ABSTRACT

KOLERA-GOKULA, HEMANTH. Numerical Investigation of the Mechanisms of Local
Extinction Using Flame Kernel-Vortex interactions. (Under the direction of Dr. Tarek
Echekki).

The response of premixed flames to unsteady stretch is studied via kernel-vortex
interactions. In this configuration a spark ignited kernel interacts with a vortex pair (in 2D)
or a toroidal vortex (in 3D) of variable strength. Both detailed and simple chemistry
approaches are explored. In the detailed chemistry effort a dilute Hydrogen-air mixture is
used. The vortex causes significant distortion of the kernel topography. Two distinct
regimes; “Breakthrough” and “Extinction” are observed. A continuous increase in flame
area and volumetric reaction rate values are observed throughout interactions in the
breakthrough regime. However, corresponding consumption speed values are lower than 1-
D laminar flame speed values. Detailed chemistry analysis of downstream interaction at the
leading edge is carried out. These interactions lead to mutual annihilation at the leading
edge in the “Breakthrough” regime. During intermediate stages of the interaction, the
mixture in between the interacting flames shows rich burning conditions. As the interaction
proceeds the pool of products expands against the counter velocity gradient imposed by the
vortex. The decrease in the temperature causes a steady decrease in the rates of reaction of
the chain branching reactions causing. The behavior of various reaction layers is dictated to
a large extent by their arrangement across the region of interaction. A simple two-step
global reaction mechanism is formulated for lean methane combustion. These simple
chemistry computations are carried out in an axis-symmetric configuration. Four distinct
regimes of interaction: 1) the “laminar kernel” regime, 2) the “wrinkled kernel” regime 3)
the “breakthrough” regime, and the 4) “global extinction” regime are observed. Interactions
in the laminar kernel regime show only minor deviations from unperturbed kernel values.
Vortices in the wrinkled kernel regime impose substantial stretch on the kernel causing
major deviations from unperturbed kernel values. A sharp drop in the flame surface area
and the integrated reaction rate is observed during breakthrough. The primary mechanism
governing global extinction is downstream flame interactions. A turbulent combustion
diagram was derived for kernel-vortex interactions, which delineates conditions at each

regime.
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Chapter 1

1. Introduction

Most fields of scientific research draw knowledge from multiple disciplines. Turbulent
combustion is certainly no exception. It is the combination of turbulent flows and
combustion, two very complicated, and often perplexing, physical phenomenon. The study of
either phenomenon provides a sound degree of difficulty, which is rivaled only by the study
of their interaction with one another. The subject of combustion itself draws upon other
disciplines including chemical thermodynamics, chemical kinetics, transport phenomena,
kinetic theory and mathematics. To understand their individual behavior is to understand
only a small part of most physical combustion processes.

For example, a flow disturbance propagating toward a uniform reaction layer will likely
cause non-uniformity throughout that reaction layer. This leads to either attenuation of the
disturbance or further disruption of the adjacent fluid. In either case, it is clear that neither
fluid motion nor chemical reaction is independent to one another and are intertwined over a
range of temporal and spatial scales.

The nature of fluid-flame interactions also depends on the particular frame of interest. On a
global scale, the fluid responds to the geometry and input flow characteristics of the
combustion device. On a local scale, the fluid responds to neighboring fluid motion, as well
as thermo-chemical gradients in the vicinity of the same. The former is generally regarded as
an engineering problem, while the latter, a focal point of this study, is regarded as a scientific
problem.

A turbulent flow field changes the structure of a reaction zone, in a premixed flame, by
imposing strain and curvature on it. Libraries of flame’s response to strain have been
constructed to predict the flame response to strain. The extensive databases, called flamelet
libraries, are mainly obtained from computation of stagnation flames subjected to steady
strain rates. A comprehensive review of the flamelet approach to turbulent combustion was
provided in Peters (1984). Unsteady strain rates introduce additional time scales associated
with the imposed strain rate and the rate at which the strain is changing. One and two-
dimensional configurations have been considered to study unsteady strain effects. Law and

Sung (2000) showed that the flame structure does not respond instantaneously to unsteady



straining, at least for relatively robust flames. Mueller et al. (1995) has shown that the strain
rate history effects may play a significant role in altering the flame structure. Their results
find significant differences in peaks and widths of the OH profiles between unsteady and

steady straining conditions.

1.1 Flame vortex interactions

The flame-vortex interaction is a very useful process for analyzing the physics of stretched

flame surfaces. It allows simulation of unsteady strain conditions on the flame and is hence a

more realistic model of turbulence chemistry interactions than the strained flame model. In

addition, the premise upon which it is applied is quite simple. A two dimensional, laminar,
counter-rotating vortex pair (i.e. toroid) is convected toward a planar flame front and the two
make contact with one another, resulting in stretching of the flame surface. Although vortex
pairs and flame fronts are naturally three dimensional in space, the vortices generated here
are essentially symmetric along their rotational axis and the flame initially propagates
through a uniform reactant mixture, making it essentially planar. The goal of flame-vortex
interactions is to address turbulent combustion on a fundamental level. This is accomplished
by using a simplified flame and a simplified, non-uniform flow field, both of which as
explained above can be represented in 2-D. Such a configuration exploits the most-
fundamental activity occurring along a turbulent flame front. That activity is individual fluid
structures, locally interacting with a small segment of, what is essentially, a laminar flame

surface (Rutland and Trouvé, 1993).

The laminar vortex pair represents a fundamental fluid structure occurring within a turbulent

flow (i.e. an eddy). Although the toroid itself is laminar, it produces a non-uniform flow

similar to that experienced at each individual scale of motion in a turbulent flow. The choice
of a counter-rotating vortex pair over a single vortex is based on the following factors:

e A symmetric pair is easily generated and controlled by injection of fluid through a
rectangular slot thus facilitating experimental comparisons (Mantel and Samaniego,
1999).

e A single vortex tends to roll along the flame surface without resistance from adjacent
fluid movement.

e A counter-rotating pair is more-capable of sustaining rotation as it translates due to



the mutual contributions from each core.

Since a single fluid structure is employed, the consideration of multiple turbulence scales is

unnecessary. Thus, by simplifying the problem to a single scale, the interpretation and

analysis of the extremely complex turbulent combustion problem, becomes possible. The use
of a 2-D isotropic turbulence field (a “real” flow field) common in numerical simulations

(Rutland and Trouvé, 1993; Smith and Menon, 1996) may lead to potential issues in

combined experimental/computational studies for two reasons:

e Taking measurements along a highly-turbulent, stretched flame surface is difficult, the
unpredictable nature of turbulence makes repeatability of the flow field nearly
impossible.

e Turbulent flow fields involve vortex stretching, which is a 3-D phenomenon.

The vortex toroid addresses all of these issues, and simultaneously exposes the relevant

physics of stretched flames. The use of a single fluid structure results in an isolated,

observable segment of the flame front that is stretched, thus simplifying data acquisition and
observation. At the same time, the conditions by which the toroid is generated can be fixed,
and quite easily reproduced. However, the most important characteristic of the toroid is that
the flow field can be analyzed in 2-D, based on the axis-symmetry of the vortices. For these
reasons, the laminar vortex pair is the simplest way to mimic turbulent flow characteristics

while alleviating much of the difficulties that have traditionally accompanied these studies.

1.2 Background on flame-vortex interactions

Numerous experimental and numerical studies on the unsteady interaction between a
premixed flame and a vortex/vortices have been carried, resulting in an abundance of
technical information. A primary distinction between the various previous studies is the
configuration in which the flame—vortex interaction is affected. The configurations are
designed such that they allow simplest interpretation of the physics involved. The
configurations are listed below:

a) Flame rolled up in a single vortex

Flames rolled-up in a single vortex structure growing between fuel and oxidizer (or fresh or
burnt gases) constitute a fundamental geometry. Through this configuration researchers have

been able to study dynamics of flame ignition and spreading. In this configuration, the



velocity field is solely caused by the vortex structure. In the premixed flame case, the
propagation of the flame cannot be avoided and this complicates the interpretation.

b) Flame in a shear layer

An extension to the previous configuration is the interaction between flames developing in a
two-dimensional shear layer and the vortical structures naturally responsible for the growth
of this layer. In this case, the spatial evolution of the flame is of special interest.

¢) Jet Flames

Organized vortex motion is also studied in the case of jet flames. As the evolution of large
scale structure is governed by Kelvin—Helmholtz instabilities, the frequency, mutual
interaction and energy distribution among various length-scales is controlled by the initial
conditions of the flow. Combustion processes strongly modify the instability mechanisms but
coherent structures similar to those observed in non-reacting flows may be generated in an
annular jet diffusion flame by forcing it at a preferred mode frequency. The same instability
process that amplifies the axisymmetric disturbances and generates these structures is
amplifying higher modes of instability introducing three-dimensionality into the flow. In the
case of an axisymmetric configuration, the azimuthal instability modes which may be
amplified and interact with each other form an infinite set. This makes the analysis of the
modulated jet flame configuration not so easy to study.

d) Karman vortex street/V-shaped flame interaction
The previous configurations are not easily described in terms of vortex structures which

interact with the flame front. The interaction takes place while the vortices develop. The
vortex pattern is influenced by the flame presence as it is being generated. This problem is
avoided by considering the interaction of a branch of a V-shaped premixed flame with a
Karman vortex street. The vortex street develops externally and the vortex row subsequently
interacts with the flame.

e) Burning vortex ring

One early experiment on flame/vortex interactions concerns the propagation of a flame front
in a vortical structure of premixed reactants. This configuration may be used in both
premixed and non-premixed cases. This configuration may also be investigated numerically

and this was carried out more recently.



f) Head-on flame vortex interaction

The need to study a very simple configuration is well fulfilled in the configuration of a head-
on interaction between an initially flat flame and a counter-rotating vortex pair or ring. This
initially flat (or approximately flat) flame is a one-dimensional unstrained flame, a
counterflow flame or a V-shaped flame. The time evolution of the flame front has been
investigated in great detail, with particular emphasis on flame structure, extinction limits,
pocket formation, effects of vortex size and strength. Experimental results have sometimes
allowed direct comparisons with numerical calculations.

1.3 Past numerical studies on flame vortex interactions

Initial numerical studies on flame-vortex interactions by Laverdant and Candel (1988, 1989)
were carried out based on the thermo diffusive approximation (constant density), constant
and equal thermodynamic and transport species for all species, and a single step global
reaction with an Arrhenius source term. These computations of a flame rolled up by a
growing viscous vortex gave the first insight to the flame structure during flame vortex
interactions. Flame self-propagation was not important because of the low-flame speed. Due

to the limited values of the vortex Reynolds number (Re,6 <100),no extinction was

observed, however, delayed burning of fresh gases trapped in the vortex core was observed.
The first simulations of a head on interaction between a flame and a vortex were carried out
by Rutland and Ferziger (1989, 1991). Unity Lewis number assumption was used with a low-
Mach number formulation and a single step-reaction. Simplified cases where either the
vortex or the flame was frozen were studied. It was observed that pocket formation was
observed only at low Da numbers; at high Da numbers, the flame remains almost
unperturbed. In the intermediate range, the flame shape is distorted by the vortex, but the
flame surface remains connected. Non-unity Lewis number analysis was carried out by
Poinsot et al (1990, 1991). Four different regimes were affected: (1) local extinction (2)
formation of pocket of fresh gases in the burnt stream without quenching (3) wrinkled flame
front (4) negligible global effect. Wu and Driscoll (1992) used a Simple Line Interface
Calculation (SLIC) representing the flame as an infinitely thin interface moving normal to
itself to study the head-on interaction between a premixed flame and a counter-rotating
vortex pair. A frozen field, a constant flame propagation speed and no thermal expansion

were assumed. The attachment of the vortices to the flame was observed only when the



counter-rotating vortices had a rotational velocity greater than (S; + U.) where U, is the
translational velocity of the vortex pair. Conditions for formation of pockets of unburnt gases
were investigated. Pockets form only for a given range of convection velocities. For very
low vortex speeds, the flame has more time to burn inwards, resulting in smaller (or no)
pockets, while for large convection velocities, a very small part of the flame front is pulled
along with the moving vortex and no pockets are formed. The motion of a premixed flame
through and between eddies was investigated by Ashurst (1993), using the G-equation
formulation and neglecting heat release. The eddy motion was used to simulate a turbulent
velocity field. Formation of pockets of unburnt was observed only when the ratio

u'/S, exceeded 2.5. The discovery of a new class of Navier-Stokes equation representing

steady periodic stretched vortices was employed to study flame propagation through periodic
vortices with no diffusive decay by Dold et al (1995) using the G-equation with constant
flame speed and constant density. Flame movement is enhanced where the flow around the

vortex core is in the same direction as the flame propagation, while cusps seem to form
where different directions of propagation cross each other. Noting K andS; the non-

dimensional stretch rate of the vortices and the laminar flame speed, it is observed that these

stretched vortices lead to a linear increase in effective flame speed for sufficiently small

values of K~ and S, , while the flame becomes trapped between the vortices for large values

of K" and S| , being unable to escape the suction effects. This same configuration was used

along with a ray-tracing technique by Kerr (1996), in order to find the fastest flame path
through the periodic array of vortices. The maximum enhancement of the flame speed is
found to grow with the strength of the vortices. The flame is relatively unaffected by vortices
with typical velocities much below Sy. For large vortex strength, the flame is trapped within
the vortex cores. The G-equation was also employed in two dimensions to study the
detachment of pockets of unburnt fuel during the interaction of a premixed flame with a
single viscous core-vortex, using a constant laminar flame speed and neglecting heat release.
A detachment scale /p was defined, with pockets being formed for vortices larger than Ip,
while smaller vortices only wrinkle the flame. Ghoniem and Givi (1988) studied the ignition
of a turbulent premixed jet with a random vortex method amended by a simple flame

propagation algorithm. The flame was treated as a thin interface, which is displaced by



advection due to velocity field, self-advancement at a normal (constant) burning speed and
volumetric expansion, modeled by a line of sources. Temperature ratio across the flame front
was set equal to 4, and the jet Reynolds number was 10,000. Two cases are considered. In the
first one, flame initiation is obtained by ignition at the center of the jet orifice. Islands of
unreacted fluid are observed, due to a high degree of entrainment of reactants into products at
the center of the jet. In the second case combustion is initiated uniformly in the jet. The flame
front than establishes at the outer boundary of the jet and its structure is dominated by large-
scale eddies. Comparisons between calculations with and without flames show strong effects
of volumetric expansion due to heat release rate, manifested by swelling and spreading of the
vortex patterns, reducing the coherence between them. Ashurst and McMurtry (1989) studied
the creation of new vorticity caused by misalignment between the density and pressure
gradients during the roll up of a flame by a single vortical region using a combined low-
Mach number/discrete vortex two-dimensional formulation and global reaction with an
Arrhenius reaction rate. It was indicated that the predominant vorticity production occurs
with a rotation sign opposite to the initial value. A significant production of vorticity occurs

when the vortex rotation time is fast compared to the residence time of the flame in the

vortical domain or u’ >>S,. Rutland and Ferziger (1989, 1991) studied vorticity

generation using a single step reaction and unity Lewis number assumption. When both the
flame and the vortex are free to evolve simultaneously, the vortex is compressed while
crossing the flame. Vorticity generation due to baroclinic torque seems to reach high levels.
Production of vorticity was seen to strongly depend on the intensity of heat release and on
flame curvature. Katta and Roquemore (1995) studied flame-vortex interactions in an
axissymetric jet configuration taking into account detailed chemistry. Intense dissipation of
vorticity was observed in the hot products; presence of vortices did not affect the burning rate
of the flame. Louch and Bray (1998) carried out full simulations to investigate the evolution
of vorticity during head-on flame vortex interactions, superimposing different mean pressure
gradients and a moderately low turbulence intensity in the background such that the flame
was not ruptured. Regimes based on the passage of vorticity across the flame were defined.
These regimes were seen to depend on the flame topology and on the imposed pressure
gradient. An inverse partially premixed flame is established by injecting a CHs-air annular jet

between a central-air jet and coflowing air on the outside was also investigated by Shu et al



(1997). For large values of the Froude number, the effect of buoyancy was completely
negligible. As the Froude number is decreased, the vortices roll-up periodically due to
Kelvin-Helmholtz instabilities. Still, for Fr = 3, the vortices only interact with the hot plume
downstream of the flame. For Fr = 0.5, a weak flame/vortex interaction is observed, leading
to flame pinch-off and flicker. When F7 is further reduced, the same flickering frequency is
increased, and real flame/vortex interactions begin to appear. Full numerical simulations
were used to investigate the quenching processes during the head-on interaction between a
premixed flame and a counter-rotating vortex pair, employing a single-step irreversible by
Poinsot et al (1990, 1991) employing a single-step irreversible reaction, constant non-unity
Lewis numbers and a simplified model for heat losses. These computations employ a pair of
incompressible non-viscous vortices. The flame fronts are seen to be much more resistant to
quenching than expected from classical theories. Though global stretch rate is an important
parameter, curvature, viscous dissipation and transient dynamics also affect the process.
Small-scale vortices are dissipated by viscosity to significantly influence the flame. The
influence of radiative losses during interaction of a vortex ring with a lean methane-air flame
has been recently investigated using full numerical simulations with a skeletal mechanism
(16 species) to describe the chemistry by Patnaik and Kailasanath (1998). Different levels of
radiative heat losses have been tested. These computations show that both a sufficiently high-
strain rate and heat losses are simultaneously required for local quenching. As expected,
increasing strain-rate and/or heat losses promote quenching, but extinction never occurs
instantaneously. Even for the strongest vortices, there is a minimum time required for
quenching that flame. Kinetic displacement of the flame front was used by Lee and
Santavicca (1993) to calculate the structure of a premixed flame interacting with a vortex pair
and an isolated vortex. The flame front was modeled as a two-dimensional propagating
surface convected by fluid motion while advancing at a constant laminar velocity and the
vortices were frozen during the interaction. Pocket formation is observed to be much easier
for a counter-rotating vortex pair than for an isolated vortex. During the interaction with a
single vortex, peaks of positive and negative flame stretch appear near the vortex center,
while the outer regions are mainly controlled by curvature effects. The peak of positive flame
stretch slowly grows due to the positive flame curvature that causes outward propagation of

the flame front. This increases the flame area, which decreases later on reaching its



maximum. On the contrary the negative peak grows indefinitely until a cusp is formed. The
interaction duration scales with the inverse of the maximum flame stretch. During the
interaction with an array of identical vortices, flame curvature is seen to depend more
sensitively on vortex size than on vortex velocity, with the mean flame curvature varying as
the inverse of vortex size. Vortex arrays generate considerably higher stretch than an isolated
vortex of the same strength. It is also observed that the coupling between the effects of
adjacent vortices leads to very different flame stretch statistics than simply summing up

individual contributions. Finally, the maximum flame stretch K was found to be correctly

4
max

estimated by K =u, /7. +S,/2r., the spatial extent of the flame stretch profiles scales as

r’K /S, for a wide range of u’_ /S, values. The G-equation and the incompressible flow-

assumption were used by Helenbrook et al (1996) to calculate flame propagation and
stretching in an array of modified Burger’s vortices. In practice, the interaction with two
successive vortices is found sufficient to predict the effect of an infinite number of co-
rotating vortices. In order to take flame stretch into account, strain and curvature are
computed at each point and the corresponding local burning velocity is then determined and
used to propagate the front. Because of numerical problems coming from cusp formation, a
limiting value for the burning velocity is chosen, depending on the Lewis number. The
classical bending effect is also observed in this model problem with increasing value of

u'/ S, . The effect of stretch on the mean burning velocity of is insignificant when the vortex

scale is much larger than the flame thickness. On the contrary, for small vortices stretch
causes a noticeable decrease in the mean burning velocity. Strain rates are observed to be
really small over the whole flame surface area.

1.4 Description of chemistry in flame-vortex studies

Direct simulations of the head-on interaction between a pair of counter-rotating vortices and
a lean premixed methane—air flame were carried out using detailed (52 reactions) and
reduced (four global reactions) chemical schemes for comparison purposes by Hilka et al
(1995). 1t is found that the (computed) luminous emission does not closely follow the heat
release rate. Comparing the profiles of different chemical radicals, significant deficiencies
are locally observed for the evolution of CO, CO; and H,O using the reduced scheme, mainly

because transport of intermediate species is neglected. On the contrary, the CPU time is



reduced by one order of magnitude compared to that required by the full reaction scheme.
Flame/vortex interactions in a premixed jet flame were investigated using axisymmetric
simulations with detailed chemistry (nine species for H2-air combustion) by Katta and
Roquemore (1995). As the Lewis number is below unity for a fuel-lean hydrogen flame, a
decreasing temperature along the length of the jet flame is observed. To investigate this
point, three identical calculations are carried out assuming constant homogeneous Lewis
numbers equal to 0.5, 1 and 2 successively. The flame with Le = 0.5 appears to be similar to
the detailed chemistry and transport model case, but with more buoyancy-induced vortices
developing outside the flame surface. Temperature is quite uniform all along the flame front
for Le = 1; and increases for Le = 2: The large buoyancy-induced toroidal vortices lead to a
strong entrainment of ambient air into the combustion products, and thus increase the
production of thermal NO.

