5 and 0.3, where ¢=(T-T1,)/(T,-T,). T, T,,, T, are the

instantaneous, burned gas, and unburned gas temperatures, respectively. Temperature gradient
probability density functions (pdf) had a Gaussian shape, an example of which is shown in
Fig. 2. Temperature gradient data, plotted in Fig. 3, are the peaks of the temperature gradient
pdfs at each experimental condition at ¢ = 0.3 for methane and propane flames. Error bars
represent plus and minus one standard deviation of the corresponding temperature gradient
pdf, Fig. 3. The total error, on the other hand, in evaluating the temperature gradient from
Rayleigh images was found to be about 11-13% [26]. Temperature gradients show a definite
decreasing trend with increasing non-dimensional turbulence velocity which means that the
thermal flame thickness increases with increasing turbulence rms velocity. However, the
decrease in temperature gradient levels off when u’/S_ reaches about 10, Fig. 3. In both
methane and propane flames, thermal flame thickness obtained from the gradients of the
temperature profiles increases with increasing turbulence intensity irrespective of progress
variable at which the data are evaluated.
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Flame Front Curvature

Most recent 3D DNS results [27] show that the mean flame front curvature in turbulent
premixed flames is negative and deviation from the zero mean increases with increasing
turbulence intensity. Experimental data, on the other hand, indicate that with increasing
turbulence the curvature distribution assumes almost a perfect symmetrical pdf centered at
zero [22, 28], indicating that the positive and negative curvatures exist at the flame front with
an equal probability. Thin reaction zones formulation in Eq.(2) is based on the results of 2D
DNS calculations which show that the mean flame front curvature is negative and deviation
from the zero increases with increasing turbulence intensity [16]. The variation of the term
Dx in Eq.(2), evaluated using the curvature data and diffusivities calculated at 1800 K, with
u’lS, is shown in the lower part of Fig. 4. If one evaluates the rms value of the curvature, ",




then the product of diffusivity and the rms curvature, Dx', reaches values that exceed the
laminar flame velocities as shown in the upper part of Fig. 4.
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Figure 4. Product of curvature and diffusivity, and the product of rms curvature and
diffusivity at various turbulence intensities.

Note that Dx data are presented for conditions where the non-dimensional turbulence
rms velocity is larger than about 8. The magnitude of the term D« is much smaller than the
laminar burning velocity for both methane and propane flames. These results question the
validity of extending the level set formulation, developed for passive surface thin flame
propagation, into the thin reaction zone regime by modifying the local flame propagation by
the term D« in addition to laminar burning velocity. On the other hand, if the Dx term in

Eq.(2) is replaced by —|D1c'| , then it makes a non-trivial contribution to the flame propagation

velocity. However, this exercise is somewhat similar to assuming that the “leading points”
concept, discussed in the Background section, is the mode of operation in turbulent premixed
flames, and the rms curvature somehow captures the physics of “leading points” concept.
One caution is that, as can be deduced from the discussion on leading points concept in
literature, the inner structure of the turbulent flame front is assumed to be significantly
influenced by turbulence and the preferential diffusion plays an important role [18, 20] in the
leading points concept, whereas in Eq.(2) the main assumption is that the flame front,
specifically the reaction zone, is still a passive surface.

An alternative measure of the flame front curvature is the statistics of occurrence of zero
curvature points, i.e. transitions from negative to positive curvatures, along the flame
contours. Since the curvature pdfs are almost symmetrical around zero, zero curvature points
may provide information on the degree of wrinkling as a function of equivalence ratio and
u’lS.. For each flame condition, 300 flame images are processed to determine the zero



curvature statistics of the instantaneous flame surfaces. Leaner mixtures exhibit larger number
of zero crossings, Fig. 5. Frequency of occurrences in Fig. 5 were normalized by the total
number of images in each set. The turbulence intensity sensitivity of the zero crossings,
however, is not clear cut from the data shown in Fig. 5. Presenting the data as a function of
u’IS. does not indicate any conclusive sensitivity on the turbulence rms velocity, Fig. 6.
Similar behaviour to that of methane was observed for propane flames.
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Figure 5. Frequency of occurrence of zero curvature points along the flame contours as a
function of fuel-air equivalence ratio in methane flames.
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Figure 6. Frequency of occurrence of zero curvature points along the flame contours as a
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Flame Surface Density
It can be shown that the non-dimensional turbulent burning velocity is proportional to the
flame surface density integrated over the flame brush volume (see for example [29]), i.e.,