Studies of the head-on collision between a stoichiometric methane—air flame and a counter-
rotating vortex pair using a low-Mach number approximation and detailed chemistry
(skeletal C1 mechanism with 27 reversible reactions) were also carried out by Najm and
Wyckoff (1996). The authors find that the total flame stretch-rate is largely dominated by
strain-rate, the flame thickness being greatly decreased in regions with large positive
tangential strain-rates. They also observe that flow induced wrinkling and stretching
significantly affect the reaction layers, leading to large variations of the local reaction rates.
For example, an overall decrease in hydrocarbon consumption rates is found in the cusp
region, in relation with a high production rate and a low consumption rate of the H radical.
This is not observed using simpler reaction mechanisms. Diffusion effects are found to be
dominant over reaction and convection in the cusp region, which is consistent with previous
correlations in terms of curvature. On the contrary, a simultaneous decrease in production
and consumption rates of the H radical is found on the centerline, where strain-rate is high
but curvature effects are negligible. On the centerline, extinction is coupled to radical
depletion, in particular of H, O and OH, due to the movement of the flame towards the
products, leading to an increased temperature and reduced reactant concentrations. The

evolution of flame burning rates was studied in the same configuration. It is shown that the
peak dilatation rate, CH, OH", C, ,CHj are not appropriate, OH and CO; are acceptable

but not perfect, HCO being the best flame marker and the closest to the burning rate. An
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inverse partially premixed flame established by injecting a CH4—air annular jet between a
central air jet and coflowing air on the outside was used in Shu et al (1997) to compare
results obtained with global one-step chemistry and a semi-detailed model for methane/air
combustion including 17 species. Reactions occur much faster with the global scheme,
leading to a reduction in flame height and changes in flame dynamics. Local extinctions are
only captured with the detailed mechanism. Trying to adjust the chemical kinetics parameters
of the global scheme to obtain the correct flame structure was not successful, leading to the
conclusion that a detailed representation of the chemistry is important for predicting stability
(ignition/extinction limits) and pollutant emissions. Using the detailed scheme, combustion is
observed to take place in two parts. First, methane is decomposed in H, and CO, which is

followed by conversion of these fuels into combustion products.

1.5 Kernel vortex interactions

An extension of laminar flame vortex interactions is the interaction between a spark ignited
kernel and a vortical flow field (Roberts and Co-workers, 1999, 2001, 2002). The expansion
and hence the time varying mean curvature of the kernel is a unique and novel feature of this
configuration. This configuration results in the progressive evolution of the eddy length
scales that contribute to the wrinkling and advection of the flame surface. The kernel-vortex
interaction is an excellent configuration to study local quenching, which is defined as
significant decrease in the heat release at certain flame locations, possibly resulting in global
extinction. Local quenching reduces the burning quality of a flame and results in unburnt
reactants and intermediates facilitating pollutant formation. Local quenching can be caused
by flame-flow or flame-flame effects, both of which are encountered in a kernel-vortex
interaction. Flame-flow effects modify the local transport within a flame and can be
parameterized in terms of a stretch parameter, which can be represented as a combination of
the tangential strain rate and curvature. The kernel-vortex configuration exhibits conditions
of positive and negative strain and curvature, which is ideal to study unsteady stretch effects.
This is especially significant in the context of relative sensitivity of various intermediate
species to unsteady strain and curvature. Echekki and Chen (1996) reported differences
between the flame response to strain and curvature. Their simulation of simulation of

stoichiometric methane-air premixed flames in a 2D vortical flow shows that the correlations
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of radical species with strain and curvature is strongly dependent on their individual mass
diffusion rates; hence, a global Lewis number representation of all species may be
inadequate in predicting the heat release and the flame surface area evolution. Besides flame
flow effects various flame-flame interactions also occur during the lifetime of a kernel-vortex
interaction. Conditions of upstream interaction (interaction between two flames with a pool
of reactants in between them) and downstream interaction (interaction between two flames
from the products side) are also observed. This combination of simultaneous and varied
stretch and flame-flame interaction conditions, allows a very broad understanding of local
flame quenching and its effects. Another important advantage of kernel-vortex interactions is
that the same vortex will contribute differently to the strain and curvature field on the kernel
depending on the size of the kernel relative to the vortex. The kernel-vortex configuration is
therefore an extension to existing flame vortex studies. It complements flame vortex
configurations by introducing additional stretch effects and flame-flame interaction then seen

in the flame-vortex configuration.

1.6 Review of past kernel-vortex studies

Eichenberger and Roberts (1999) proposed the kernel-vortex configuration. In such a
configuration a vortex toroid interacts with an expanding flame kernel. The time varying
mean curvature of the expanding kernel is an interesting facet of this configuration, absent in
planar flame-vortex interactions previously studied. They attempted to delineate the flamelet
and the distributed reaction zone regime. From an engine combustion perspective, in order to
maximize efficiency it is best to operate at the border between these regimes .i.e. in a
scenario wherein a continuous flame front co-exists with high turbulent burning velocities. A
methane air mixture close to the lower flammability was used. Lewis number effects were
not considered. The protrusion of electrodes into the region of interaction, caused distortion
of the kernel shape and the consequent heat losses caused attenuation of the reaction rates. It
was observed that large vortices were more efficient in quenching the kernel as compared to
small vortices. However, it was observed that smaller vortices were more efficient in
quenching more mature (larger) kernels as compared to larger vortices, albeit at larger
translational velocities. Xiong et al (2001) furthered the investigation of kernel-vortex

interactions by using smaller vortex sizes and by using a high speed camera to obtain a
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continuous temporal visualization of the interaction. An increase in the kernel growth relative
to an unperturbed kernel was observed, during a kernel-vortex interaction. Unlike in
Eichenberger (1999) extinction was observed only on a small part of the flame kernel and
only in regions of maximum stretch. A vortex enhanced the kernel growth the most when it
interacted with a small kernel. It was also observed that the translational velocity (strength)
of the vortex has a greater influence on the kernel growth than the kernel radius (size). Xiong
and Roberts (2002) studied the interaction between a spark ignited kernel and a vortex of a
different equivalence ratio. Vortices composed of flammable mixtures were completely
consumed by the kernel. Lewis numbers are seen to play a role in the final fate of the vortex.
In lean mixtures the vortex breaks up into many small parts before being finally consumed,
while in a rich mixture the vortex is consumed in one single piece. Vortices composed of
inflammable mixtures were not consumed. A spark-ignited laminar premixed flame kernel,
interacting with a single axisymmetric vortex toroid of variable strength, was investigated by
Marley (2004) to quantify the transient coupling of flame chemistry and stretch rate. High-
speed (4500 frames/second) broadband chemiluminescence imaging of natural CH*/OH*
flame emission was utilized. Both methane and propane fuels were used with nitrogen
dilution to carefully control flame speed. Three vortices classified as “weak”, “medium” and
“strong” were used. In the weakest flames, the “strong” vortex has the ability to penetrate
completely through the flame kernel. The CH4-O2-N2 flames exhibited weak Lewis number
dependence. The stretch induced by the vortex was seen to greatly augment flame
propagation. Figure 1.1 shows an experimental interaction wherein the intruding vortex

“breaks-through” the leading edge of the kernel.

1.7 Objective

The main objective of this study is to study the consequences of unsteady stretch and flame-
flame interactions on a flame-kernel, at local and global levels, through computational
simulations of its interaction with a vortical flow field. The study of “turbulence-chemistry”
interactions requires simplified flame-flow models, which can be used to segregate and study
the complex coupling between chemistry and turbulent transport over a wide range of spatial
and temporal scales. The flame-kernel vortex interaction model is an extension to the

popular flame vortex interaction models in that the spherical expansion of the kernel creates a
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situation wherein the mean curvature varies with time. The variety of flame-flow and flame-
flame interactions affected in this configuration gives a very realistic description of the most
fundamental physics imposed by turbulent eddies on a section of what is essentially a laminar
flame surface. Both simple and detailed descriptions of the chemistry are utilized. Simple
chemistry descriptions are computationally inexpensive and allow the investigation of a wide
matrix of characteristics parameters. The aim is to identify all the regimes of interaction that
occur in kernel vortex interactions. Evolutions of global measures like integrated reaction
rate and flame area are used to quantify local extinction in the kernel. This database of
generated information is pictorially represented on a turbulent-combustion diagram.
Simulations in a limited number of regimes will be carried out using a detailed chemistry
mechanism for a H,. Response of flame segments to conditions of varying strain and
curvature are investigated. Specifically the phenomena of downstream flame interaction at
the leading edge is isolated and analyzed on a detailed chemistry, species to species level.
Overall this study aims at exploiting the uniqueness of the kernel-vortex interactions, to gain
insight into the global and local response of flame-kernels to simultaneous unsteady stretch
and flame-flame interactions; thus extending and complementing existing planar flame

vortex interaction theory.

1.8 Outline of the thesis

This thesis can be divided into three major parts: detailed chemistry simulations, simple
chemistry simulations and detailed chemistry analysis of downstream flame interactions.
Chapter 1 introduces the topic of flame-vortex and flame kernel-vortex interactions, and also
provides an extensive review of these subjects. Chapter 2 introduces the numerical
methodology for the detailed chemistry case. Chapter 3 presents and discusses the detailed
chemistry kernel-vortex interaction results. Chapter 4 analyses the process of downstream
interaction at the leading edge of the kernel. Chapter 5 introduces the simple chemistry
approach to the kernel-vortex configurations and discusses results in an axisymmetric
configuration. A turbulent combustion diagram for the various regimes is also proposed in

this chapter.
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Figure 1.1 High-speed flame emission images of late kernel-vortex interaction for ®=
0.90 and medium vortex (Uy= 266 cm/s, Uy/S; = 25.8, d,/op=44.8). All times listed are
relative to spark ignition. The field of view in each image is 95.7 mm wide x 100.0 mm
high. (Marley, S.K ,2004), “Experimental interaction of flame chemistry interactions”,
Ph.D. thesis)
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Chapter 2

Detailed chemistry simulations (Numerical methodology and details)

Detailed chemistry simulations of kernel-vortex simulations focus primarily on the intricate
coupling between fluid dynamics and chemistry. Direct Numerical Simulation (DNS) has
been selected as the most-fitting technique to study the problem at hand. The physics of this
particular problem is governed primarily by partial differential equations that require solution
by numerical methods. DNS performs numerical integration of the exact, unaltered equations
of motion in space and time, in addition to temporal integration of chemical source terms
(hence the name, direct numerical simulation). In this chapter the numerical methodology

and the case details are provided.
2.1 Governing equations

DNS solves the compressible, reacting, multi-species Navier-Stokes equations for mass,
momentum, and energy, with species conservation. The respective mathematical forms of the

non-dimensionalized forms of these equations are shown here, in index form:

Continuity Equation:

op 0
P o, (pu )=0 (1)

Momentum Equation:
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assuming that the Schmidt number is constant. The non-dimensional reaction rate, o; I

written as
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where the Prandtl number is assumed constant

2.2 Non-dimensionalization:

Properties of air at 300 K are chosen and represented by subscript co. The quantities are then
non-dimensionalized by the reference quantities listed in table 2.1.

2.3 Solution procedure:

As previously mentioned DNS is used to solve the compressible, reacting, multi-species
Navier-Stokes equations for mass, momentum, and energy, with species conservation. The
computations are performed using Sandia’s S3D code in two dimensions. A detailed
description of this solver can be found in Hawkes et al. (2005). The numerical scheme is
based on the solution of the conservation equations for total energy, mass density, the two
components of the flow velocity, and the mass densities of the components of the mixture in
compressible flow. The governing equations are solved using an explicit eighth-order finite
difference scheme for spatial derivatives (Kennedy and Carpenter, 1994) and a fourth order

accurate Runge-Kutta scheme for temporal integration (Kennedy and Carpenter, 2000).
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Because of the compressible nature of the governing equations, the unsteady combustion
simulations lead to acoustic wave propagation. The boundaries of the computational domain
should allow the passage of acoustic waves without attenuation or enhancement. Any
reflection of these waves back into the computational domain can lead to distortion of

existing physical waves.

Table 2.1. Non-dimensionaliztion of terms in the governing equation.

Variable Reference Non-dimensionalization
Velocity Aref = Qoo u, =u;la,,
Length Lo X; =X, /L.,
Time b =L/ a,, t=ta, /L.,
DenSIty pref = poo p = 5 / pre/"
Energy a,zef = aozo et = Et /prefarzef
Pressure P fafe ;= p.a’ p= ﬁ/(p,.efafef)
Gas constant Cho R=R/c

> P,
Temperature T.,=(,-DT, r=r1/T,
Viscosity Uy = M, w= g,

The boundary conditions, used in this study are based on the NSCBC boundary conditions
(Poinsot and Lele, 1991) and adopted to the present governing equations by Mahalingam
(1993), and are nonreflecting in both the x and y directions. Temperature dependent
properties are employed for the simulation using the formulation proposed by Smooke and
Giovangigli (1991) for the thermal conductivity, temperature dependent specific heats using
the CHEMKIN thermodynamic database (Kee et al, 1985) and a Lewis number formulation
for species mass transport (Smooke and Giovangigli, 1991). The Lewis numbers are used to
evaluate the species mass diffusivities, such that for a species identified with an index £, the
Lewis number is expressed as Ley= o/Dk. Here, a is the thermal diffusivity, which may be
expressed in terms of the kinematic viscosity and the Prandtl number as: o = u/( p Pr). These

Lewis numbers are evaluated by a least square fit of the species diffusive fluxes for a range
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of temperature between 500 and 2500 K using the premix code (Kee et al, 1985) and are
listed in Table 2.2. The Prandtl number is set at a constant value of 0.708.
Table 2.2. Lewis Numbers

Lewis Numbers
H, | O, O |[OH | H,O| H |HO,; | H,0, N,
031]1.14]10.7410.75|0.86|0.19| 1.14 | 1.15 1.29

2.4 Spatial discretization and resolution:

For simulation of non-uniform flows, DNS requires the use of a computational grid in which
all scales of fluid motion are sufficiently resolved. In order to account for the smallest scales
of turbulent motion, DNS needs very fine grid spacing, which can become unjustifiably
expensive for practical flow scenarios. The simulation of a reacting flow (e.g. combustion)
further requires that the reaction zone be spatially resolved, and that intermediate species
profiles are also adequately resolved. Therefore, the resolution is controlled by the physics of
the flow and the spatial dimensions of the domain. Flame vortex interactions have one scale
of motion. In the absence of multiple turbulence scales, the resolution is effectively governed
by the thickness of the flame, and its associated reaction zone. This makes DNS a practical
solution tool for these types of problems. Turbulent combustion simulations require adequate
resolution of the flame zone in addition to turbulence models, or even greater resolution, that
account for the small-scale motion. No such models or extended resolution are required in
flame-vortex simulations as there is only a single, large-scale structure of fluid. Detailed
chemistry combustion simulations usually involve the destruction and creation of
intermediate (radical) species. A well resolved DNS simulation should be able to capture all
the radical consumption and production layers. When a desired physical domain size is
enforced (as is the case for most flame-vortex interactions), the grid is a function of the
physical dimensions and the reaction zone characteristics.

A computational subroutine in the parent code S3D allows the user to monitor an unsteady
simulation and gauge, if all the scales of fluid motion and chemistry are completely resolved.
The routine has been modified to operate in only that part of the domain, wherein the
interaction occurs, so as to exclude any spurious information relayed by the boundary

conditions. The routine monitors the energy spectrum to gauge the spatial resolution. It
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checks for the upper frequency of the resolved energy by calling 1-D Fast Fourier
Transforms (FFT).

2.5 Vortex initialization:

Vortex pairs can be generated numerically and several authors have proposed analytical
solutions that satisfy the Navier-Stokes equations. Among these solutions, one of the most
used is the Oseen vortex (Oseen, 1911) and also the vortex “hat” (Rutland, 1991). Mantel and
Samaniego (1991) carried out a comprehensive comparison of these vortices. The expression
for the circulation 7, the vorticity wz, and the tangential velocity uyare expressed in Table 2.3
as a function of the radial coordinate 7, the vortex strength y, and the core radius o.

Because of its compact nature which avoids numerical difficulties due to boundary
conditions the vortex “hat” has been utilized in various studies (Poinsot et al, 1991; Rutland

et al, 1991). However, the vortex “hat” exhibits a rapid decrease of the tangential velocity

and an inversion of the sign of the vorticity forr = \/Ea, which is not representative of real
vortices. It was observed by Mantel and Samaniego (1991) that the inversion of the vorticity

caused undesirable stretch causing an artificial increase in the flame length. Oseen vortices

Table 2.3. Characteristics of the Oseen Vortex and the vortex hat.

Vortex ‘Hat’ Oseen vortex

2 2 2
I'= 27zl//r—zexp[— F—ZJ = W[l - exp(— r_zj]
o o o

2 2 2 2
W r r 7 r r
= |2—— - =7 | _

r2 r2
u, = %(1 — exp(— ?D u, = %(1 - eXp[— ?D

are therefore used in the study. However, due to the slow decrease in the tangential velocity

of these vortices the flame immediately senses their presence. Therefore it is necessary to
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either introduce a “cut-off” or initialize the vortices sufficiently far away from the flame. The

Oseen vortex as implemented satisfies the relation:

XUy oy X0 %9.9399xu, X0 (10)

2.6 Chemical Mechanism:

The computational expense of a reacting flow problem is dictated to a large extent by the
reaction mechanism that dictates the chemistry. A chemical reaction mechanism typically
consists of hundreds of species and reaction steps. Each species would entail the solution of a
species equation which in turn would involve a non-linear reaction term and would thus be
computationally impractical. It is therefore necessary to systematically reduce a “real”
mechanism to a “computationally viable” one, by reducing the number of species and hence
the reaction steps. The reduced mechanism should, however, be able to replicate the essence
of the chemistry involved. In this study we use the chemical mechanism proposed by Yetter
et al (1991) which consists of 9 species and 19 reversible elementary reactions. The reaction

mechanism is shown in Table 2.4.

2.7 Ignition:

The ignition of a premixed mixture is related to a finite amount of thermal energy introduced
to initiate the chemistry. The energy manifests itself as a temperature source. The energy
supplied should be just sufficient to cause ignition. If the energy introduced into the mixture
is more than that required for ignition then, this can cause the physics to be dictated by the
heat source and not by the governing equations. The heat energy can be introduced as:

1) A spike in the initial temperature field. As the solution evolves in time the initial
temperature field sets off the chemistry and leads to ignition.

2) A source term in the energy equation that has a Gaussian decay and is designed to shut
off at or near ignition. In this study the second option is implemented.

The characteristic thickness of the ignition profile and the peak Gaussian temperature is of
the order of the flame thickness and the adiabatic flame temperature, respectively. This spike

in temperature creates a radical pool and at the right temperature the mixture ignites.
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2.8 Flame and flow field initialization for a 1-D flame:

In order to gauge the quality and nature of burning along various 1-D sections of the kernel a
comparison is made with a 1-D steady flame. A 1-D laminar premixed flame steady state
solution is obtained using PREMIX (Kee et al, 1985) at the desired reactant stream
conditions. Premix uses an adaptive mesh solver, resulting in a non-uniform distribution of
grid points in the streamwise direction; therefore, re-distribution of the data to the desired
grid is necessary to locate the flame appropriately.

This is achieved by using a computational tool called P2DNS. Included in the superimposed
flame solution are profiles for temperature, gas velocity and density. The premix profiles are

used as the initial condition for S3D which then solves for the unsteady solution.

Table. 2.4 Detailed reaction mechanism for hydrogen-air chemistry.

Reaction Step A o E.
H+0,-0+0OH 1.915E+14 0.00 1.644E+04
O+H,—~H+OH 5.080E+04 2.67 6.290E+03

H,+OH+-H,0+H 2.160E+08 1.51 3.430E+03
OH+OH~0+H,0 1.230E+04 2.62 -1.880E+03
H,tM—H+H+M 4.577E+19 | -1.40 1.044E+05
O+O0+M-0,+M 6.165E+15 | -0.50 0.000E+00
O+H+M—OH+M 4.714E+18 -1.00 0.000E+00
H+OH+M-H,0+M 2.240E+22 -2.00 0.000E+00
H+O,+*M—HO+M 6.170E+19 | -1.42 0.000E+00
HO,+H<-H,+0, 6.630E+13 0.00 2.130E+03
HO,+H<~OH+OH 1.690E+14 0.00 8.740E+02
HO,+O+~0,+0OH 1.810E+13 0.00 -4.000E+02
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Table. 2.4 (continued) Detailed reaction mechanism for hydrogen-air chemistry.

HO,+OH+<H,0+0; 1.450E+16 | -1.00 0.000E+00
HO,+HO,+H,0,+0, 3.020E+12 0.00 1.390E+03
H,0,+M«+OH+OH+M 1.202E+17 0.00 4.550E+04
H,0,+H+-H,O0+0OH 1.000E+13 0.00 3.590E+03
H,0,+H+-~HO,+H; 4.820E+13 0.00 7.950E+03
H,0,+0«+0OH+HO; 9.550E+06 2.00 3.970E+03
H,0,+OH+-~HO,+H,0 7.000E+12 0.00 1.430E+03

23



Chapter 3

Direct numerical simulation of flame kernel-vortex interactions in
hydrogen-air mixtures

Given the transient nature of the interactions and the inherent requirements to capture both
flame dynamics and structure, important details about these interactions are not easily
accessible via experiment. In this chapter, we attempt to study numerically key aspects of
flame kernel-vortex interactions associated with effects of these interactions on the flame
structure and dynamics. The simulations are based on a simplified 2D geometry replacing the
complex toroidal vortex by its equivalent in 2D, a vortex pair. Because of the important role
played by chemistry during kernel-vortex interactions, the simulations are based on a detailed
mechanism for a simple fuel, hydrogen. The simulations, which are carried out at different
vortex-pair characteristics, are used to study the effects of the vortex pair on the flame
structure and kernel topology, and their implications to the global characteristics of the flame

kernel: flame surface area and burning rate.

3.1 Description of the configuration
The simulations are based on a 2 cm X 1.5 cm domain with a Cartesian grid of 1500 x 1125

grid points in the x and y directions, respectively. Six simulations of a kernel-vortex
interaction are carried out. The first corresponds to an unperturbed (no vortex pair
interactions) flame kernel. The remaining simulations, referenced as cases A through E,

correspond to a base reference case A, with a core radius of c=0.1 cmand a u, , = 50 m/s.
The other cases correspond to either variations in o or u, . Case B corresponds to a
‘slower’ vortex, characterized by a factor of 5 reduction inu, . , and the same value of o

relative to case A. Case C corresponds to a ‘larger’ vortex pair, characterized by a factor of 2

increase in the core radius, while u, . 1is maintained the same as in case A. Case D,
corresponds to an intermediate vortex of o = 0.15 ¢cm and a u,,, = 50 m/s. Case E,
corresponds to o=0.175 cm and u, . = 50 m/s. In all kernel vortex interactions, the values

of u, .. are significantly higher than the reference laminar flame speed, favoring the role of
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the vortex pair on the dynamics of the flame kernel. The different cases are summarized in
Table 3.1. The distance between the vortex pair cores, although a potential separate
parameter in the simulations, is set as the core radius, o, for the different cases A through E.
Another parameter, which corresponds to the distance between the vortex pair axis and the

source of ignition, is set to the same value of 0.3 cm for all cases considered.

Table.3.1 Case details

Case Maximum radial velocity Radius of the vortex U max/SL,
encountered in each pair(cm)

vortex(m/s) Ug max

A 50.0 0.1 43.1
B 10.0 0.1 8.6
C 50.0 0.2 43.1
D 50.0 0.15 43.1
E 50.0 0.175 43.1

All cases including A through E and the unperturbed kernel calculations are based on the
same mixture composition and ignition mechanism. A Gaussian temperature profile for the
temperature is imposed initially. The profile has a peak value of 1800 K, and a characteristic

thickness, which is equal to the laminar flame thickness, Jr. Jr is the laminar flame thermal

thickness expressed as &, =(7, T, )/(dT/dx) , where T, and T, are the unburnt and burnt

ma

gas temperatures. Figure 3.1 illustrates the configuration and indicates the various distance
parameters chosen. As shown in Fig. 3.1 the vortices translate initially towards the ignition

source (from left to right in Fig. 3.1).

A uniform and diluted H,—air mixture is used in the current simulation such that the ratio by
volume of Hy/Oy/N; is 1/0.5/5.13. The mixture is diluted in order to reduce the flame speed
and affect a meaningful kernel-vortex interaction. The dilution leads to a reduced laminar
flame speed, S;, of 116 cm/s, based on the computed Lewis numbers and the DNS code in
1D. The CPU time associated with the calculations of cases A through C and the unperturbed
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flame ranges between three to six weeks on 20 Intel Xeon 2.4 MHz processors. Although,
some results presented here inherently could have been implemented with reduced chemistry,
the present database is being constructed to also study details of local and global quenching

in flame kernels.
3.2 Description of Important Features of Kernel-Vortex Interactions

In the following discussion, we illustrate the general features of the flame kernel topology
subject to the different vortex conditions. The discussion identifies the different operating
regimes found in the simulations and the mechanisms that affect the flame

dynamics/topology and structure.

Figure 3.2 shows the transient snapshots of the freely expanding flame kernel at intervals of
0.7 ms. The kernel shows two distinct reaction zones propagating diametrically away from
each other at 0.16 ms. The kernel continues to expand. As the kernel begins to propagate
away from the reaction zone the excess heat of ignition begins to wear away leading to lower
heat release values at 0.23 ms. The kernel continues to expand at 0.30 ms. The heat release

rates further fall due to the decreased significance of the initial enthalpy of ignition.

Figure 3.3 shows transient snapshots at increments of approximately 0.45 ms of the kernel
vortex interaction corresponding to case A, visualized by contour plots of the heat release
rate. The onset of interactions between the flame kernel and the vortex pair occurs at
approximately 0.11 ms (a range that is not shown here). The kernel assumes a relatively
flattened shape (at 0.11 ms), and then a positively curved shape (at 0.145 ms) on the vortex
pair’s side, and a negatively curved shape on the opposite side. Here, we denote positive
curvature as curvature in which the center of curvature of the flame is on products’ side;
while, negative curvature corresponds to a center of curvature that is on the reactants’ side
(e.g. the flame tip of a Bunsen burner). The curvature of the flame is a result of the
displacement by the vortex-pair induced velocity field of the flame surface. This

displacement is strongest at the centerline and between the two vortices.

At 0.19 ms, the kernel begins to engulf the vortex pair, which shapes its contour; under
unperturbed kernel growth, the kernel would assume a cylindrical shape. The process
continues; and at 0.28 ms, the wrinkling effect of the vortex pair results in strongly curved

flame tips between the flame sides that are propagating towards and away from the vortex
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pair. The kernel forms an envelope over the intruding vortex pair at 0.325 ms. Eventually, the
vortex pair breaks through the leading edge of the flame kernel as shown at 0.45 ms. The
process of kernel-vortex interactions exhibits important sub-processes that are outlined

below:

o Downstream Flame Interactions: Downstream flame interactions correspond to
interactions between flames starting from their products’ sides; and they are associated with
the merger of at least one layer of the flame starting with the post-combustion zone. Further
mergers of the reaction and preheat layers result in the local extinction of the interacting
flames by mutual annihilation. During flame-kernel interactions, downstream flame
interactions are most visible at the leading edge of the flame kernel as the vortex pair
‘forces’, through velocity gradients the trailing edge of the flame kernel into the leading
edge, eventually reducing the distance of burned products between the two flames. The

process is clearly shown at 0.415 ms as shown in Fig. 3.3

o Upstream Flame Interactions: In contrast with downstream flame interactions, the
process of upstream flame interactions is a result of the proximity of two flames from their
reactants’ side. During this interaction, the two flames may be aided by their own
propagation speed (towards each other) to accelerate their mutual annihilation. A number of
conditions during kernel-vortex interactions can result in upstream flame interactions; but,
they will be illustrated here along the narrow channel of nearly parallel flames on each side
of the symmetry line formed by the straining of the flame at the wake of the vortex pair. This
interaction is labeled in Fig. 3.3 at 0.37 ms. During the time window of the computations
considered, the interaction is characterized by the merger of the preheat layers; interactions

between reactions layers would have followed at a later time.

e Extinction by Strong Curvature: This process is labeled at 0.45 ms. It results from the
interaction of the two highly curved flame tips on each side of the horizontal symmetry line,

resulting in the tips opening and extinction.

Figure 3.4 shows the transient snapshots of the kernel vortex interaction corresponding to
case B, which involves a vortex pair of the same size but with a translational velocity 5 times
lesser than case A. The interaction in case B is more prolonged and starts at a later time than

the previous case. Snapshots are presented at time increments of 0.2 ms starting from 0.13
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ms. The interaction begins with the flattening of the kernel on the vortex side at 0.13 ms and
progresses in a qualitatively similar fashion to case A until 0.53 ms. The extinction at the
flame tips attributed to curvature in case A (Fig. 2 at 0.28 ms) is not seen in case B for a
similarly shaped kernel at 0.73 ms. This can be directly attributed to the lower translational
and rotational attribute of the vortex in case B which induce lower curvature values on the
kernel. At 0.93 ms opening of the flame tips is observed. This local extinction is caused by

the downstream interaction of the flames defining the tip of the kernel.

A major qualitative difference between cases A and B is the extent and duration of the
upstream interaction. In case A, due to the high rotational magnitude of the vortex pair, the
flame segments which initially begin to interact at 0.37 ms are curved upwards delaying
upstream interaction. In case B the flame segments curve into each other as shown at time
1.13 ms which leads to simultaneous upstream and downstream interactions unlike case A
where the majority of the upstream interaction takes place after the downstream interaction at
the leading edge. The vortex eventually “breaks—through” the kernel at approximately 1.53

ms.

Figure 3.5 shows the transient snapshots of the kernel vortex interaction in case C. The heat
release rate magnitudes are at least one order of magnitude lower than cases A and B. The
levels of the contours have been chosen to obtain the best visualization of the interaction. The
vortex pair in this case has the same translational velocity as case A and twice the core
radius, o. Unlike the previous cases this interaction is characterized by the global quenching
of the kernel. The transient snapshots are at an interval of 0.01 ms starting from 0.12 ms. The
kernel comes into the region of influence of the vortex pair at 0.12 ms. The size of the kernel
is appreciably smaller than cases A and B which indicates that the enlarged vortex pair
affects the growth of the kernel from an early time. The kernel assumes a flat shape on the
vortex side at 0.13 ms. Local extinction is seen at the flame tips at 0.14 ms with further
flattening and elongation of the kernel. A reduction in the heat release rate at the core of the
flame kernel is observed at 0.15 ms. The kernel, then, progressively evolves towards global

extinction.

Figure 3.6 shows the transient snapshots for the heat release rates for Case D which involves

a vortex that is slightly larger than cases A and B. Due to the larger domain of significance of
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the vortex field the kernel is already strained and slightly curved on the vortex side at 0.11
ms. As the vortex propagates in the domain it continues to flatten and elongate the kernel as
seen at 0.15 ms. A major qualitative difference between the snapshots in Case D and Cases
A and B (which lie in the same regime) is the forced convection of the entire body of the
kernel in the direction of propagation of the vortex. The outer and inner envelopes appear to
be at a close proximity to each other at 2.0 ms. At 2.5 ms, the kernel starts to expand around
the vortex. The flame segments at the tip of the engulfing kernel start expanding outwards,
leading to a thickening of the kernel width in this region. The vortex continues to spin the
kernel around it pulling the tip of the kernel towards the symmetry line at 3.0 ms. The inner
and the outer flame envelope starts interacting signifying the onset of downstream flame
interaction. At 3.5 ms extinction is observed at the leading edge, signified by the drop in the
heat release rate values at this instant. The vortex continues to pull the kernel around it and
the tips of the kernel approach each other from either side of the horizontal symmetry line. At
4.5 ms the leading edge appears completely extinct. The annihilation is rather extensive and
across along the whole length of the leading edge. The kernel breaks up into two distinct

reaction zones that continue to propagate independently.

Figure 3.7 shows the transient snapshots of the interaction for Case E which involves the
largest vortex amongst the series of simulations carried out. Qualitatively the overall
interaction resembles Case D to a great degree; however, due to the larger extent of the
vorticity in this case some minor differences can be observed. Due to the larger size the
interaction occurs earlier in case D therefore the kernel at 0.11 ms in Case E shows appears
more elongated than Case D. Another effect of the vortex size can be observed at 2.5 ms. The
tips of the kernel that rotate around the vortex and start expanding thereafter appear to be

more “squeezed in this case” when compared to Case D.

In the above discussion, two distinct regimes have been illustrated. The first is the
‘breakthrough’ regime corresponding to cases A, B, D and E. In this regime the kernel is able
to evolve around the smaller vortices and engulf them. The interaction eventually leads to the
vortex pair ‘punching’ through the leading edge of the kernel. The second is the ‘extinction’
regime. In this regime, the evolution of the kernel and its growth is radically affected by the
vortex pair. The kernel cannot sustain the imposed high strain rates by the imposed vortex-

induced velocity fields and is globally extinguished.
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An important distinction between operations at the two regimes can be pointed out based on
the cases simulated. Global extinction is associated with the larger (i.e. compared to the
kernel size) scale motion induced by the vortex pair. This large scale motion sustains high
strain rates on the entire flame surface. In the breakthrough regimes, the kernel mean radius
evolves to a stage where it is larger than the vortex pair; therefore, the vortices contribute to
the wrinkling of the flame surface with the extent of straining and other interactions are
imposed locally at different rates and at different sections of the flame. The two effects
‘global straining’ vs. wrinkling represent the contribution of large scale and small scale
vortices in turbulent flame kernels, respectively. Additional contributions to the evolution of
the flame surface have already been pointed out, including flame annihilation by upstream

and downstream interactions.

Though a difference exists in the nature of the fuels and the time scale of the interactions
studied experimentally by Eichenberger, Xiong, Roberts and co-workers (1999, 2001, and
2002) and computationally here, the simulation results are consistent with the key
experimental observations. Qualitatively the profiles of the flame surface in Xiong and
Roberts (2001) show some features of the computational simulations. The kernel is flattened
on the vortex side as in the present study. Though the vortex does not break through the
leading edge the kernel it does, however, significantly distort the kernel. The wake of the
vortex is similar to the flame envelope undergoing upstream interaction in case B. In Xiong
and Roberts (2001) the vortex does enhance the growth of kernel which corresponds to the
increase in the flame area shown in the present study. In the same study, an increase in the
integrated chemiluminescence’s intensity is observed, which is verified by the increase in the
integrated volumetric reaction rates in the present computations. In Xiong and Roberts
(2001) the unperturbed kernel shows a linear growth in the kernel radius. In the simulations
the kernel flame area which is a linear function of the kernel radius for an unperturbed kernel
shows two distinct slopes. As mentioned previously this effect is because of the lingering
excess heat of ignition which hastens kernel growth initially. Also global extinction of the
flame kernel experimentally has largely been observed for a large vortex (Eichenberger and

Roberts, 2001) which is one of the conclusions of the present study.
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3.3 Evolution of Global Measures of Flame Surface and Structure

The kernel-vortex interactions result in important straining of the flame surface; and
therefore they contribute to its growth relative to an unburned kernel. At the same time, other
effects contribute to important changes to the flame structure as a result in flame-flame
interactions or the evolution of flame topology (strain and curvature). We will try to assess
the result of the competition between flame surface area growth and local changes in flame
structure, and the effect of this competition on volumetric rate quantities, such as the fuel
consumption rate. The comparisons will be made among the different cases, in particular
with respect to case A, and also with the unperturbed flame kernel. It is important to note
here that while we may refer to the customary concepts of flame surface area and volumetric
consumption rates, our 2D results actually generate flame surface areas and area-integrated
consumption rates. In the present work, we will adopt the 3D nomenclature, and present

results based on our 2D calculations and per unit depth in the third direction.
3.4 Evolution of the Flame Surface Area

To evaluate the flame surface area at different times of the computation, we track the
evolution of a contour of a fixed progress variable (a normalized temperature), (7-7,)/ (T5-
T.), with a value of 0.6. Figure 3.8 shows the temporal evolution of the flame surface area for
the cases A through E and the unperturbed kernel. Initially, the flame surface area is zero,
and after an ignition delay time of approximately 0.05 ms, the area starts to increase. All
cases show a similar rapid initial increase in the flame area. This increase is partly due to
flame propagation away from the ignition source, but mostly to the expansion of the products
of combustion. Both mechanisms are present in both perturbed and unperturbed flame

kernels.

The flame area growth for the unperturbed kernel exhibits two global trends in time: one
immediately after ignition and the other at a later time. The first trend corresponds to the
rapid expansion of hot products, which carries with it the propagating flame kernel. The
process of expansion, although inherent in premixed flame propagation, is enhanced by the
confinement of hot products to expand in the outward direction away from the ignition

source. The initial rate of gas expansion is as much as one order of magnitude higher than the
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laminar flame speed. As the kernel size grows, the effect of this rapid expansion process is

reduced, and the flame surface area approaches a constant slope.

Cases A and B exhibit higher flame areas in comparison with the unperturbed kernel; but, the
rates of the flame surface area growth for the two cases are different, with the ‘faster’ vortex
case, case A, exhibiting the higher value than B. The differing behavior in the transient
flame-area characteristic for the two cases when compared to the unperturbed kernel can be
directly attributed to stretch effects on the flame induced by the vortex pair. Without this
stretch, the only mechanisms responsible for flame surface area growth are flame
propagation and the expansion of burned gases. The evolution of the flame area for case B
shows two differing slopes before and after 0.8 ms, which corresponds approximately to the
time when the kernel starts to engulf the vortex pair. The flame surface length for case C
increases initially and at a rate slightly faster than that of the unperturbed flame kernel.
However, as global extinction is initiated, the flame surface area reaches a peak at

approximately 0.14 ms, and then decays to zero at approximately 0.18 ms.

The largest values of the flame area are observed for the large vortex cases D and E. The
flame area for case D starts deviating from right after ignition. This deviation from
unperturbed flame area values is especially rapid initially when the slope of the profile is
almost vertical. The flame area for this case is consistently higher than Case A. However, the
magnitude of the difference between case A and D seems to decrease with time. This might
be due to local extinction at different segments of the kernel due to the higher strain imposed
by the larger vortex and because of downstream interaction and eventual annihilation
throughout the leading edge. Case E shows higher flame area values than D and a similar
trend in the behavior of the flame area profile. The higher values can be directly attributed to

the extra stretch imposed by the larger vortex in Case E.

From Fig. 3.8 and the discussion above, the dominant mechanisms, which contribute to flame
kernel surface growth or reduction may be identified as follows: 1) flame stretch and 2)
flame extinction. Within each contribution, other contributions can also be identified. For
flame stretch, the ‘kernel-induced stretch’, which is inherent in the unperturbed flame kernel,
is a result of the formation of a kernel from an ignition source and the resulting expansion of

this kernel by virtue of its propagation and the burned products’ expansion. As stated, the
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contribution from this mechanism can be evaluated using the unperturbed kernel. The second
mechanism associated with stretch is the ‘vortex-induced stretch’. From the figures, it is
evident that a major contribution of this stretch occurs in the streamwise direction, resulting
in an elongated flame kernel. The mechanisms associated with extinction can be related to
either global extinction, as observed in case C, or local extinction as seen during the
evolutions of cases A, B, D and E. In both conditions, the principle mechanisms can be
associated with ‘hydrodynamic stretch’, including the effects of curvature in case A, B, D
and E, and curvature and strain in case C, and flame-flame interactions. In the following
discussion, we address two key mechanisms, which contributed to flame kernel surface

growth or reduction: ‘vortex-induced stretch’ and flame-flame interactions.
3.5 Contributions to flame surface area growth: vortex-induced stretch

The magnitude of stretch imposed on the kernel by the vortex determines the transient
behavior of the flame area curves relative to the unperturbed flame kernel. The resulting
outcomes are different slopes for the temporal evolution of the flame kernel surface area
based on the imposed vortex conditions. In Figs. 3.3-3.7, it is evident that while vortex core
size contributes to whether a kernel undergoes global extinction or breakthrough (comparison
of cases A, B, D, and E with C), different vortex translation speeds contribute to the rate of
flame surface area growth (comparison between cases A, B, D and E). Therefore, based on
the conditions considered, the vortex-pair translational speed plays a key role in flame
stretch. In what follows, a simple model is proposed, which accounts for the dominant

contribution represented by vortex-induced flame stretch.

A principal assumption is used here, and is being deduced from Figs. 3.3, 3.4, 3.5, 3.6 and
3.7: in comparison with the unperturbed flame, a key additional contribution to the flame
area is represented by the inner flame channel produced at the trailing edge of the vortex pair.
The rate of growth of this channel is assumed to be proportional to the vortex-pair

translational or displacement velocity, V. This velocity is of the same order ofu, . ; but, it

is primarily determined by the distance between the cores of the vortices, and the vortices’
temporal evolution due to vortex-vortex interactions, viscous dissipation and heat release.
The perturbed flame kernel area, 4, for both cases A and B is expressed as a function of the

unperturbed kernel area, 4,,, and the translational velocity, Vy, as follows,
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A=A, +aV,1, (11)

where « is proportionality constant. This constant is taken to be approximately equal to 2
because the flame channel is made up of two flames opposite to the symmetry line. A non-

dimensional time, #*, and a non-dimensional flame surface growth relative to the unperturbed
flame, A*, can be expressed as: ¢ =(aV, t)/&F and A = (A—AM)/5F , respectively. We
also take the value of V; to be a time-averaged translational speed of the vortex pair during

the interactions’ time considered. Figure 3.9 shows the variation of 4™ vs. ¢ . In the time
range considered, which corresponds to the extent of the unperturbed flame simulation (0.64

ms), the average translational velocities, V,, for cases A and B are 34.8 m/s and 8.5 m/s,

respectively. Therefore, in comparison with the values of u, .., Vais lower than u, . ; and
they are for cases A and B approximately 0.6 u, . and 0.7 u, ., respectively. Figure 3.9

show that the proposed correlation does not collapse exactly the modified flame areas for
cases A and B. However, the two profiles are very close, especially at later reduced times in
the interactions, where they are within less than 15% of each other. The difference can be
contrasted with the flame area evolution profiles given in Fig. 3.6. Moreover, the two flame
area profiles exhibit similar slopes away from the ignition time suggesting that the scaling of

A* with t* is reasonable for range considered.
3.6 Contributions to flame surface area growth: flame—flame interactions

As indicated earlier, important flame-flame interactions are present during the flame kernel-
vortex interactions. These interactions result in important effects on the volumetric heat
release rate and the flame surface area. In this section, we attempt to illustrate the
mechanisms by which flame-flame interactions contribute to the rate of flame surface growth

and heat release.