SIS, :jEdV/AO. The flame surface density data obtained in this study were used to

evaluate the integrated flame surface densities for methane and propane flames. Integrated
flame surface densities are plotted, along with turbulent flame burning velocities determined
experimentally, as a function of non-dimensional turbulence rms velocity in Figs. 7 and 8.
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Figure 7. Variation of integrated flame surface density and non-dimensional turbulent
burning velocity of premixed turbulent methane flames with non-dimensional turbulence rms
velocity. Direct measurements refer to burning velocities determined using the procedure
outlined in [6, 10]. Shepherd’s method is detailed in [34]. Error bars on integrated flame
surface densities represent systematic and random errors and are about 15-20% [26].

Burning velocities were determined using the procedure outlined in [6, 10]. 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. Turbulent burning
velocity data from the current measurements also show an increasing trend with increasing
non-dimensional turbulence rms velocity as shown in Figs. 7 and 8. The turbulent burning
velocity St increases as the turbulence intensity is increased. Thus the integrated flame
surface density is expected to increase with increasing «’/S. in accordance with the assumed
relationship between the burning rate and the flame surface area, however, it does not show
any evidence of significant dependence on the flow turbulence.



Non-Flamelet Flame Structure

Single shot Rayleigh temperature profiles for five cases are shown in Fig. 9, where the
temperature is plotted against a spatial coordinate normal to the flame surface. Temperature
profile M9, taken from the flame with « /S, =6.5, is similar to a laminar flame temperature
profile, whereas profiles of M15, taken from the flame with « /S =24, in Fig. 9, however,
deviate significantly from that of M9. The temperature bulges in front of the preheat zone in
M15 profiles are similar to that reported in [33]. What is significant is the change in thermal
structure in the reaction zone of the flame, Fig. 9. These temperature profiles validate the
findings showing that the fine scale turbulence and strain modifies or destroys the scalar
gradients within the flame front [12, 13].
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Fig. 8. Variation of integrated flame surface density and non-dimensional turbulent burning
velocity of premixed turbulent propane flames with non-dimensional turbulence rms velocity.
Direct measurements refer to burning velocities determined using the procedure outlined in
[6, 10]. Shepherd’s method is detailed in [34]. Error bars on integrated flame surface densities
represent systematic and random errors and are about 15-20% [26].

The current experimental results and their analysis cast doubt on the validity of the
flamelet hypothesis in the thin reaction zones regime. Further, flamelet hypothesis is not
supported by the extensive amount of experimental data [6-13, 30] when the non-dimensional
turbulent rms velocity exceeds a certain limit. For practical purposes, these observations limit
the validity of the flamelet hypothesis to conditions where the Reynolds number based on the



Kolmogorov length scale is larger than the non-dimensional turbulent rms velocity. Original
criterion proposed by Klimov [31, 32] indicates that when the ratio of characteristic chemical
time to turbulence time exceeds unity (i.e, Ka >> 1), surface combustion is no longer possible.
To the current authors’ knowledge, there is not any experimental data that directly supports
the validity of the flamelet hypothesis unambiguously beyond the Klimov’s criterion when Ka
>> 1,

Although the current experimental work is 2D, the justification for its relevance to 3D,
and the errors involved can be found in [11, 35].
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Figure 9. Selected temperature profiles (filtered) from single-shot Rayleigh measurements.

Conclusions

The measurements of the turbulent premixed flame front characteristics presented here for

methane and propane flames at non-dimensional turbulence intensities from 3 to 24 lead to

the following conclusions:

1. Flame surface area, reported as flame surface density integrated through the flame brush
volume, does not keep growing with turbulence intensity beyond a certain non-
dimensional turbulence rms velocity.

2. Flame front curvature is mostly symmetric around zero, especially at high turbulence
intensities. Numerical value of the product of curvature and diffusivity is much smaller
than the laminar burning velocity, and does not contribute to flame propagation per the
level-set equation proposed for the thin reaction zones regime.

3. Fine scale turbulence modifies or destroys the temperature gradients within the flame
front enhancing the transport of heat and species.

4. Experimental findings question the validity of the flamelet hypothesis, and it was argued
that the flamelet hypothesis is not valid when the Karlovitz number Ka>>1.
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