The degree by which flame-flame interactions contribute to flame shortening is measured
through a new parameter that is introduced here: the flame interactions’ fraction, /. The
parameter, /, is expressed as the fraction of the flame surface that is within close proximity to
another flame along its normal. This distance is assigned to be of the order of half the thermal

flame thickness; and other fractions of the flame thickness between 0.25 and 0.5 yield
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essentially the same trends in the magnitude and shape of the temporal profiles of /. The

fraction, /, is evaluated numerically by the following procedure:

e First, a flame isocontour is evaluated based on the same procedure adopted for the

evaluation of the flame area.
e This isocontour is divided into small incremental segments that span this isocontour.

e On each segment, a box delimited by this segment, and extending normal to that segment

to the extent defined above, which is a fraction of the flame thickness.

e Within this box, a search for segments from neighboring isocontours (i.e. flames) is
carried out, and the total length within each segment is computed. When summed over
the entire flame isocontour; and the sum is divided by the total length is the isocontour,

the resulting fraction is the flame interaction fraction.

In this study, we further distinguish between the fractions of flames undergoing upstream
interactions, /,, from those undergoing downstream interactions, /;. This distinction is based
on the direction from the flame segments in which the box along the normal is defined. If this
direction is towards the products, the parameter corresponds to a downstream interaction; and
if it is towards the reactants it corresponds to an upstream interaction. Therefore, the
direction for the search along the flame normal is carried out either in a direction of
increasing value for the progress variable to track downstream interactions, or in the opposite

direction to track upstream interactions.

Figure 3.10 shows the percentage fraction of the flame undergoing downstream mutual
interaction. Case A shows the highest percent fraction of flame surface area undergoing
downstream interaction. It is apparent that cases A and B have a similar temporal evolution
of the fraction of the flame area undergoing downstream interaction. A first interaction
occurs when the kernel is still small compared to the vortex pair. As indicated in Figs. 3.3
and 3.4, at this stage the kernels assume a relatively flat shape with two strong highly curved
tips. It is at these flames tips that the initial downstream interactions occur; and in principle
cannot be dissociated with the role of curvature. At a later stage, downstream interactions are
governed by the proximity of the leading and trailing edges of the flame. At this stage, the

initial kernel expansion pushed these two edges apart; but, as this expansion is reduced in
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time, the vortex pair pushes the trailing edge closer to the leading edges. The two flame
edges approach each other from their burned gas sides. The second stage of downstream
interactions results in a higher fraction of flames undergoing downstream interactions. In Fig.
3.3 corresponding to case B, this process results in a significant reduction in the heat release
rate at these flame edges. The onset of this stage of downstream interaction for the two cases
occurs past 0.34 ms for case A and past 1 ms for case B. Moreover, this interaction at the
leading edge is extremely rapid in case A and takes place from approximately 0.34 ms to 0.4
ms; while, the corresponding rate for case B is significantly shorter. The time scale of the
interaction at the leading edge is dictated by velocity gradient imposed by the vortex pair at

the leading edge.

In case C, the initial stage of the downstream interactions results in a higher fraction, /g,
during the ignition phase reaches a maximum value 6% of the flame kernel experiences
downstream interaction, a value significantly lower than the corresponding values in kernels
A and B. The fraction, /;, eventually decays to zero after the kernel is completely
extinguished. Therefore, downstream interactions in kernel C are sustained during the
lifetime of the kernel. Cases D and E shows the largest fractions of the flame area undergoing
downstream interaction. The downstream interaction for Case E occurs earlier than Case D

due to the larger extent of the intruding vortex.

Figure 3.11 shows the percent fraction, /,, of the flame kernel undergoing upstream
interactions for kernels A and B. In case C, this fraction is identically zero; and therefore, it is
not shown here. By comparing the percentage fractions of upstream and downstream
interactions at the flame kernel, the overall magnitude of 7, for cases A and B is lower than /;
for the same cases; a smaller fraction of the flame kernel is subject to downstream
interactions compared to upstream interactions. It is evident that downstream interaction

plays a dominant role for cases A and B, at least during the breakthrough stages.

The principal contribution to upstream interactions in case B results from the presence of the
flame ‘channel’ trailing the vortex pair. The rate at which this channel closes is governed by
flame propagation, a much slower process than the downstream interaction process seen at
the kernel’s leading and trailing edges. A longer simulation time for case A would have

shown an increasing fraction, /, corresponding to the closing of the trailing flame channel;
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and the bulk of contribution to 7, comes from the leading edge of this channel as delimited by

the box in Fig. 3.3 corresponding to 0.37 ms.
3.7 Volumetric consumption rates of H,

Equally important global quantities, in addition to the flame surface area, are volumetric rates
corresponding to reactants’ consumption, products’ formation or heat release. In this section,
we study the evolution of the volumetric consumption rate for the fuel, H,. This rate is

computed by (area) integration over the computational domain of the rate of fuel

consumption: ”chzdxdy, where @, is the rate of fuel consumption (in g/em’-s). As
A

implemented for the flame area, the volumetric fuel consumption rate is based on a 1 unit
depth. Since the growth of flame surface area is an important contribution to volumetric fuel
consumption rate, we will attempt to identify the extent of this contribution, and in a later
section evaluate the contribution resulting from changes to the burning intensity of the flame

kernel as a function of time.

Figure 3.12 compares the temporal evolution of the volumetric reaction rates of H,
consumption for cases A through C and the unperturbed kernel. The volumetric reaction rate
for case C is similar to the behavior of its flame area. It peaks at approximately 0.14 ms; and
then decays due to the kernel’s global extinction; but, the departure from the unperturbed
kernel rates occur earlier than that of the flame surface area. The trends of the volumetric
reaction rates of H, for cases A and B are initially similar to those of the unperturbed kernel;
and they are characterized by a rapid increase over the first 0.2 ms. Beyond this time, the
slopes for the different cases are lower. Again, the volumetric H, consumption rates also
exhibit consistent trends to those of the flame surface areca for cases A and B and the
unperturbed kernel. However, the corresponding magnitude ratio is lower than those of the
flame areas. The relative magnitudes of the volumetric H, consumption rates between case A
and B can be partially attributed to the differences in the flame areas between the two cases.
Other factors are discussed in detail below, and are associated with the competing effects of
stretch on the local flame structure. Therefore, for the two cases A and B an increase in the
flame area does not reproduce a proportional increase in the volumetric reaction rate.

Therefore, the effects of kernel-vortex interactions on the flame structure counter those
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associated with the kernel area growth, resulting in similar temporal profiles for the
volumetric fuel consumption rates for cases A, B and the unperturbed kernel. Though cases C
and D show the highest values for the flame area their volumetric reaction rate are
consistently lower than Case A, which implies that large scale extinction occurs along the
flame length due to the strain imposed by these large vortices. The additional flame surfaces
created by these vortices are annihilated by stretch effects and mutual flame interactions. The
extinction effects dominate the flame surface creation and hence an overall drop in the fuel

consumption rates is observed even at higher flame surface areas.
3.8 Evolution of the volume-averaged consumption speed

The net effect of kernel-vortex interactions on the flame structure can be illustrated by

evaluation of a volume-averaged consumption speed, <SC >W , which is expressed as the ratio

of the volumetric consumption rate of H, and the flame surface area:

<S > ~ fcbdxdy 12)
vl AFlamepu (YF,bfYF,u )

In this expression, Yz, and Yr, are the fuel mass fractions at the burned and unburned gas,
respectively; Agiame 1S the flame surface area (or length) (see Fig. 3.6). <SC>V0[ may be
normalized by the steady planar laminar flame speed, S;, which also corresponds to the
consumption speed for this reference flame. A ratio greater than unity indicates an enhanced
rate of burning resulting from flame-flame and flame-flow interactions; while, a ratio lower

than unity indicates a reduced rate of burning resulting from these interactions.

Figure 3.13 shows the temporal evolution of this ratio for H,. The figure shows that the flame
kernel profiles, with and without the vortex pair, initially start with a higher rate of fuel
consumption than the steady planar flame. The high values of <Sc>ml can be attributed to
preheating effects, which are responsible for the ignition process. Variations of up to 10%

during this period can be seen in the magnitude of <Sc>vol due to the choice of the location of

the progress variable isocontour within the reaction zone used to track the flame surface. The

choice of the isocontour is less important at later times, as the kernels’ radii grow

significantly larger than the flame thickness. At a later time, the normalized <Sc>ml value in
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the absence of a vortex pair approaches unity. This is expected as the kernel evolves away

from the ignition source and assumes a more planar flame shape.

On the other hand, the normalized value of <SC >vol in the presence of a vortex pair decays at

a much faster rate. In case C <S C>m[ decays to zero, signaling the onset of global extinction,

at the same time the volumetric H, consumption rate too is reduced to zero. In cases A and B,

the values of <S C>vol also decay relatively fast initially; then, this decay slows down in time.

For the length of the simulation case B also approaches an asymptotic value that is
approximately 63% the steady laminar flame value, S;. Case A appears to be headed to the
same trend, albeit to a lower asymptotic value. If extrapolated, this value is of the order of
30% the steady laminar flame speed, S;. The large vortex cases D and E have the lowest
consumption speeds amongst the cases in the breakthrough regime and hence have the lowest
burning quality. The size of the vortices induces large-scale straining throughout the body of

the kernel and lowers its burning quality.
3.9 Flame stretch and its effect:

The most fundamental characteristic separating turbulent flames from laminar flame is the
change in flame surface area. The term flame stretch (denoted by K) is synonymous with
changes in flame surface area, as they are one in the same. As stated by Poinsot and
Veynante (2001), flame stretch also implies changes to the flame structure due to non-
uniformity of the flow field. Furthermore, it is defined by Candel and Poinsot (1990) as the
fractional rate of change of a particular flame surface element, which can be quantified as,

K= 1d4 (13)

A dt

where A represents the flame surface element of interest. The non-uniformity of a divergent
reactant stream (e.g. counterflow or stagnation flow) can result in a planar stretched flame.
The divergent motion of fluid results in non-zero strain rates along the flame surface, and
typically causes positive stretching, in which the flame surface area is increased (d4 > 0).

The mathematical equivalent of Eq. (13) for purely-strained fames can be written as,

K=V, (14)
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where V. represents the tangential gradient operator acting on the local velocity vector.
Such studies of purely-strained flames are frequently used to catalog stretched flame
characteristics for later use in turbulent flame analyses (e.g. modeling and simulation).
However, further examination of wrinkled, turbulent flame fronts has revealed that specific
regions along the flame surface propagate at different speeds (e.g. Sinibaldi et al. (1998) and
Echekki & Chen (1999)). This variation has been linked to the local curvature of the flame
front. The flame's orientation has a direct impact on thermo-chemical gradients in the vicinity
of the reaction zone, and consequently changes its propagation characteristics. This effect is
in addition to the aforementioned strain contributions, meaning that the net stretch of a
curved flame surface is a function of two components:

K=K, +K. (15)

Here K, and K, are the strain and curvature contributions, respectively. Proper representation
of the strain term has been given in Eq. (14), and a similar mathematical form can be given to
the curvature term, Kc, yielding:

K=V, u+S,(V,n) (16)
Equation (16) is a more comprehensive form of Eq. (13) through which both effects (strain

and curvature) are accounted for. Here, the local curvature is denoted by V,.n where n is

the flame-normal unit vector. Since locally curved flame segments demonstrate different

propagation rates, a local displacement speed, S;, must be employed. The displacement speed

Ss which is a is an accurate pointer to the quality and nature of local burning is a reacting

system can be defined as the, rate of displacement of a scalar isosurface or a isoline relative

to the local gas velocity, tracked in time. In this study the scalar isocontour defined by Yo (x,

t) = 0.6 is chosen. The displacement speed can be derived from the species equation to yield
@ V.(pDVY)

S, =- - 18
S T o

The unit normal vector of the isoline is defined as,

nz_V%2
WQZ

; (19)

pointing into the region where Yo, < 0.6. Eq (18) shows that the displacement speed is a

balance between reaction and diffusion, and is modulated by the value of the gradient of the
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scalar at the location where it is measured. The value of the displacement speed, as defined

above, changes across the flame normal because of thermal expansion effects. Therefore in

this study the density weighted displacement speed is used, which counters the thermal

expansions effects. It is defined as,

§; = (20)
Pu

where, p, denotes the density in the unburnt state of the mixture.

Figure 3.14 shows the variation of displacement speed with curvature at 0.15 ms for Case A.
The flame shape is shown as the inset. Positive curvature is defined as the state in which the
center of curvature lies on the burnt gas side while negative curvature is defined as the state
in which the center of curvature lies on the unburnt gas side. The inset, therefore, shows a
positively curved outer envelope (depicted by “+”) and a negatively curved inner envelope
depicted by (depicted by “O”). The figure also seems to show a positive correlation between
displacement speed and curvature. However, it needs to be noted that besides stretch effects
induced by the vortex on the kernel there are other factors that can modulate the local
burning characteristics of the kernel. A case in point is the curved tip denoted by the solid
black points in fig. 3.14. This region shows the maximum values of displacement speed that
seem to increase with curvature. However, the enhanced displacement speed values at the tip
may not entirely be a stretch effect. It may be a product of mutual flame interaction due to
the outer and inner flame envelopes curving into each other. Figure 3.15 shows the variation
of displacement speed with curvature at 0.25 ms for Case A. As against a positive
correlation observed in Fig. 3.15, we now see a negative correlation. However, as stated
previously, stretch effects are accompanied by other flame-flame effects, so the resulting
correlations might be an effect of either one of them or a consequence of the combined effect
of the two. Figures 3.16 and 3.17 show the variation of displacement speed with strain at 0.15
ms and 0.25 ms for Case A. The inner segment, the outer segment, and the flame tip are
distinguished. At the inner and outer segments there is a positive correlation between
displacement speed and strain at 0.15 ms. At 0.25 ms, however, a negative correlation is
seen. Again, due to the presence of other factors (e.g. preheat effects, flame-flame effects),
the correlations might not be entirely valid. The tip is uncorrelated with strain; due to the

significant effects of mutual flame interaction at the tip. However, the flame shapes do detail
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the varied curvature and strain effects imposed on the kernel by the vortex. Flame segments
are subjected to both positive and negative curvature and strain conditions; which replicates
the stretch effects on a premixed flame propagating in a turbulent environment. Figure 3.18
shows the variation of displacement speed with curvature at 0.35 ms for case A. The flame
profile in the inset distinguishes two regions, the outer curved region in direct contact with
the vortex undergoing downstream interaction and the region along the symmetry line
undergoing upstream interaction. From the corresponding plot showing the variation of
displacement speed with curvature, one can observe enhanced displacement speeds in the
region of upstream interaction; also negative displacement speeds are observed at the two
segments undergoing downstream interaction. The inner segment participating in the
downstream interaction is convected downstream, into the products and away from the
unburnt reactants and therefore exhibits negative displacement speed. The outer segment
also migrates into the products. This is a direct consequence of downstream interaction
wherein because of the merger production layers there is a build up of radicals which leads
to the outer flame segment to “see” radical activity in the products and migrate in that
direction.

3.10 Conclusions

The kernel vortex interaction for a diluted Hj-air mixture has been computationally studied.
The impinging vortex causes significant distortion of the kernel topography. Various facets
of turbulent premixed combustion like flame-flame interactions, curvature and strain effects
and local extinction are observed. Two distinct regimes, “break through”- where the vortex
pair punches through the kernel and global extinction- where the vortex pair completely
quenches the kernel are observed. The vortex pair causes an enhancement in the flame kernel
growth and the volumetric reaction rate in the “break through” regime. Though there is an
initial increase in the volumetric reaction rate and the flame area in the global extinction
regime, the values of these parameters decrease rapidly and go to zero as extinction sets in.
The normalized consumption speeds for the three cases are lesser than the 1-D laminar flame
values which signifies a reduction in the burning quality of the kernel. Translational velocity
seems to be the factor governing flame stretch and vortex size seems to be the factor
governing global extinction. The extent of upstream mutual annihilation depends on the

translational velocity of the vortex. Evolution of flame area for Cases A and B over a
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modified time scale is similar. Because of the concurrent presence of stretch effects and
flame-flame interactions, correlation of displacement speed only strain or curvature is not
tenable. Negative displacement speeds are observed at the leading edge right before

extinction at that location.
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Figure 3.1 Schematic of the flame kernel-vortex configuration
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0.16 ms 0.23 ms 0.30 ms

-0.3400 -0.2800 -0.2200 -0.1600 -0.1000 -0.0400

Figure 3.2 Transient snapshots of heat release rates for the freely expanding kernel. The heat
release rate is non-dimensional and is computed as the global sum of the product of the non-
dimensional reaction rate and the non-dimensional chemical enthalpy for each species.
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0.370 ms 0.415 ms 0.460 ms

-0.3400 -0.2800 -0.2200 -0.1600 -0.1000 -0.0400

Figure 3.3 Transient snapshots of heat release rates for Case A. The heat release rate is non-
dimensional and is computed as the global sum of the product of the non-dimensional
reaction rate and the non-dimensional chemical enthalpy for each species.
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1.33 ms 1.43 ms 1.53 ms

-0.3400 -0.2800 -0.2200 -0.1600 -0.1000 -0.0400

Figure 3.4 Transient snapshots of heat release rates for Case B. The heat release rate is non-
dimensional and is computed as the global sum of the product of the non-dimensional
reaction rate and the non-dimensional chemical enthalpy for each species.
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0.13 ms 0.14 ms

0.15ms 0.16 ms 0.17 ms

-0.0227 -0.0195 -0.0162 -0.0130 -0.0097 -0.0065

Figure 3.5 Transient snapshots of heat release rates for Case C. The heat release rate is non-
dimensional and is computed as the global sum of the product of the non-dimensional
reaction rate and the non-dimensional chemical enthalpy for each species.
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0.11 ms 0.15 ms 0.20 ms

-0.3400 -0.2800 -0.2200 -0.1600 -0.1000 -0.0400

Figure 3.6 Transient snapshots of heat release rates for Case D. The heat release rate is non-
dimensional and is computed as the global sum of the product of the non-dimensional
reaction rate and the non-dimensional chemical enthalpy for each species.
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Figure 3.7 Transient snapshots of heat release rates for Case E. The heat release rate is non-
dimensional and is computed as the global sum of the product of the non-dimensional
reaction rate and the non-dimensional chemical enthalpy for each species.
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Figure 3.8 Transient history of the flame area of the flame kernel.
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Figure 3.9 Variation of modified flame area (A") over modified time (t*).
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Figure 3.12 Transient history of the volumetric reaction rate of the kernel.
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Figure 3.13 Transient history of the normalized volumetric consumption speed.
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Figure 3.14 Variation of displacement speed with curvature for case A at 0.15 ms. Inset

shows the corresponding flame profile.
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Figure 3.15 Variation of displacement speed with curvature for case A at 0.25 ms.
Inset shows the corresponding flame profile.
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Figure 3.16 Variation of displacement speed with strain for case A at 0.15 ms. Inset
shows the corresponding flame.
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Chapter 4

The Mechanism of Unsteady downstream interactions for
premixed hydrogen-air flames

4.1. Introduction

Turbulence plays a key role in enhancing the amount of flame surface in both premixed and
nonpremixed combustion. This enhancement is exhibited through the wrinkling of the
turbulent flame surface. Flame wrinkling results in increased rates of flame-flame
interactions, leading to mutual flame annihilation (turbulent flame shortening) (Candel et al,
1990). As flames are brought in proximity to each other either through propagation or
turbulent transport different layers of these flames characterizing chemistry and molecular
transport merge. Therefore, processes of differential diffusion (relative diffusion of species)
and preferential diffusion (diffusion of species relative to heat conditions) play an important
role in addition to chemistry in determining the rate of these interactions, their mechanism

and the fate of products at their completion.

Two primary types of flame-flame interactions leading to mutual annihilation exist. The first,
denoted as upstream interaction, corresponds to the interaction of flames from their reactants’
side; therefore, the process involves the merger of preheat/diffusion layers first prior to the
merger of the reaction zones. The second type of interaction, denoted as downstream
interaction, correspond to the interaction of flames from their products’ side; therefore, this
process involves the merger of the reaction zones prior to the merger of the preheat and
diffusion layers. In contrast to upstream interactions, which can result from flame
propagation into a common reactants’ space or by turbulence, downstream interactions can
be achieved only through the presence of normal strain or velocity gradients acting against

the flames’ propagation.

A number of studies in recent years have attempted to understand the mechanism of flame-
flame interactions under steady (Tsuji, and Yamaoka, 1982; Sohrab and Law, 1985; Chung et
al, 1988) and unsteady conditions (Sheu et al, 1995; Chen and Sohrab, 1995; Echekki et al,
1996, Ranganath and Echekki, 2005; Wichman and Vance, 1997).
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Ranganath and Echekki (2005) investigated numerically the unsteady process of upstream
interactions of laminar premixed hydrogen-air flames at different equivalence ratios in one-
dimension in the presence of preferential and differential diffusion effects. Important
chemical and transport characteristics of the mutual annihilation process are studied during
the two primary stages of upstream mutual annihilation, preheat layers’ and reaction layers’
interactions. Because of the diffusive mobility of the fuel, hydrogen, relative to heat and the
oxidizer, preferential and differential diffusion effects result in a shift in the equivalence ratio
in the reaction zone to leaner conditions. This shift, in turn, affects the subsequent reaction
layers’ interactions through qualitative and quantitative changes in the rates of reactants’
consumption and radicals’ production. Another consequence of this shift is the presence of
excess and ‘unburnt’ fuel or oxidizer at the end of the mutual annihilation process. The
process of mutual annihilation occurs over time scales that are significantly shorter than

characteristic residence times associated with flames.

The steady interaction of twin flames in opposed flow has been the classic configuration to
study downstream interactions between premixed flames. A brief discussion of the key
findings from this configuration is illustrated based on the work of Sohrab and Law (1985),
the more recent study by Wehrmeyer et al (2001) and the follow-up work by Cheng et al
(2003). A more extensive list of related work is given above. Sohrab and Law (1985)
investigated the downstream interaction between two counterflow premixed flames of
different stoichiometric ratios. Extinction limits were determined for methane/air and
butane/air mixtures. It was observed that these extinction limits were significantly modified
in the presence of downstream interaction. The study also showed the existence of negative
flame speeds wherein the flame propagated in the direction of the bulk convective velocity

away from unburnt reactants and towards the products.

Wehrmeyer et al (2002) studied the interaction between lean Hj-air and rich/lean C;Hg-air
flames in an opposed jet configuration. The hot products of the H2-air flame simulate the
burnt gases of strong-burning near-stoichiometric reactants as they impinge upon a weak-
burning lean or rich hydrocarbon fueled reactant mix, a situation encountered in stratified
charge operation of direct injection spark ignition engines. Based on the equivalence ratio the
Cs;Hg flame burns as a normal flame (with high CO, concentrations) or as a negative flame

speed flame producing less CO, and propagating through diffusion of C3;Hg into the hot
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products jet. Cheng and al (2003) extended the work of Wehrmeyer et al (2003) by studying
interactions between lean-limit hydrocarbon-air mixture and lean hydrogen-air flame in the
opposed jet configuration at various global strain rates. Though no detailed chemistry effects
of variation in strain are reported, they did observe that for the same equivalence ratio the
peak temperatures have no significant difference with varying strain. The study, however,

reports that the flame region becomes narrower with increasing strain.

In the present work, we study an alternate geometry in which downstream flame interactions
occurs and identify the chemical and transport mechanisms governing the process leading to
the mutual annihilation of two interacting flames. The simulations are based on a simplified
2D geometry replacing the complex toroidal vortex by its equivalent in 2D, a vortex pair.
Because of the important role played by chemistry during kernel-vortex interactions, the

simulations are based on a detailed mechanism for a simple fuel, hydrogen.

In the following sections, the numerical implementation of the problem is presented (Sec.
4.2). Results (Sec. 4.3) are presented in terms of: 1) Description of Process of Mutual
Annihilation during Kernel Vortex Interactions (Sec. 4.3.1), 2) Description of Preferential
and Differential Diffusion Effects (Sec. 4.3.2). 3) Underlying Chemical Kinetics (Sec. 4.3.3),
4) Evolution of Global Measures of Chemistry and Effects of Vortex Size (Sec. 4.3.4).

Finally, conclusions of the key observations are presented in Sec. 4.4.
4.2. Numerical implementation

As stated earlier, the process of downstream flame interactions requires a sustained straining
action to bring the two interacting flames in opposition to flame propagation. In the steady
twin-flame configuration, the opposed flow serves to bring the two flames to proximity by
strain. In the present study, this is achieved in the configuration of flame kernel-vortex

interactions. The numerical implementation is as described in the previous chapter

Two simulations, Cases D and E, are carried out; they both correspond to operation within
the so-called breakthrough regime of flame kernel-vortex interactions (Kolera-Gokula and
Echekki, 2006). The first case, Case D, corresponds to a core radius of o= 0.15 cm and a

Uy mx = D0 m/s. The other case, Case E, corresponds to a core radius of o= 0.175 cm and a

Upmx — 20 m/s. The vortex sizes are varied in order to study the effect of earlier of later
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initiation, on downstream flame interaction. In the two cases, the values of u, are

significantly higher than the reference laminar flame speed, S;, favoring the role of the vortex
pair on the dynamics of the flame kernel. Since this distance is the same for both cases, and
given that the vortex in case E is larger, the interaction between the vortex pair and the flame
kernel is expected to occur sooner for case E than case D. The magnitude of strain imposed
by these vortices on the downstream section is estimated by calculating the gradient of
velocity across this section, along the centerline of the domain. The imposed strain values are
of similar magnitude ~ 1800 1/s with the smaller vortex case D having a slightly higher
global strain than Case E.

4.3. Results

In the following discussion, we will attempt to highlight the principal mechanisms governing
the process of downstream flame interactions resulting in mutual flame annihilation. The
discussion will emphasize both the roles of (heat and mass) transport and chemistry, in
particular the evolving role of the radical pool in sustaining the combustion process. Previous
studies of upstream flame interactions have established these roles (Ranganath and Echekki,
2005); hence, it is equally important to contrast these roles between upstream and
downstream interactions. Two additional observations of the present results will also be
addressed. The first observation is related to the role of strain on the downstream interaction
process. This role is interpreted primarily through comparisons of time scales governing the
process of downstream interactions and those associated with strain. The second observation,
which is addressed briefly is the presence of “negative” flame propagation, a process that has
been associated so far with relatively highly transient flame events, and have been
demonstrated primarily in the presence of strong curvature (Sohrab et al, 1984; Gran et al,

1996) or high strain (Sohrab and Law, 1985).

4.3.1 Description of the Process of Downstream Mutual Annihilation during Kernel-

Vortex Interactions

In the following discussion, we illustrate the process by which downstream flame
annihilation occurs during flame kernel-vortex interactions. As indicated earlier, the regime

of these interactions corresponds to the so-called breakthrough regime where the vortex pair
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is fast enough and small enough to punch through the flame kernel such that two opposite

sides of the kernel can be brought into proximity by normal strain.

Figure 4.1 shows a single snapshot of flame kernel-vortex interactions corresponding to case
A, visualized by contour plots of the heat release rate at 0.35 ms from initial conditions. The
onset of interactions between the flame kernel and the vortex pair occurs at approximately
0.11 ms (a range that is not shown here) when the vortex pair approaches the kernel from the
left side of the figure. The segment of the kernel that is closest to the vortex pair is advected
with the vortex pair towards the leading furthermost segment of the kernel (on the right side)
due to the presence of velocity gradients along the axis of the vortex propagation (the x-axis).
By 0.35 ms, the two segments begin to merge starting with their burned gas sides. At this
time, these two flames are undergoing downstream flame-flame interactions since the initial
interactions occur from their products’ sides starting with the post-combustion zone. Further
mergers of the reaction and preheat layers result in the local extinction of the interacting
flames by mutual annihilation. During these interactions, the leading edges of the segments
remain nearly-parallel to each other. We believe that the “head-on” interaction scenario,
where the interacting flames remain nearly parallel to each other, is the more representative
type of downstream interactions between flames; and thus, the configuration reproduced by
the flame kernel-vortex interactions is useful for the study of downstream flame-flame

Interactions.

The kernel-vortex interaction causes a downstream flame interaction at the leading edge.
Transient evolution of species and temperature profiles, during the course of the interaction,
is studied by extracting spatial information along the symmetry line as shown in Fig. 4.1. The
spatial extent of these profiles in the x-direction is from 1 cm to 1.9 cm, which is sufficient to

cover the merger of the two flames along the symmetry line.

To be able to contrast the profiles of the flames during interactions with those of steady
unperturbed flames, we briefly discuss the flame structure corresponding to the mixture
conditions discussed above. Initial profiles of mass fractions reactants and intermediate
species, H, O and OH, in the twin-flame configuration are shown in Fig. 4.2. These profiles
correspond to the steady propagation of the two flames prior to the onset of any interactions

and after an initial transient in the simulation resulting from the initial imposition of the
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PREMIX solution. The reactants’ temperature is 300 K and the pressure is 1 atm. Only a
fraction of the total domain length for the solution is shown here to illustrate in detail the
flame structure. This structure is relatively simple in comparison with more complex
hydrocarbons, and is characterized by a preheat zone, a reaction zone and a post-combustion
zone. In the preheat zone, profiles of the reactants, H, and O,, decay away from the reactants’
conditions at the symmetry axis; while the temperature profiles display the opposite trend.
The reaction zone may be characterized by the presence of intermediate species illustrated
here, O, H, OH. The reactants’ profiles decay relatively slowly in the reaction and post-
combustion zones owing to their relative chemical stability. The peak values for temperature
in the steady flame for the chosen mixture is 1828 K; the peak values of the mass fractions
of the intermediates, H, O and OH and the product, H,O are, 0.014, 0.044, 0.066 and 0.154,
respectively. These peak values can be contrasted with the corresponding values at the

various stages of downstream flame interactions.

Having described the process of upstream interactions in hydrogen flames in a previous study
(Ranganath and Echekki, 2005), we will attempt to emphasize here the fundamental
differences and similarities between upstream and downstream interactions of hydrogen
premixed flames leading to their mutual annihilation. The study by Ranganath and Echekki

(2005) identified four important key features of upstream flame-flame interactions:

= The relative diffusion of heat vs. mass (i.e. preferential diffusion) and the relative
diffusion of mass among species play important key roles during upstream interactions of
hydrogen flames (Ranganath and Echekki, 2005). Similar effects at different stages of the
interactions have already been observed in other mixtures of methane-air and propane-air
flames (Echekki et al, 1996; Ranganath and Echekki, 2006). Preferential and differential
diffusion effects during the upstream interactions of hydrogen-air flames are exhibited
first during the merger of the preheat layers. These effects result in an initial preheat of
the reactants upstream of the reaction zone due to preferential diffusion of heat vs. that of
oxygen, and a shift in the equivalence ratio of the mixture during intermediate stages of
the interactions to leaner conditions. The degree at which the fuel or oxidizer are
completely burned after the mutual annihilation process does depend on the equivalence
ratio of the mixture during these intermediate stages compared to the actual free-stream

conditions.
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* During the same intermediate stages of upstream interactions, a moderate increase in the
rate of radical consumption and production is observed for stoichiometric to rich mixtures

(equivalence ratio of 1.4), which is strongest at richer mixture conditions.

= The time scales associated with the upstream interaction of two premixed hydrogen

flames are relatively short.

4.3.2 Differential Diffusion and Preferential Diffusion Effects

The process of downstream mutual annihilation involves the progressive interaction of the
various layers of the flame. While these layers merge important differential and preferential
diffusion effects are observed. Figure 4.3 shows the temporal evolution of the spatial profiles
of the mass fraction of H,, O, H,O and the equivalence ratio during the interaction leading to
the mutual annihilation process. These profiles are shown at equal increments of 0.05 ms.
The region around peak H>O mass fraction corresponds to burned gases, and the reaction
zones are present on both sides of this peak. The equivalence ratio is computed by tracking
elements instead of species using the concept of Bilger mixture fraction (Bilger et al, 1990)

as described by Ranganath and Echekki (2005).

The figure shows an initial increase in the mass fractions of H,O and H; in the reaction layers
shown here at times 0.15 ms and 0.25 ms, prior to the eventual decay of this peak at later
stages of downstream interactions. Meanwhile, the values of the mass fraction of O, in the
reaction layers steadily decrease throughout the interactions. The qualitative difference
between H,O, H, and O, reflects a shift in equivalence ratio to fuel-rich conditions within the
reaction zone during intermediate stages of the downstream flame interactions as illustrated
in Fig. 4.3d. The differential diffusion of fuel and oxidizer, towards the products separating
the interacting flames, leads to a richer mixture in the region of interaction. The richer
burning condition causes an increase in the mass fraction of H,O and the consumption of all
available O,, resulting in a reduction of its concentration as well. Species concentrations at
any spatial location are dependent on reaction and diffusion rates at that point. At later
instants (after 0.25 ms), the effect of differential diffusion of fuel and oxidizer into the region
of interaction, is offset by the reduction in reaction rates in the region. A decrease in reaction

rates causes a reduction in H,O production and O, consumption.
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Rich burning conditions are observed from approximately 0.15 ms onwards. The equivalence
ratio peaks at approximately 0.2 ms and a maximum value of 1.25 is observed. Therefore, the
increase in equivalence ratio is approximately 25% the original unperturbed conditions.
These higher equivalence ratios coincide with the initial increases in H,O and H, mass
fractions in the reaction products. As the interaction progresses the mixture assumes
stoichiometric proportions. The initial shift to richer fuel mixtures in hydrogen-air mixtures
during downstream interactions can be contrasted with the observations by Ranganath and
Echekki (2005) during upstream interactions where differential diffusion causes a shift in the

equivalence ratio towards leaner conditions during intermediate stages of these interactions.

Figure 4.4 shows the evolution of the temperature profiles during the interaction leading to
mutual flame annihilation. The figure shows a steady decay in peak temperature during
downstream interactions. This decay cannot be interpreted in terms of a shift in equivalence
ratio to richer conditions, which in principle would increase the adiabatic temperature from
stoichiometric to equivalence ratios near 1.25. Instead, it may be interpreted in terms of the
different roles played by reactants and temperature on the rate of chemistry, and in particular
the elementary reaction steps involving radicals, which are most important for sustaining the
burning intensity in the reaction zone. A discussion of the evolution of these elementary
reaction steps is presented in Sec. 4.3.3 below. The steady decay in peak temperature during
downstream interactions is a fundamental departure from the process of upstream
interactions. The most important difference between the two sets of interactions with respect
to temperature is that the products’ zone during downstream interactions are confined, and as
products’ layers merge, the associated residence time of chemistry necessary for completing
the reaction process is reduced. During upstream interactions, products’ layers are not
confined, and the extent of completion of chemistry is primarily governed by the rate of

consumption of the reactants, and thereby, the radical pool.

The 1D temperature profiles, which are characterized by a single peak, form a distinct
structure that can be tracked in time to evaluate the extent of the interaction. Similar
structures can be distinguished for reactants’ or products profiles around minima or peaks,
respectively. These structures correspond approximately to the extent of the products, and
will be denoted as the “products’ zone” in the discussion below. From Figs. 4.3 and 4.4,

additional observations can be made about the dynamics of the interacting flames. The first
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observation is associated with the acceleration and thinning of the products zone as
illustrated for example by the evolution of the temperature profiles around their peak. The
second observation is associated with the presence of negative displacement speeds within
the reaction zones of the interacting flames, which also accelerates the merger process of the

two interacting flames.

A visual inspection of the “products’ zone” evolution reveals an initial deceleration (e.g.
distance between peaks of temperature at successive time increments is shorter) of this zone
during the period between 0.15 and 0.25 ms followed by an acceleration or recovery at later
stages of the interaction. The mechanism for this initial deceleration is essentially similar to
the behavior of confined products during the initial kernel formation of outwardly
propagating spherical flames. Basic laminar flame (deflagration) theory dictates that burned
gases are advected away from the reaction zone (Williams, 1985); however, under
confinement of combustion products, such as the case of downstream interactions, the
expansion process tends to push the flame away from the locus of confinement. This
mechanism is also responsible for the initial rapid expansion of outwardly propagating flame
kernels. In the present downstream interaction process, the same mechanism counters that of
straining, and results in a slow-down of the “products’ zone.” As the “product’s zone”
becomes thinner, the ability of the products to push against the vortex-induced flow is

weakened, and the rate of progression of the “products’ zone” is recovered.

The basic mechanism discussed above can be illustrated using the evolution of 1D profiles of
the rate of dilatation (the divergence of the velocity vector) as shown in Fig. 4.5. In this
figure, positive values for dilatation indicate a process of volume expansion; while, negative
values indicate compression. The figure shows two distinct positive peaks of the dilatation,
which are associated with each flame front, and which delineate the region of heat release
and density change. The figure shows that the peak positive values indeed increase at
intermediate stages of the interaction, indicating an expansion of the gases. For the flame
front nearest to the vortex pair, this expansion counters the effect of the flow induced by the
vortex pair. The figure also shows an increase the formation of peaks of volume compression
(negative dilatation) which are sustained throughout the interactions. Negative dilatation is a

direct result of the expansion of gases around the “products’ zone” towards this zone.
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The mechanism, which governs the extent of the “products’ zone,” is also worth noting. As
stated earlier, the dominant mechanism for the onset of downstream interactions is associated
with the presence of velocity gradients, dictated by the proximity of the leading and trailing
flames to vortex pair. The second mechanism is associated with the evolving structure of
these flames, which governs the balance between chemistry and molecular transport, and
therefore, the rate and direction of propagation of various iso-surfaces within the flames. This

rate is measured using the density-weighted displacement, S, speed at a position within the

flame, which is expressed for a fixed species value, say a reactant or a product with an index

a in the mixture, as follows:

V-(pD,VY,)+a,
P VY,

S; == > (2)

where the terms in the numerator represent the balance between diffusive transport,
V-(pD,VY,), and reaction, @,. The value of S} is positive and is identical to the laminar
flame speed, S;, in a steady one-dimensional planar flame regardless of the position within
the flame where the value is computed. However, in the presence of curvature, strain and
transient effects, this value may be non-uniform along the flame normal, and different from
the laminar flame speed; nonetheless, it is generally expected to be positive indicating a

character of propagation of the flame towards the reactants. In the present study, we
computed S at a position within the reaction zone at corresponds to a value of Yo, = 0.04.
This value is evaluated at different times during the downstream flame interactions along the
symmetry line. Results show that S, during the interactions evolves from a positive value of
1.45 S, at 0.2 ms to a negative value of -0.2 S; at 0.38 ms, indicating both a transition in
magnitude and sign for the value of S),. In practical terms, the presence of negative flame
speeds during the final stages of mutual annihilation resulting from downstream interactions
indicate the ‘collapse’ of the two flames, when originally they tended to propagate away
from each other as they should under steady-state conditions. Negative flame speeds were
also observed during downstream interactions by Sohrab and Law (1985) and Wehrmeyer et

al (2002) for steady downstream interactions. Studies of mutual annihilation resulting from

upstream interactions in hydrogen (Ranganath & Echekki, 2005) and hydrocarbon flames
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(EcOhekki et al, 1996) show an acceleration of the interacting flames towards each other with
enhanced positive displacement speed. This acceleration process is governed by both
enhancement to reaction, which is promoted by an enhanced radical pool, and an evolution of

the balance between chemistry and transport.
4.3.3 Underlying Chemical Kinetics

The fate of the flames during their interactions can not be dissociated from the underlying
chemical kinetics, which governs the role of radicals in chain branching, propagation and
termination. This role will be explored from two perspectives. The first is based on the fate of
the radicals through the evolution of their consumption and production layers. The second is

based on the important elementary reactions, which contribute to reactants’ consumption.

Figure 4.6 shows the evolutions of the spatial profiles of the radicals, O and H, respectively.
The peak values of these radicals consistently decrease as the two flames merge in contrast to
the observations made by Ranganath and Echekki (2005) related to upstream flame
interactions for similar stoichiometric conditions. During upstream interactions an initial rise
in the concentration of radical species is observed during intermediate stages of the
interactions (Ranganath and Echekki, 2005). This rise is associated with the preferential
diffusion effects, which result in preheat of the reactants ahead of the fuel consumption layer.
The sensitivity of the different reactions involving fuel and oxidizer consumption to
temperature through the magnitude of their activation energies did favor this rise during
upstream interactions. In the present study, the steady decay of temperature resulted in
opposite trends for these reactions as discussed below. The evolution of the shapes of the
profiles of radical species, H and O, can be interpreted from the evolution of the profiles of
their reaction rates as shown in Fig. 4.7; although, diffusion transport also plays an important
role. The figure shows that each flame has two consumption layers and one production layer.
The layers merge in sequence based on the proximity of the two flames, first the
consumption layers on the products’ side, followed by the production layers, and finally
followed by the second set of consumption layers on the reactants’ side. The consumption
layers for H towards the products have already merged by 0.1 ms, but the magnitude of
consumption on the products’ side is large enough to generate the “dip” in the H profile (Fig.

4.6a) on the products’ side. As these consumption layers merge, this “dip” disappears, and
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the H profiles assume a single peak shape while steadily decaying in time. In contrast, a
“dip” in O profiles (Fig. 4.6b) is seen at times 0.2 and 0.25 ms, which corresponds to
conditions where the consumption layers for O on the products’ side are fully merged.
During this period, a local maximum of O consumption is present on the products’ side,
which generates the “dip” in O profiles. At earlier profiles at # = 0.1 and 0.15 ms a local
minimum of O consumption maintains a local peak in O mass fraction. Eventually, the “dip”
in O mass fraction profiles disappears too as the merger process continues. The overall rates
of radical consumption and production steadily decrease in time in contrast to the case of

upstream interactions as reported by Ranganath and Echekki (2005).

However, certain differences can be seen during the merger of the layers between H and O
reaction rate profiles. Unlike the case of H, the inner consumption layers of O persist well
into the interaction. Also the production layers of H never completely merge. They actually

exhibit distinct peaks and disappear with a gradual decrease in magnitude.

The effect of merger of the two flames can also be described in terms of the effect that the
interaction has on the various elementary reactions steps. Figure 4.8 shows the transient

evolution of the dominant elementary reactions involved in O, consumption:
H+ 0, O+ O0OH (R1)
H + 02+ M(—) H02 + M, (R9)

where 1 (solid) and 9 (dashed) represent the reaction number in the chemical mechanism.
The third body reaction R9 is primarily important for the heat release. At the outset of the
interaction, R1 is the dominant reaction. As the interaction proceeds in time a shift in the
magnitudes of R1 and R9 occurs and (1.5 ms onwards) R2 begins to dominate. As discussed
by Echekki and Chen (2003) the third body reaction, R9, competes with the chain branching
reaction and becomes more dominant at lower temperatures. We have already shown that the
temperature during the interaction steadily decreases as shown in Fig. 4.4. The decrease in
peak temperature values translates to a dominance of the three-body reaction, R9, over the
chain branching reaction, R1. The decrease in the chain branching reaction causes a depletion

of the radical pool available to the two flames and eventual extinction of the flames.
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Figure 4.9 shows the transient evolution of the dominant elementary reactions involved in H»

consumption:
O+H,~ H+OH (R2)
Hz + OH <~ HzO +H. (R3)

Again, the labels R2 and R3 refer to the elementary reaction placement in the mechanism. As
the interaction progresses in time, the consumption of H, decreases. The merger of the
reaction layers of reactions 2 and 3 occurs at approximately 0.3 ms followed by extinction.
There is no peak in the consumption of the major species as observed during upstream
interactions. During upstream interactions, the merger of the flames from preheat zones first
results in preheat of the fuel consumption layer and an initial increase in the rates of reactions
R1, R2 and R3. However, these rates have different activation energies of 68.82, 26.33 and

14.36 kJ/mol, respectively, resulting in decreased sensitivities to temperature from R1 to R3.
4.3.4 Evolution of Global Measures of Chemistry and Effects of Vortex Size

Having discussed in Sec. 4.3.3 the principal contribution of chemistry to the process of
downstream flame interactions, we now discuss the effect of cortex size through global
measures of chemistry. Figure 4.10 shows the consumption speed for the reactants and the
products normalized by their steady-state values. Here, the consumption speed, Sc,
corresponds to the integrated reaction rate of the fuel and oxidizer normalized to yield units
of speed. It corresponds exactly to the laminar 1D flame at steady state, and provides an
integral measure of the burning intensity of the premixed flames during the different stages
of the interactions. It is useful to note that the consumption speed’s value reflects both the
magnitude of reaction rates as well as their spatial extent. A steady drop in the consumption

speeds are seen throughout the interaction.

Figure 4.10 shows that the two cases considered are qualitatively similar, with the larger
vortex case, Case E exhibiting the larger difference in reactants and products profile. The
trends are similar to the observations made by Cheng et al (2003), and which are discussed
above. The same qualitative differences will be noted for other integrated measures of
reaction associated with radical species as discussed below. Both cases, D and E, show a

steady decay in burning intensity, which can be characterized by the presence of three stages.
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During the early stage of the interactions, the normalized consumption speed is initially
higher than unity, reflecting the role of the ignition source. From this ignition source, the
interacting flame elements are initially fused into a single ignition kernel, which eventually
expands into distinct flames propagating in opposite directions. Subsequently, the
propagation is countered by the effect of the vortex pair, which brings these flames together
again. Throughout the interaction, the actual distance between these flames does not exceed

two flame thicknesses.

The second stage, which covers approximately the time periods between 0.22 and 0.28 ms, is
associated with a more moderate decay of the consumption speed indicating the presence of a
countering effect to the merger of the reaction layers. This trend is least pronounced for H,
(dotted lines). Figures 4.8 and 4.9 show that profiles of the dominant consumption reactions
for O, and H, exhibit a steady and rapid decay in magnitude. We believe, instead, that the
spatial extent of these zones due to flow expansion (see Fig. 4.5) contribute to slower decay
in the integrated values for the rates of consumption of H, and O,. Similar trends are
expected for H,O. This is expected because the consumption speed is a normalized spatial
integral with a value that depends on both the magnitude of the reaction rate profile and the

extent of this profile.

The figure also shows that, because of the confinement of the products’ layers, the
consumption speeds based on the products, H,O, are initially lower than the consumption
speeds associated with the reactants. As the various layers merge, the magnitudes of the

consumption speeds for both products and reactants are essentially the same.

From the behavior of the consumption rate profiles the temporal extent of the interaction can
be estimated to be about 50% of the flame time. This is fundamentally different from
upstream interaction time scales (Ranganath and Echekki, 2003) which did not exceed 1% of
the flame time. Therefore unlike upstream interactions, flame-flame annihilation due to

downstream interactions cannot be labeled an instantaneous process.

Figure 4.11 shows the integrated rates of reaction for H, which are evaluated separately for
each of the two consumption layers and the production layer. These integrated rates are
normalized by their values at steady state and are shown for the two cases considered. Also

shown in the inset are steady-state reaction profiles for H indicating the placement of the
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different reaction layers with respect to the reactants and the products. Here, the consumption
layer, Cy;, or the inner layer is closest to the products; and therefore, it is the first layer to
merge, followed by the production layer, P;, and the outer consumption layer, C;, on the
reactants’ side. The profiles of the integrated reaction rates for H are qualitatively similar for
the two differing size conditions considered. However, the larger vortex case, case E, starts
with lower values for the various reaction layers indicating an earlier onset of interactions.
This is expected because of larger extent of the vorticity, which tends to bring the two flames
into contact earlier. The most important consequence of this earlier interaction is that values
of the integrated reaction rate associated with each layer do have less time to evolve to higher
values associated with ignition in case E than in case D. Under extreme conditions, a global
extinction process occurs as was demonstrated by the recent work of Kolera-Gokula and
Echekki (2006).

The evolution of the integrated reaction rate is marked by the rather rapid disappearance of
the inner consumption layer (approx 0.2 ms), Cy. This is the first layer to undergo a merger
between the two flames. The inner consumption layer also shows values significantly lower
than a planar 1-D flame, indicating that the merger has already occurred for these layers at an
earlier time than what is presented. The production layer and the outer consumption layer
start at approximately 1-D planar flame values and show a gradual decay in values as
interaction progresses. A rather steep drop in gradient is observed for the production layer at

approximately 0.3 ms.

Figure 4.12 shows the integrated rates of reaction for O, which are evaluated separately for
each of the two consumption layers and the production layer. These integrated rates are
normalized by their values at steady state and are shown for the two cases considered. Also
shown at the inset are steady-state reaction profiles for O indicating the placement of the
different reaction layers with respect to reactants and products. The relative placement of the
inner consumption layer, Cy;, the production layer, P, and the outer consumption layer, Cj,
are identical to that of H. Again, the two cases of varying vortex size considered exhibit
similar qualitative trends; but, the earlier interaction in case E, results in systematically lower
values for the integrated reaction rates for the different layers. As compared to H, the
production layer of O responds to the effect of the vortex almost immediately; this is also

supported by the rapid decay of peaks of O production (Fig. 4.7b) in comparison with those
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of H (Fig. 4.7a). In contrast to profiles of H shown in Fig. 4.11, the sequence of the decay of
integrated reaction associated with each layer for O does not follow the merger sequence
starting with the innermost layers to the outermost layers. Indeed, the trend exhibited by the
production layer, P, exhibits a rapid decay between 0.2 and 0.3 ms, approximately 0.1 ms
before the other consumption layer profiles approach zero. This decay can be interpreted
using both Figs. 4.8 and 4.9 and a comparison of the evolution of reactions R1, which
produces O, and reaction R2, which consumes O. During the period between 0.1 and 0.25 ms
alone, the ratio of the magnitudes of R1 to R2 changes from approximately a factor of 3 to

approximately a factor of 1/2.
4.4. Conclusions

The process of downstream mutual annihilation has been studied using a kernel-vortex
configuration. The counter velocity gradient imposed by the vortex on the expanding flame
kernel causes sections of the flame along the symmetry line to interact from the products
side. The results show that important differential and preferential diffusion effects contribute
to a shift during intermediate stages of the mixture to richer mixture. A steady decay of
temperature in the products’ zone is a result of confinement of the products. This
confinement also contributed to a slowdown of the progression of the product’s zone due to
expansion against the vortex-induced flow. Moreover, negative flame speeds were observed
during the interaction due to important changes in the balance between reaction and diffusive

transport.

The decaying temperature in the products’ zone results in a steady decay in the rates of
reaction of chain branching steps, and no build up of radicals as observed during upstream
flame interactions. The same decay results in a reversal of the roles of some of key reactions
responsible for sustaining the radical pool as well as the rate of fuel and oxidizer

consumption.

The effects of varying vortex size on the mutual annihilation process are studied using global
measures of chemistry associated with reactants and products as well as with radical species,
H and O. The results show that though larger vortices precipitate the onset of interactions; the

qualitative trends are essentially similar. The results also show that the fate of the different

77



reaction layers can be affected by the sequence with which these interactions occur, but also

with the competition of the individual elementary reaction steps.
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Figure 4.1. Snapshots of reaction rate isocontours during flame kernel-vortex interactions
for Case A. White dashed line shows the section across which information is extracted. It

spans from lcm to 1.9 cm in the domain.
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Figure 4.2. One-dimensional steady flame profiles of reactants and products mass

fraction (solid lines), radical mass fractions (dashed lines) and temperature (dashed line).
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Chapter 5

A Regime Diagram for Premixed Flame Kernel-Vortex Interactions
5.1 Introduction

The accurate prediction of turbulent combustion processes often rests on the a priori
knowledge of the specific turbulent combustion model assumptions, which may be associated
with a given combustion regime. A combustion regime often refers to the outcome of
competitions between length, time and velocity scales, which characterize turbulence,
chemistry and their coupling. This competition may result in thin flame structures, or
“flamelets”, that are wrinkled and advected by the turbulent flow, with little effects of the
turbulence on their structures. Subdivisions within the “flamelet” regime can be constructed
as smaller eddies can either dissipate in the preheat layers of the flamelets, affect transport
within these layers. Under more intense turbulent conditions, energetic small flow structure

can result in “broken reaction zones”.

Diagrams defining combustion regimes in terms of typical length and velocity scales have
been proposed by Bray (1980), Barrére (1974), Borghi (1985), Peters (1986), Williams
(1988), Abdel-Gayed and Bradley (1985). These diagrams provided impetus for further
refinements based on experiments and computations to address various salient features of the
structure of turbulent flames related to the role of heat release, chemistry and molecular
(mass and heat) transport. For example, experimental and numerical studies showed that
flame fronts are more resistant to quenching than expected by classical combustion diagrams,
resulting in extensions of the flamelet regime and the introduction of the so-called “thin

flamelet” regime.

A recent extension of turbulent combustion diagrams are the so-called spectral diagrams for
turbulent combustion (Poinsot et al, 1991; Poinsot and Meneveau, 1991; Renard et al, 1998).
These diagrams as the name suggests are based on studies of individual scales of turbulence
on premixed flames’ structures and dynamics. The more common configurations are based
on flame-vortex interactions. The interaction between flames and vortices has been used
extensively as a simplified configuration to study, the complex interaction between chemistry

and turbulent fluid dynamics. The primary effect of the vortices on a flame is to induce flame
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unsteady stretch. Flame stretch defines the structure of the reaction zone, which is an

important factor when it comes to turbulent combustion modeling.

An extension to the flame-vortex studies is the kernel-vortex configuration, wherein a
vortical flow field interacts with an expanding flame kernel. The time-varying mean
curvature in this configuration, due to the kernel expansion, is an extension to planar flame-
vortex configurations. The justification for studying flame kernel-vortex interactions is that
interactions between turbulent flow and flames occur when these flames are already curved
and stretched. Moreover, kernel-vortex interactions exhibit a broader range of flame-flow
and flame-flame interactions than simple planar flame-vortex interactions under the same
vortex conditions (Kolera-Gokula and Echekki, 2006). The kernel-vortex configuration is
also directly relevant to the study of spark-ignited premixed kernels under turbulence and

mean flow conditions.

The kernel-vortex configuration was proposed by Roberts and co-workers as an extension of
the planar flame-vortex configuration (Eichenberger and Roberts, 1998). Eichenberger and
Roberts (1999) attempted to delineate the flamelet and the distributed reaction zone regime.
A methane air mixture close to the lower flammability was used. Lewis number effects were
not considered. It was observed that large vortices were more efficient in quenching the
kernel as compared to smaller vortices. However, it was observed that smaller vortices were
more efficient in quenching more mature (larger) kernels as compared to larger vortices,

albeit at larger translational velocities.

Xiong et al (2001) extended the investigation of kernel-vortex interactions by using smaller
vortex sizes and a high speed camera to obtain a continuous temporal visualization of the
interaction. An increase in the kernel growth relative to an unperturbed kernel was observed
during a kernel-vortex interaction. Unlike in Eichenberger (1999) extinction was observed
only on a small part of the flame kernel and only in regions of maximum stretch. A vortex
enhanced the kernel growth the most when it interacted with a small kernel. It was also
observed that the translational velocity (strength) of the vortex has a greater influence on the
kernel growth than the kernel radius (size). Xiong and Roberts (2002) studied the interaction
between a spark ignited kernel and a vortex of a different equivalence ratio. Vortices

composed of flammable mixtures were completely consumed by the kernel. Lewis numbers
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are seen to play a role in the final fate of the vortex. In lean mixtures the vortex breaks up
into many small parts before being finally consumed, while in a rich mixture the vortex is
consumed in one single piece. Vortices composed of inflammable mixtures were not

consumed.

Kolera-Gokula and Echekki (2006a) numerically simulated the kernel-vortex configuration
in a 2D planar geometry using a detailed hydrogen chemical mechanism. It was seen that
transient interaction reproduces various turbulent combustion phenomena like, flame-flow
(curvature, strain) effects and flame-flame (upstream, downstream) effects. Two different
regimes: a “global extinction” regime and a “breakthrough” regime were observed. The
kernels perturbed by the vortices exhibited a lower burning quality than the freely expanding
kernel. New parameters to quantify the extent of upstream and downstream interaction were

introduced.

In the present work we simulate an interaction between a spherically expanding kernel and an
Oseen vortex (Oseen, 1911). The chemistry is defined by a simple two-step global
mechanism. A simple chemistry description of the problems allows us to extensively explore
different regimes of the. In the following sections, the numerical implementation of the
problem is described (Sec. 5.2). Results are presented in terms of: 1) Important features of
the kernel-vortex interactions (Sec 5.3), 2) the overall global characteristics of the kernel-
vortex interaction (Sec. 5.4), 3) Turbulent combustion diagram detailing the various regimes

of interaction and the boundaries separating them.
5.2 Numerical Implementation

The computations are performed using the spherical low Mach number formulation that was
originally developed by Boersma (1998). We have subsequently made additional changes to
implement a two-step global chemistry model for methane, to specify the initial and
boundary conditions, and to run the code in axi-symmetric mode. The domain (Fig.5.1) spans
6 cm in the streamwise direction and 5 cm in the radial direction. The lateral edge of the
domain is angled at 7/7 to the centerline. This angle defines the extent of the cone in
spherical coordinates. The stated dimensions are chosen in order to provide enough space for

the interaction to develop, while maintaining realistic spatial discretization requirements.

The governing equations in dimensionless form are:
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e The conservation of mass:

PU LY (puy=0, (1)
ot
e The conservation of momentum:
PY V. (puuy=-vP+-LV. A (Vu+(vVu) ) )
ot Re H ’
e The conservation of energy:
oy @r)-rvu-L—L v|[Lyr|: €, 3)
ot p RePr H o,
e The conservation of species:
A vy -yvau-L L v[Hvy |+ 2 (4)
ot p RePr H Yo,
e The state equation,
P=pT, (5)

is used to relate the density and temperature fields. In the above equations, p is the density; u
is the velocity vector; 7 is the temperature; Y; is the mass fraction of the iy species in the
mixture; u is the dynamic viscosity, and the corresponding value, y, corresponds to a
reference air viscosity at standard temperature and pressure conditions; the source terms,
o, and 0, are the rate of the iy, species production and the rate of heat release, respectively; P
is the thermodynamic pressure of the mixture. The dimensionless numbers, Re and Pr, are
the Reynolds number and the Prandtl number. The Reynolds number is defined in terms of
reference quantities, which are used to generate dimensionless transported variables. The

dynamic viscosity is temperature dependent, and is expressed as u =y, (T /T, )0'75, where the

subscript “0” refers to the reference state at 25°C and 1 atmosphere. The dynamics viscosity

of air at this reference condition is used.

The spatial terms in the continuity and momentum equations are discretized with the help of

a second order finite-volume method on a staggered spherical grid (Boersma, 1998). The
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convective term in the transport equation is discretized with a Total Variation Diminishing

(TVD) scheme.

The chemical mechanism used in the simulations is based on global two-step mechanism of
the form, which was originally proposed by Zel’dovich (1948). It consists of a first-order

chain branching reaction and a second order termination reaction:
A+X— 2X, and (17)
X+X—P. (18)

In this mechanism, A corresponds to a reactant (a combination of fuel and oxidizer); X is an
intermediate species; and P is a stable product of combustion. The first reaction has high
activation energy and is thermo-neutral (Lifian, 1974). The second reaction has high

activation energy and liberates all the heat (Lifian, 1974).

We modified the mechanism to maintain the conservation of elements by adopting the

following form:
AX+X - A+2 X, and (19)
X+X — X, (20)

In this modified form, AX corresponds to a reactants (a mixture of fuel and oxidizer), A and
Xa, are stable products of combustion; and X, again, is an unstable intermediate species. The

rate of progress of the two reactions is expressed as follows:

@, =B,C,C, 21

-E
@, = B,C} ex ‘ 22
p 2Ly P( R Tj (22)
where B; and B, are the pre-exponential terms in the first and second reactions. C xand Cy
are the molar concentration of species 4 and X respectively. E4 is the activation energy for

reaction 20.

Thermodynamic and chemical kinetic parameters for the rate constant are set such that the
mechanism yields an adiabatic temperature and laminar flame speed that corresponds to a
methane-air mixture at an equivalence ratio of 0.55. The choice of this equivalence ratio is

motivated by our interest in providing direct comparisons with experiments. Validation of
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these global response parameters are carried out using the Chemkin database (Kee et al,
1985) and its applications Equil (Lutz et al, 1998) and Premix (Kee ef al, 1985). New entries
into the database for the species AX, X, A and X; are included such that the polynomial
coefficients for the fit of the molar heat capacities are identical for all species to that of N,.
The heats of formation are assigned to each species to yield the desired adiabatic temperature
in Equil (Lutz et al, 1998), which is 1500 K. The values of the heat of formation values are

given in Table 5.1.

Table 5.1. Thermodynamic properties of species in the mechanism.

Species AX A X X5
c, 0.029x10° 0.029x10° 0.029x10° 0.029x10°
(kJ/kmol K)
h; (kJ/kmol) 0.0 -0.150x10° 0.150x10° -0.1142x10°
W (kg/kmol) 28 28 28 28

Calculations based on Premix (Kee et al, 1985) are used to determine the parameters in the
rate constants of the two reactions, such that the flame speed corresponds to the value of the
flame speed based on a detailed mechanism at an equivalence ratio of 0.55. The reaction
mechanism ((19) and (20)) now consists of two elements A and X and four species AX, A,

X, and X. The heat release rate in the energy equation is expressed as follows:

o

O=> @h, =00, where Q=-2h,, +h, (23)
Given that @ ,, = —@,,d, = (&, —20,),0, =@, , 0y, =@, and h_+h, =h,, .

In the present simulations, we further assumed unity Lewis number for all species. This
assumption results in the transport of only two species, instead of the original four
corresponding to the constituent species of the mixture based on element conservation.
Indeed, it is possible to express the mass fraction of A and X; in terms of those of AX and X
as follows:

a)i

The expressions for the chemical source term — for AX and A are
P
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@D 45 Po — £,
— =20 B pY,Y, exp| — , and (24)
P w, A (RTOTJ

Dy _ Po —E, Po 2
="—B,pY,Y, exp| = -2—B,pY 25
o W 1P p[R ] ] W, 2Py (25)

X

where R=1.9872 cal/mol K, p, 1s the density of air in its standard state. B; and B, are the

pre-exponential terms in Eqs. (26) and (27). E, is in cal/mole, B; is in cm-mol-sec-K. In the

above expression, the values of p and T are in dimensionless form; while, po, Wx, E,, B, B>

and R and R are in dimensional units.

A velocity profile of very small magnitude is initially enforced throughout the domain,

including the inflow. The velocity components are described as follows on the staggered

grid.
u, =U,cosd (26)
u, =-U,sin@. (27)

Here, Uy corresponds to the uniform inlet velocity in the streamwise direction. A no-shear

condition is enforced at the lateral boundary such that,

Ouy _ O, (28)
00 06

At the outflow boundary a convective boundary condition is applied (Akselvoll and Moin,

1996).

o _ o (29)
ot or

where U =U(0)is the mean velocity at the outflow boundary. This boundary condition is

applied to the predicted velocity,u . The convective boundary conditions are discretized

using a first-order upwind method in space and a first order discretization in time.

In the study by Kolera-Gokula and Echekki (2006), the spherically propagating flame-kernel
was generated from a Gaussian peak in the initial temperature field, which locally ignites the

mixture. In this work we adopt a different approach. The flame-kernel is initialized as a
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spherical flame, with spatial profiles of the scalar fields adopted from steady state values
obtained from PREMIX. The initial profiles of the scalars across a section of the kernel are

shown in Fig. 5.2.

An Oseen vortex is used (Oseen, 1911). The velocity induced by the vortex U is given by,

Uzl{l—exp(—éj} where r:\/(x—xo)2+(y—yo)2 (30)
o

27

where x= r cos 6 and y =r sin 6.
Beyond the radial location of o, the tangential velocity is set to zero. In the above equation o,
is the core radius of the vortex, the coordinates (x,, yo) correspond to the center location of

the vortex, y is the vortex strength, which may be expressed in terms of maximum tangential

velocity, u,, ... ,imposed at radial location ¢ as follows:

27

_e_

W=ty O L 1 } ~9.939u, o 31)

The velocity U has component u, and u, in a Cartesian coordinate system. The corresponding

component in a spherical frame of reference are computed using

u, =u,cosf—u sind (32)
Uy =u,sin6+u, cosd (33)

The configuration is depicted in Fig. 5.3. The separation distance between the vortex and the
kernel is maintained a constant for all the cases studied and is 0.7 cm. The vortex is

initialized at a distance 27 from the axis of symmetry where r is the radius of the vortex.
A planar flame vortex configuration can be completely characterized in terms of a non
dimensional length scale R and a velocity scale,u, ., , from which a time scale for the

interaction can be derived. In case of a kernel-vortex configuration, however, the expanding

kernel renders the length scale R, insufficient. Different regimes of interaction are achieved

for the same vortex characteristics depending on the maturity of the kernel. Hence, a kernel

vortex interaction length should be characterized in terms of a relative measure of sizes of the
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kernel and vortex at the instant of interaction .i.e. R /R, . Table 5.2 shows the matrix of

conditions with the regime in which the particular interaction occurs in.
5.3 Qualitative description of various regimes of interaction

Typical interaction regimes observed during flame-kernel vortex interactions are
qualitatively discussed in this section. Definition of the regimes is based on the level of
distortion induced on the kernel by the vortex. Representative interactions are illustrated and

detailed for each regime. The different regimes observed in the computations are as follows:

e The Laminar Kernel regime: In this regime, the vortex is either not strong enough to

effect the kernel or if it is not large enough to withstand viscous dissipation.

e The Wrinkled Kernel regime: In this regime, the vortex is strong enough to induce
significant stretch and local flame-flame interactions, but then eventually dissipates in the

region of the hot gases and dies out in the body of the kernel.

e The Break-Through regime: In this regime, the vortex traverses diametrically through the

kernel and punches through to extinguishes the leading edge.

e The extinction regime: In this regime, the vortex annihilates and globally extinguishes the

kernel.

Below, we illustrate the various interactions corresponding to the different regimes of flame

kernel-vortex interactions:
5.3.1 The Laminar Kernel Regime

This regime is essentially similar to the “laminar flame” regime that has been described in
previous diagrams (see for example, Peters, 2000). It is characterized by vortices of small

sizes relative to the kernel. These small vortices dissipate in the body of the kernel or while

Table 5.2. Matrix of run conditions

ué’,max R uﬁ,max R

! Regime v Regime
(cm/s) (cm) (cm/s) (cm)
170 0.8 Extinction 300 0.1 Wrinkled Kernel
50 0.13 Laminar Kernel 400 0.1 Wrinkled Kernel
. Breakthrough-
150 013 Vrinkled Kemel 150 0.7 reignition
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Table 5.2. (continued) Matrix of run conditions

150 o0.15 Breakthrough 170 07 Extinction
90 03 Wrinkled Kernel 15 0.13 Laminar Kernel
170 0.6 Breakthrough 10 0.13 Laminar Kernel
30 03 Wrinkled Kernel 20 0.13 Laminar Kernel
100 03 Wrinkled Kernel 30 013 Wrinkled Kernel
50 03 Wrinkled Kernel 30 005 Laminar Kernel
190 0.1 Wrinkled Kernel 200 07 Extinction
170 0.1 Wrinkled Kernel 200 06 Extinction
150 0.1 Wrinkled Kernel 90 005 Laminar Kernel
150 0.6 Breakthrough 400 07 Extinction
150 04 Breakthrough 600 06 Extinction
150 03 Breakthrough 600 05 Extinction
20 03 no-effect 400 0.6 Extinction
250 0.1 Wrinkled Kernel 60 005 Laminar Kernel
40 03 Wrinkled Kernel 300 06 Extinction
500 04 Extinction 600 04 Extinction
400 04 Breakthrough 600 0.3 Breakthrough
300 0.5 Extinction 500 05 Extinction

propagating towards it. The dissipation is especially pronounced in the region of the flame as
the viscosity is much higher due to the high temperatures. The vortices do no induce
significant stretch in the kernel. We define an interaction to be in the Laminar Kernel regime
based on the methodology of Renard et al (1998). They define no effects of the vortex on the
flame when the height of the flame deformation is less than the characteristic vortex length

scale, R, .

Figures 5.4 and 5.5 show snapshots of reaction rate of species X with superimposed vorticity
lines in this regime. The vortex parameters of the interaction illustrated in Fig. 5.4

areR, =0.13 cmandu,,, =20cm/s. The flow field induced by the vortex flattens the

kernel on the vortex side at 3.75 ms. The vortex continues to propagate into the kernel, which

leads to a curved flame shape on the vortex side of the interaction at 11.2 ms. This distortion
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of the kernel is accompanied by simultaneous dissipation of the vortex core, caused by the
increased viscosity in the region of the flame. From 11.2 ms onwards the kernel dominates
the interaction and burns into the core of the vortex. The vortex core is largely dissipated by
the effect of heat release of the flame kernel at 16.2 ms and the vortex ceases to affect the

kernel from then on.

Figure 5.5 shows another interaction in this regime with parameters R =0.05cm and
Uy max = 00 cm/s . Due to its small size the vortex starts dissipating even as it approaches the

kernel, as is seen in the snapshots between 1.25 ms and 3.75 ms. A small part of the kernel
does feel the effect of stretch induced by the vortex and assumes a flattened and then
nominally curved flame shape at 6.25 ms and 8.75 ms respectively. The vortex ceases to
affect the kernel from 8.75 ms onwards. Though the vortex side of the kernel remains
distorted at 11.25 ms, the kernel now does propagate like an unperturbed kernel and the

vortex ceases to influence it.
5.3.2 The Wrinkled Kernel Regime

This regime is characterized by vortices that cause significant distortion to the kernel shape
but eventually dissipate within its body. Figure 5.6 shows the snapshots of reaction rate of
radical X with superimposed vorticity lines in this regime. The vortex parameters

areR, =0.3cm and u, . =90cm/s. The kernel assumes a flattened shape on the vortex side

of the kernel signifying the onset of the interaction at 1.82 ms. In contrast with the laminar
kernel regime, higher translational velocities allow the vortex to propagate further into the
kernel. At 4.2 ms the vortex impinges on the kernel causing a flame-flame interaction at the
tip connecting the inner and outer flame segments. The kernel from then starts to engulf the
intruding vortex and causes its dissipation. At 11.40 ms the previously fused reaction zones
at the flame tip start to move away from each other causing the flame tip to broaden. The
broadening of the flame tip is a consequence of reduced strain rates at this flame section,
caused by vortex translation away from this part of the kernel and vortex dissipation. The
first sign of a mushroom shaped structure in the distorted flame kernel is observed at 13.8
ms. The inner and outer envelopes at the previously fused tip are completely disjoint at this
time instant. Downstream flame-flame interaction (.i.e. interaction between two flames with

a pool of products initially separating them) at the leading edge is seen at 16.2 ms and
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onwards. As the vortex continues to be surrounded by the hot gases, its core loses definition
during this time period. A well defined mushroom structure is seen at 18.6 ms. A decrease in
the longitudinal width of the mushroom structure can be seen between 18.6 and 21 ms
indicating that the vortex is being squeezed by the reaction zones surrounding it. Though the
outer and inner flame envelopes are completely fused together at 21 ms, the vortex is now

not strong enough to punch through the leading edge.

Figure 5.7 shows another interaction in the same regime. The vortex parameters for this case

areR, =0.lcm and u, , =190cm/s. The vortex impinges on the expanding kernel at 1.2

ms. Between 2.4 ms and 4.8 ms the vortex intrudes into the body of the kernel forming a
channel in its wake. The width of this channel continues to progressively decrease, and at 6
ms the vortex is completely engulfed by the kernel. At this instant, the two flames on either
side of the symmetry line interact in an upstream interaction (i.e. interaction between two
flames with a pool of reactants separating them) and this leads to their mutual annihilation.
The mushroom structure that looks well defined at 6.0 ms disappears at 7.20 ms during the
interaction of the flames on the opposite sides of the symmetry axis. Also the kernel “pinches

off” the vortex tail at 7.2 ms resulting in two distinct vortex structures.
5.3.3 The Breakthrough regime

Unlike the Wrinkling Kernel regime, the vortices in this regime have sufficient strength to
punch through the leading edge of the kernel. Figure 5.8 shows transient snapshots of
reaction rate of radical X with superimposed vorticity lines in this regime. The vortex

parameters for this case are R, =0.4cm and u,, . =400cm/s. The vortex flattens the flame

kernel at 0.625 ms. The tip connecting the inner and outer envelope appears fused together at
the kernel tip at 1.875 ms. As the kernel tip continues to expand around the vortex, the
leading edge begins to extinguish. The process by which the inner and outer flames
extinguish is by downstream interactions and not strain; although, strain is the original
mechanism that brought the two flames in contact. At 3.75 ms, the leading edge is
completely extinguished. The vortex begins to curve the remaining part of the kernel away
from the axis of symmetry. This causes the thinning of a portion of the remaining kernel;

which eventually extinguishes at 5.625 ms causing the formation of two distinct self
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propagating kernels. The part of the kernel attached to the vortex extinguishes at 8.75 ms.

The other disjoint part of the flame kernel away from the vortex continues to burn outwards.

Figure 5.9 shows the transient snapshots of another interaction in the same regime, with a

smaller vortex. The vortex parameters for this case are R, =0.15c¢cm and u, , =150 cm/s.

The kernel assumes a flattened shape on the vortex side. The inner and outer flame envelopes
start interacting at the tip at 2.40 ms. As previously seen in the Wrinkled Kernel regime, the
flame sections at the fused tip begin to expand as the vortex starts to dissipate at 4.80 ms. The
kernel begins to engulf the vortex at 6 ms. The mushroom like structure appears at 7.2 ms. At
8.40 ms, the vortex ceases to have a well defined core. At this instant the inner and outer
envelopes start interacting at the leading edge. Extinction due to upstream interaction
between the flames on each side of the symmetry line is seen at 9.60 ms. These interacting
flame segments are completely annihilated at 10.80 ms. Also the vortex punches through the

leading edge thus placing this interaction in the breakthrough regime.
5.3.4 The Global Extinction Regime

This regime is characterized by complete extinction of the flame kernel, caused by extensive
straining, imposed on it by the vortex. Figure 5.10 shows snapshots of reaction rate of radical
X with superimposed vorticity lines of an interaction in this regime. The vortex parameters

for this case are R, = 0.6 cm and u,, . =400 cm/s. Due to the large size of the vortex and its

high translational velocity the kernel feels the effect of the vortex relatively early at 0.625
ms. At 1.25 ms, the vortex impinges on the kernel and fuses the tip. As the vortex continues
to propagate into the vortex the outer and inner envelopes collapse on each other at 1.875 ms.
At 2.50 ms the outer and inner envelopes are fused together by the vortex. At 3.125 ms the
leading edge section of the kernel extinguishes followed by eventual global extinction at 3.75

ms.
5.4 Quantitative characteristics of interactions

In this section, the different regimes are characterized by the evolution of global measures of
chemistry and the flame surface. Although it is possible to evaluate 3D volumetric quantities,
we will use the flame length and the global reaction rate will be used as measures to

characterize the effect of variations of vortex size and speed on the kernel. To evaluate the
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flame surface area at different times of the computation, we track the evolution of a contour
of a fixed progress variable (a normalized temperature), (7-7,)AT»-T,), with a value of 0.6.
Equally important global quantities, in addition to the flame surface area, are volumetric rates
corresponding to reactants’ consumption, products’ formation or heat release. In this section,
we study the evolution of the volumetric consumption rate for the fuel, AX. This rate is

computed by (area) integration over the computational domain of the rate of fuel

consumption: ” @, rdrd@, where @, is the rate of consumption of fuel in g/cm’-s.

Because of the wide matrix of conditions studied comparisons will be made only between

cases within the same regime.
5.4.1 The Laminar Kernel Regime

Figures 5.10 and 5.11 show the variation of flame length and integrated reaction rate with

time for three interactions. The vortices associated with these reactions have the same size

R, =0.13cm but different translational velocities, 10 cm/s, 20 cm/s and 30 cm/s. The initial

drop and plateau seen in the integrated reaction rate values is an effect of the initial
conditions. The gradual increase in the values of the integrated reaction rate, is related to the
increase in the flame length due to kernel self propagation and flame stretch. The evolution
of the flame length and the integrated reaction rates for the cases with vortex translational
velocity 10 cm/s and 20 cm/s are identical to the unperturbed kernel case. The case with the
vortex velocity 30 cm/s deviates from the unperturbed profile at approximately 8 ms and then
continues to diverge as the interaction progresses. This implies that only the stretch induced
by the vortex with velocity 30 cm/s causes an enhancement in the propagation of the kernel.
The increase in the integrated reaction rate lags behind the increase in the flame length.
However, both the increase in the flame length and the reaction rate do not result in a
significant change in the shape or the burning characteristics of the kernel. Vortices with
relatively high translational velocities also fall in the Laminar Kernel regime if they are

sufficiently small.

Figures 5.12 and 5.13 show the transient evolution of flame area and integrated reaction rate

for one such case with vortex parameters R =0.05cm and wu,, . =90cm/sand its

comparison with a lower vortex velocity case with parametersR = 0.05cm and
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Uy max =30 cm/s. There is minimal deviation in the profiles of the two cases from the

unperturbed kernel and from each other. The flame length profiles for the two cases starts
deviating at approximately 7 ms, with the faster vortex .i.e. 90 cm/s having higher flame
length values. The faster vortex seems to slightly hinder the initial burning of the kernel.
However, as the faster vortex induces more rapid kernel growth, the integrated reaction rate
values for the 90 cm/s vortex assumes higher values than the 30 cm/s vortex. Again the

deviation from quantitative unperturbed kernel values has no effect.
5.4.2 The Wrinkled Kernel Regime

Characteristics of vortices lying in the Wrinkled Kernel regime are detailed in this section.
Figures 5.14 and 5.15 show the transient evolution of flame length and integrated reaction
rate for two vortices of radius 0.3 cm and velocities 80 cm/s and 90 cm/s. The initial growth
of the flame kernel for all the three cases (0.5 ms and earlier) shows effects of the initial
conditions and there is a temporary dip in the integrated reaction values. The flame length
values for the kernel-vortex cases deviate from those of the unperturbed kernel at
approximately 8 ms and then continue to diverge. The increase in the values of the integrated
reaction rate is proportional to the increase in the flame area for the illustrated interactions.
This implies that the additional flame segments created by the interaction have a burning
quality similar to the flame segments of an unperturbed kernel. Also the fast vortex (90 cm/s)
shows a higher rate of increase of flame length values compared to the slower one. This

directly translates to higher integrated reaction rate values in the fast vortex case.
5.4.3 The Breakthrough Regime

Figures 5.16 and 5.17 show the transient evolution of the flame length and the integrated
reaction rate for two cases with the same translation velocity of 150 cm/s but different sizes
0.3 cm and 0.6 cm. The evolution of these parameters for both the cases can be divided into
three phases: 1) enhanced growth of the kernel caused by the kernel-vortex interaction 2) The
breakthrough phase, wherein the vortex punches through the leading edge causing a drop in
the flame area and the integrated reaction rates 3) A re-growth phase, after the vortex
extinguishes the leading edge, causing an increase in the flame area and a consequent
increase in the integrated reaction rates. The aforementioned phases occur earlier for the

larger vortex than for the smaller one, because of the greater area of influence of the larger
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vortex. The initial drop in the integrated reaction rate for both the cases is an effect of the
initial conditions. The flame area values for the larger vortex case deviates earlier than the
smaller vortex from unperturbed kernel values. The initial enhanced growth phase lasts for 6
ms in the larger vortex case and 10 ms in the smaller vortex. The peak flame area measured
during this phase if higher for the smaller vortex. Though the smaller vortex induces a higher
increase in the flame area during this initial phase, a one-to-one comparison between the
values until 6 ms reveals higher values for the larger vortex. This implies that though the
larger vortex does induce higher flamer area growth than the smaller vortex, the earlier onset
of the breakthrough phase prevents it from assuming flame area values as high as the smaller
vortex. There is a sharp drop in the flame area values for both the cases during the
subsequent breakthrough phase. The decrease in the flame area is higher for the larger vortex,
because the vortex is in contact with and extinguishes a larger part of the kernel. The
breakthrough phase lasts for approximately the same time period for both interactions. When
compared to the unperturbed kernel case the smaller vortex case shows consistently higher
values. The larger vortex shows enhanced values of flame area as compared to the
unperturbed kernel in the initial growth phase. However, as extinction sets in at the leading
edge, the flame area values for this case, drops below the unperturbed kernel values. The
changes in the flame area are directly reflected in the integrated reaction rates. Similar to the
behavior of the flame area profile the integrated reaction initially increases during the initial
phases of the interaction and then decreases during the vortex breakthrough. During kernel

re-growth the integrated reaction rate increases.

The effect of varying translational speeds in the breakthrough regime is investigated by

comparing two cases R =03cmand 9w, =150cm/s andR =03cm  and
Uy max = 400 cm/s the transient snapshots of which has been depicted in Fig. 5.7. Figures 5.18

and 5.19 show the temporal evolution of the integrated reaction rate and flame length. Due to
the high translational velocity of the faster vortex, the initial growth phase is very brief = 3
ms. In this time frame the vortex completely intrudes into the kernel and reaches the leading
edge. As extinction sets in at the leading edge the flame length values drop. There is a
subsequent phase of increase in the flame length values. As seen in Fig. 5.7 at 5.625 ms, the

kernel breaks up into two distinct and independent reaction zones. This local extinction

106



causes a decrease in the flame length of the kernel. This phase of decrease in the flame length
continues as the vortex annihilates one of the residual parts of the kernel (until 10 ms). After
this, the vortex weakens to an extent that it no longer affects the growth of the kernel; hence,
there is an increase in the flame length accompanied by an increase in the global reaction

rate.
5.4.4 The Global Extinction regime

In this section, we study the characteristics of interactions in the extinction regime. Figures
5.20 and 5.21 show the transient evolution of the integrated reaction rate and the flame length

for three large vortices R, = 0.6 cmat three different translational velocities 200 cm/s, 300

cm/s and 400 cm/s. A comparison with the unperturbed flame values is made to isolate the
effect of the vortices on the kernel. An initial drop in the values of the integrated reaction
rates can be attributed to the lingering effect of the initial conditions. A sharp increase in the
flame area values is seen initially for all the three cases. These flame area values during
initial times of the interaction are higher than the unperturbed kernel values. This sharp
increase in the flame is due to the kernel trying to curve around the large vortices. This initial
increase lasts for 4 ms, 2.4 ms and 1.9 ms for the vortices with translational velocity 200
cm/s, 300 cm/s and 400 cm/s, respectively. The flame shape of the kernel associated with the
200 cm/s vortex, at peak flame area values is shown as an inset in the flame area plot. After
peaking there is a rapid decrease in the values for all the three cases. This decrease is due to
the outer and the inner envelopes undergoing a downstream flame-flame interaction, which
leads to their eventual mutual annihilation. Therefore, in this regime the primary factor
contributing to local and leading to global extinction is the mutual annihilation of the outer
and inner envelopes. The values of the integrated reaction rate are much lower than the
unperturbed kernel values, even from the beginning of the interaction. After the initial drop
in the integrated reaction rate values, there is a temporal phase (.e.g. 3-5 ms for the 200 cm/s
case) wherein the integrated reaction rate values either increase, as is seen in the 200 cm/s
case or remains steady as in the other two cases. This phase corresponds to the instances
when the outer and the inner flame envelope are not interacting with each other. The rapid
decrease in the integrated reaction rate values hereafter correspond to the decrease in the

flame area, observed during the same time period. When the kernel nears extinction the
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decrease in the integrated reaction rate values is less rapid and in fact for the slowest vortex
(200 cm/s) there is a temporary increase in the integrated reaction rate values. This happens
after the vortex punches through the leading edge. Now, no part of the kernel lies in the path
directly normal to the vortex propagation. The kernel now experiences lower strain as
compared to earlier times and the integrated reaction rate does not fall as rapidly. Eventually

the integrated reaction rate values fall to zero signifying global extinction.

Figures 5.22 and 5.23 show the influence of vortex size on the kernel. Three different

vortices with sizesR, = 0.4 cm, 0.5 cm and 0.6 cm and having the same translational velocity
of 600 cm/s are compared. The evolution of the flame profiles for the larger vortices R, =0.4

cm and 0.5 cm are identical with a peak in the flame area values at 1.25 ms. This maximum
in the flame area occurs right before the interaction between the inner and outer envelopes.
The maximum flame area value for the smallest vortex also occurs at the same time instant
and is higher than the larger vortices. Intuitively, larger vortices should cause greater increase
in the flame area as compared to smaller ones. The fact that the smallest vortex causes the
maximum increase in the flamer area means that local extinction is less prevalent in this case
as compared to larger vortices. Again, as the outer and inner envelope interact at the leading
edge the kernel collapses and the flame area falls to zero for the larger vortices. The smallest
vortex, however, shows an intermediate peak. This spike in the flame area occurs after the
vortex punches through the leading edge. For the smaller vortices the kernel is able to curl
around them and grow, causing a temporary increase in the flame area. However, consistent
straining by the vortex eventually kills the flame-kernel. The integrated reaction rate values
are consistently below unperturbed kernel values. Faster vortices annihilate the kernel earlier

than the slower ones.

5.5 A spectral combustion diagram for kernel-vortex interactions and implications to

turbulent combustion

As previously stated researchers in the past have tried to classify various planar flame-vortex
interactions and arrange them on a turbulent combustion diagram. The characteristic scales,
primarily utilized to classify the interaction are a measure of the relative velocity of the

vortex to the flame speed,u, ... /S, , and relative size of the vortex to the flame thickness,
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R, /6, . The kernel-vortex interaction is an extension of flame-vortex interactions; wherein

the time varying mean curvature of the vortex adds an added dimension to the problem,
namely the instantaneous size of the kernel. The effect of the vortex on the kernel is to a very
large extent dictated by the size of the kernel itself, at the time of interaction. In order to

incorporate this extension we base our characteristic scales on u, . /S, andR,/R,, the

relative size of the vortex to the kernel at the instant of interaction. This length scale also

governs the maturity of the kernel at the instant of interaction.

A consequence of the use of Ry instead of the traditional J; to define the length scale, is that
specific lines that were previously used to demarcate various upper and lower theoretical
limits of various regimes (Barrére, 1974; Borghi, 1985, 1988; Peters, 1986; Bray, 1980,
Williams,1985; Peters; 1986) are no longer valid. However, similarities do exist in regime
shapes occurring in flame-vortex and kernel-vortex combustion diagrams and will be detailed

in the following discussion.

We have already established that the kernel-vortex interaction can be classified into the

following regimes.

1) The no-effect regime: In this regime, the vortex is either not strong enough to effect the
kernel or if it is not large enough to withstand viscous dissipation.

2) The Wrinkled Kernel regime: In this regime, the vortex is strong enough to induce
significant stretch and local flame-flame interactions, but then eventually dissipates in the
region of the hot gases and dies out in the body of the kernel.

3) The break through regime: In this regime, the vortex traverses diametrically through the
kernel and punches through to extinguishes the leading edge.

4) The extinction regime: In this regime, the vortex annihilates and globally extinguishes the
kernel.

Figure 5.24 shows the proposed turbulent combustion diagram for a kernel-vortex interaction

based on the modified characteristic scales. The Laminar Kernel regime is defined as when

the height of the channel formed by the impinging kernel is less than the characteristic length

scale of the vortex R . Since the definition of the laminar kernel regime is based on the

ability of the vortex to distort only a section of the flame kernel; a propagating flame

segment, this regime should be similar for flame vortex and kernel vortex interactions.
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Vortices of translational velocities up to 20 times higher than the flame speed lie in this
regime. The shape of this regime is similar to the shape of the regime in flame-vortex
interaction diagrams. The ability of the vortex to substantially stretch the kernel would
depend on the instantaneous velocity of the vortex and the size of the kernel relative to the
vortex at the instant of interaction. From the turbulent combustion diagram in Fig. 5.24 it

appears that only beyond R,/R,= 0.7 the vortex imposes substantial stretch on the kernel

and changes its burning characteristics as compared to an unperturbed kernel. The
combustion diagram proposed by Renard (1998) for a kernel-vortex interaction has a similar
shape for the global extinction regime as in the present study. The extinction regime is seen
for very large and high velocity vortices. The stretch induced by the vortex negates the time
varying curvature due to the spherical propagation of the kernel and hence this is in effect
similar to a planar flame-vortex interaction. The reason for the shape of the delineating
extinction line as seen is because when faster vortices are used, they effect an earlier

interaction leading to low values of R, and consequently high values of R /R,. The
minimum value for the non-dimensional R, /R, length scale for the Extinction regime is ~1.
If the extent of the kernel is greater than the extent of the vortex R, /R, <l then the kernel is

able to curve around the vortex and some part of it always escapes extinction. The border
between the Laminar Kernel regime and the Wrinkled Kernel regime can be clearly
demarcated. It appears that the Wrinkled Kernel regime lies in a rather narrow band of the
combustion diagram which suggests the predominance of the break through regime which is
very plausible. Besides the high velocity of the vortex or its large size, another factor that can
facilitate extinction at the leading edge is flame-flame interaction. As has been described in
Kolera-Gokula and Echekki (2006) downstream interaction reduces the consumption speed
in the reaction zones involved. So, a mechanism exists in the kernel itself that facilitates

breakthrough and it therefore is an easier regime for the interaction to develop in.

The turbulent combustion diagram proposed is based on the interaction between a kernel at
one specific equivalence ratio and a vortex. Due to the detailed flame-flame and flame-flow
effects observed variations in the equivalence ratio may have profound effects on the values
of the characteristic scales demarcating the various regimes. Also variation in the heat release

will affect the rate of dissipation of the kernel and contribute to changes in values prescribed
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in the diagrams. However, the choice of the characteristic scales employed ensures that the
shapes observed are consistent and hence the diagram proposed does have a fair degree of

universality.

The proposed turbulent combustion diagram is an extension to similar diagrams built using
planar flame-vortex studies. The kernel-vortex diagram gives comprehensive information
about regimes affected by a combination of flame-stretch and flame-flame interaction, unlike
flame-vortex studies that primarily study the affect of stretch. For example the breakthrough
regime which is only caused by very high velocity vortices in flame-vortex interactions, is
more easily achievable in kernel-vortex interactions because downstream interactions
facilitate extinction at the leading edge. Now, since flame segments propagate in the vicinity
of each other in a turbulent environment, the breakthrough regime in a kernel-vortex
interaction is a more honest representation of turbulent premixed flame behavior than its

planar flame-vortex counterpart.

The diagram proposed can have direct implications to the study of spark ignited kernel
survival and growth in conventional IC engines. A challenging problem in spark ignited
engines is to improve the predictability in the process leading from the generation of a kernel
to the development of the self propagating flame. Eichenberger and Roberts (1999) studied
the effect of unsteady stretch on the growth of spark ignited kernels. High turbulence
intensity in the engine flow-field is required for the efficient performance of SI engines as
burning velocity increases as the turbulence intensity in the engine increases. However, the
level of stretch also increases with turbulence intensity and can cause partial or complete
extinction of the kernel which would translate into greater unburned mixture percentages and
hence inferior emission characteristics. The proposed diagram relates the level of turbulence
to the burning characteristics of the kernel. Designers can modify various engine
components to ensure that the engine operates in a “favorable” regime. For example, the
wrinkled kernel regime seems to be most favorable kernel growth and propagation and hence

is a “favorable” regime.
5.6 Conclusions

A kernel-vortex interaction was simulated in a spherical frame of reference using a simple

chemistry model. A wide matrix of interactions involving a vast range of vortex sizes and
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strengths were investigated. Four distinct regimes of interaction are found 1) The Laminar
Kernel regime 2) The Wrinkled Kernel regime 3) The Breakthrough regime and the 4)
Global Extinction regime. Interactions in the no- effect regime show only minor deviations
from unperturbed kernel values. Laminar Kernel regime can be caused by a weak vortex or
by viscous dissipation of small vortices in the region of the flame. Vortices Wrinkled Kernel
regime imposes substantial stretch on the kernel causing major deviations in these cases from
unperturbed kernel values. This translates into a large increase in the flame area and a
subsequent increase in the integrated reaction rates. There is no hint of local extinction in this
regime as an increase in the flame area causes a proportional increase in the integrated
reaction rates. In the break through regime the parent kernel spawns into two distinct self-
propagating kernels, when the vortices are strong enough to affect local extinction after
breakthrough. A sharp drop in the flame length and the integrated reaction rate is observed
during breakthrough. In majority of the cases the kernel tries to re-grow after large scale
extinction at the leading edge. The primary mechanism governing global extinction is
downstream flame-flame interaction. A turbulent combustion diagram was derived for
kernel-vortex interactions. The length scale defining the interaction was modified to
encompass the relative size of the expanding kernel and the vortex. Predominance of the

breakthrough regime was observed.

112



55rF = = 1.0E-04
E , \ ]
5F oy T 9.0E-05
A50 N\ v . Y, -{8.0E-05
Ar L N Y. d7.0E05
3.5F ' A
i u ' 4 6.0E-05
> 3F ' ! 1 x
e ' ' —5.0E-05 >
- 25 ! ! ]
, E_ : : —; 4.0E-05
ek : : 43.0E-05
. - ] ]
b ' ' - 2.0E-05
E ' g .
05 :_ ] ” ' d (] —: 10E'05
= A _!1’ ’1 ! 1_ ! ! ! — A ke . =
0 G 1 0.0E+00
X (cm)

Figure 5.1. Initial profiles for 7, Y, and Yx based on PREMIX.
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Figure 5.2. Schematic of the configuration employed.

114



13}
E135)

14

Dissipation
of the
vortex core

Figure 5.3. Transient snapshots of an interaction in the dissipation regime with R, =
0.13 cm and ug mex = 20 cm/s. The flooded contours depict the reaction rate of
radical species X in g/cm’-s. White lines depict the vorticity contours. As drawn,
the vortex pair is propagating downwards.
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Figure 5.4. Transient snapshots of an interaction in the dissipation regime with
R, =0.05 cm and u, e = 60 cm/s. The flooded contours depict the reaction rate
of radical species X in g/cm’-s. White lines depict the vorticity contours.
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Figure 5.5. Transient snapshots of an interaction in the Wrinkled Kernel regime with R, =
0.3 cm and ug . = 90 cm/s. The flooded contours depict the reaction rate of radical species
X in g/cm’-s. White lines depict the vorticity contours.
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Figure 5.6. Transient snapshots of an interaction in the Wrinkled Kernel regime. R, = 0.1 cm
and ugmax = 190 cm/s. The flooded contours depict the reaction rate of radical species X in
g/cm’-s. White lines depict the vorticity contours.
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Figure 5.7. Transient snapshots of an interaction in the Wrinkled Kernel regime with R, = 0.4 cm and
Ug, max = 400 cm/s. The flooded contours depict the reaction rate of radical species X in g/cm’-s. White
lines depict the vorticity contours.
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Figure 5.8. Transient snapshots of an interaction in the Wrinkled Kernel regime with R, = 0.15 cm
and ug . = 150 cm/s. The flooded contours depict the reaction rate of radical species X in g/cm3 -S.
White lines depict the vorticity contours.
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Figure 5.9. Transient snapshots of an interaction in the Wrinkled Kernel regime with R, =
0.6 cm and ug . = 400 cm/s. The flooded contours depict the reaction rate of radical
species X in g/cm’-s. White lines depict the vorticity contours.
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Figure 5.12. Effect of translational velocity and small vortices on flame length in the
Laminar Kernel regime.

124



-0.015

[ — S 90 cm/s, R,=0.05cm
----- Ug max= 30 cm/s, R,=0.05cm
----- Unperturbed

-0.014

-0.013

-0.012

-0.011

Integrated Reaction Rate (g/cm-s)

Time (Ms)

Figure 5.13. Effect of translational velocity and small vortices on Integrated Reaction
rate in the Laminar Kernel regime.

125



4.5F

=80cm/s,R=0.3cm
omax= 20 cm/s, R = 0.3 cm
= = = = Unperturbed

ue,max
- e e e |)

Flame length (cm)
w
I i

L l L L L L l L Il
10 20 30
Time (ms)
Figure 5.14. Effect of translational velocity on flame length in the wrinkled kernel
regime.

126



-0.035

Uy = 80 CM/s, R,= 0.3 cm ’
- - - - =90cm/s, R,=0.3cm

0,max__

= = = = Unperturbed P

-0.03

-0.025

-0.02

-0.015

Integrated Reaction Rate (g/cm-s)

5 10 15 20

Time (ms)

Figure 5.15. Effect of translational velocity on Integrated Reaction rate in wrinkled
kernel regime.

127



Flame length (cm)

0.5¢

- ue,max
| o> a» e» e |

=150cm/s, R,=0.3cm
oma— 150 cm/s, R = 0.
[= = = = Unperturbed

L I I I | I I L \e | ]
) 10

Time (ms)

| | |

Figure 5.16. Effect vortex size on flame length in the breakthrough regime.

15

128



| — =150 cm/s, R,=0.3 cm
-0025 [~ - - - - ugjm: 150 cm/s, R,=0.6 cm

----- Unperturbed
-0.02

-0.015

-0.01

Integrated Reaction Rate (g/cm-s)

5 10 15
Time (ms)
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Chapter 6

Conclusions and Recommendations

6.1 Summary

Direct numerical simulations of kernel-vortex interactions have been carried out using a
two-step global chemistry model for methane and complex chemistry for hydrogen. The
simulations are carried out using a 2D planar geometry for detailed chemistry
calculations, and an axi-symmetric flow configuration for the two-step global
mechanism. The combined methodology allows us to expose detailed chemistry effects
related to flame quenching through the detailed chemistry analysis, and also allows us to
explore a wide range of run conditions (various vortex sizes and strengths) in order to

classify the various regimes of interaction.

Both global and detailed chemistry calculations show significant distortion of the
expanding flame kernel is observed during its interaction with the vortex pair. Different
regimes of interaction are observed depending on the maturity of the flame kernel and the
size and strength of the vortex pair. The different regimes of interaction observed in the
simple and detailed chemistry cases are 1) The Laminar Kernel regime, 2) The Wrinkled
Kernel regime, 3) The Breakthrough regime, and 4) The Global Extinction regime. A

wide variety of kernel topographies are observed.

The interaction shows a wide variety of flame-flame and flame-flow effects. Conditions
of positive and negative strain and curvature are accompanied by prolonged upstream and
downstream flame-flame interactions. Due to the high strength of the vortices in the
detailed chemistry cases only the breakthrough and the global extinction regimes are
observed. Though the vortices cause an enhancement in the flame area and the volumetric
reaction rates, the net effect measure by the consumption speeds, shows that the vortices

inhibit the development of the chemistry.

A universal model for the flame stretch rate was modeled by relating formation of

additional flame segments to the translational velocity of the vortex. New parameters for
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the extent of flame shortening due to upstream and downstream flame interaction was
observed. In the regimes observed, downstream flame-flame interaction was more
common than upstream flame-flame interaction upstream flame-flame interaction only
occurs when the kernel is able to curve around the vortices and flame tips approach the
axis of symmetry. Due to the complexity of the physics involved in this interaction,
caused by the simultaneous presence of flame-flame stretch effects, correlations of

displacement speed with stretch components, strain or curvature is invalid.

The kernel-vortex configuration also enabled the study of a number of important
mechanisms for flame quenching. An extensive discussion of such mechanism related the
process of downstream interactions with detailed chemistry is given in the thesis. The net
effect of downstream flame-flame interaction is to attenuate the chemistry in the region
where it occurs. A progressive decrease in the peak temperature values across the
leading edge leads to lowered reaction rates. Detailed chemistry effects during the
lifetime of this interaction are analyzed. Reversals in the sign of the reaction rate for
some of the reaction steps are observed. Negative displacement speeds are also observed.
The negative displacement speeds are cause by the annihilation of the radical
consumption layers which leads to a build-up of a radical pool causing the flame to “see”
chemical activity in the products. Integrated reaction rate values across the leading edge
for the major and minor species are used to distinguish the effects of varying vortex sizes
on the nature of the interaction. Though strain causes a change in the onset of the
interaction, qualitatively it has no effect on the temporal behavior of the integrated

reaction rate profiles.

In order to investigate a wider matrix of run-conditions, a two-step global mechanism for
methane-air chemistry is developed to predict lean premixed methane combustion. The
computations were carried out in axis-symmetric geometry in spherical coordinates, such
that gradients in the circumferential direction are ignored. This axis of reference allows
for the spherical expansion of the kernel unlike in the detailed chemistry cases wherein
the expansion was in effect cylindrical. In the no-effect regime the behavior of the flame-
kernel during the lifetime of its interaction with a vortex is similar to that of an
unperturbed kernel. The wrinkled kernel regime causes significant increase in the flame

length and the volumetric reaction rate as compared to an unperturbed kernel. During
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punching of the vortex through the leading edge a significant drop in the flame area and
the volumetric reaction rate are observed. Global extinction is primarily caused by the
interaction of the inner and outer envelope at the leading edge (downstream flame
interaction). A turbulent combustion diagram accounting for the time varying mean
curvature of the kernel is developed. As compared to earlier diagrams proposed, the time
varying mean curvature of the kernel is an added dimension in diagram proposed in this
study. Hence, the regimes affected in this diagram, take into account an additional scale.
(i.e. size of the kernel at the instant of interaction). Pre-dominantly the interactions occur

in the breakthrough regime.
6.2 Concluding Remarks

The interaction between an expanding flame kernel and a vortex offers interesting
possibilities as regards study of stretched premixed flames. A wide variety of regimes
can be simulated by varying the translational velocity of the vortex, its size and the
relative sizes of the kernel and the vortex at the instant of interaction. A plethora of
simultaneous and prolonged flame-flame and flame-flow effects are visible during the
lifetime of this interaction. This configuration can be utilized to study the global response
to flame stretch or local consequences .e.g. quenching due to flame-flame interaction.
Potentially difficult to simulate turbulence-chemistry effects, like downstream flame
interaction, are actually easily reproducible in a kernel-vortex configuration. Though the
primary effect of the vortex is to induce stretch in the kernel, its consequences - flame-
flame interactions are extremely important to the local and global behavior of the kernel.
We have established that global extinction, seen in large vortices is an immediate effect

of downstream interaction.

The proposed turbulent combustion diagram is an extension to similar diagrams built
using planar flame-vortex studies. The kernel-vortex diagram gives comprehensive
information about regimes affected by a combination of flame-stretch and flame-flame
interaction, unlike flame-vortex studies that primarily study the affect of stretch. For
example the breakthrough regime which is only caused by very high velocity vortices in
flame-vortex interactions, is more easily achievable in kernel-vortex interactions because

downstream interactions facilitate extinction at the leading edge. Now, since flame
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segments propagate in the vicinity of each other in a turbulent environment, the
breakthrough regime in a kernel-vortex interaction is a more honest representation of
turbulent premixed flame behavior than its planar flame-vortex counterpart. Parameters
defining “flame shortening” (I, and 14) due to flame-flame interactions are as, if not more
important than stretch parameters like extinction strain limits., due to the profound flame-
flame effects exhibited in this study. It appears that isolated studies of flame response to
curvature or strain might not lead to a comprehensive understanding of turbulent
premixed flame behavior. Configurations involving a combination of stretch and flame-

flame effects are ideal
6.3 Recommendations for Future Work

The kernel-vortex configuration allows the study of combined flame-flame and stretch
effects. It is an ideal configuration to study the coupling between chemistry and the fluid
flow. For example the flame extinction at the leading edge is a combination of flame
stretch and downstream flame-flame interaction and thus complements an individual
study of these phenomena. Potentially a wide variety of these “coupled” scenarios could
be simulated and studied, thus replicating the propagation of a premixed flame in a
turbulent environment. It would also be beneficial to define progress variables for each
individual phenomenon (.e.g. upstream/downstream interaction, stretch effects etc) in
order to isolate their extent and participation in these coupled studies. This thesis
predominantly studies the effect of flow on the chemistry. Conversely, effect of the
kernel on the vortex could be easily studied from the database of generated cases, thus
providing insight into the complex coupling between flow and chemistry. Detailed

comparisons between computations and experiments will be a natural extension.
6.3.1 Numerical- experimental comparisons of flame-vortex interactions

Turbulence chemistry in general is an interesting area for coupled experimental-
numerical studies. Detailed experimental studies on kernel-vortex interactions have been
carried out by Roberts and co-workers (1999, 2001, and 2002). The simple chemistry
axis-symmetric configuration developed is ideal for comparisons. In order to simulate
the experimental physics the governing equations have to be modified to incorporate the

effect of gravity on the interaction. Meaningful comparisons would require identical or
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close to identical initial flow fields in the experimental and numerical cases. An effort
was made in this study to replicate the impulse felt by the vortex due to the translation of
the piston, during the generation of the vortex. This impulse is modeled as a spatially and
temporally decaying source in the space between the vortex and the axis of symmetry.
This impulse model needs to be tested and validated as an initial step towards
comparisons. The flame length would be the natural choice parameter for validation of
the computational model. The model developed to assess the percentage of the flame area
subjected to upstream and downstream interaction can be used in both experiments and

computations and for comparisons.
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