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Interaction of a vortex ring with a diffusion flame
C. Safta, S. Enachescu,a) and C. K. Madniab)

Department of Mechanical and Aerospace Engineering, State University of New York at Buffalo, Buffalo,
New York 14260-4400

~Received 8 May 2001; accepted 19 October 2001!

The interaction between a laminar vortex ring and a flat diffusion flame is investigated via direct
numerical simulations. The diffusion flame is generated by a ‘‘spark’’ and is implemented as initial
condition for the simulations. The chemistry is modeled by an Arrhenius, single step, irreversible
reaction. A heat-releasing flame sheet is also considered in addition to the finite rate flames. The
vortex ring is generated by an axisymmetric discharge of fuel-inert species mixture that enters a
quiescent medium with the same composition and temperature. Two stages are identified during the
finite rate diffusion flame–vortex ring interaction. The first stage corresponds to the head-on
collision between the flame and the vortex ring, and lasts until the flame is quenched near the
centerline. The unsteady effects are dominant and examination of the terms in the temperature
transport equation reveals that, depending on the relative strengths of the vortex ring and the flame,
convection and/or diffusion terms are responsible for the local flame extinction. The extinction
patterns obtained from the flame–vortex ring interaction during this stage, are compared with the
results from unsteady counterflow diffusion flame simulations. The second stage corresponds to the
passage of the ring through the flame and its interaction with the flame from the oxidizer side.
During this stage, the vortex ring loses its strength and, in addition to the unsteady effects, curvature
effects can also become important. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1429248#

I. INTRODUCTION

Combustion systems are an integral part of everyday life
from the internal combustion engine to the industrial furnace
and the rocket engine. The understanding of turbulent com-
bustion processes has long been the goal of the research
community in order to increase the efficiency and reduce the
pollution of the combustion systems.

In nonpremixed combustion systems, reactant species
can be transported towards each other by means of convec-
tion, molecular diffusion, and turbulent diffusion. Studies in
turbulence shows that mixing is controlled mostly by large
scale vortical structures, and that flame–vortex interactions
are central components of turbulent combustion. The inter-
action between a laminar vortex ring and a diffusion flame
may explain some of the fundamental aspects of the transport
and combustion phenomena present in turbulent flames.
These include entrainment and mixing, strain and nonequi-
librium phenomena, partial premixing, and heat release ef-
fects.

The flame–vortex interactions are examined in a grow-
ing number of analytical, experimental, and numerical stud-
ies. In this section, we focus on key studies relevant to our
investigation. For a recent review of this subject, see Renard
et al.1 Several studies, using simple or detailed chemistry,
focused on the effects of unsteady strain rate field on the

structure, ignition and extinction characteristics of nonpre-
mixed flames. Cuenot and Poinsot2 reported results on the
interaction of a vortex pair with a nonpremixed flame. They
studied the effects of curvature and flow unsteadiness on the
flame to identify the validity limits of the laminar flamelet
assumption. Takahashi and Katta3 performed a numerical
study of the interaction between a laminar methane flame
and a vortex ring. Three regimes of the interaction were
highlighted based on the controlling processes: convection,
diffusion, and chemical kinetics.

Thévenin et al.4,5 investigated the interaction between a
vortex ring and a counterflow diffusion flame. Numerical
simulations are used to complement the experimental mea-
surements and to explain the typical features of the interac-
tion. The relative importance of mixing and strain rate effects
acting on the flame is assessed. It was shown that extinction
occurs despite the high degree of mixing during the interac-
tion. The experimental work was continued further by Re-
nardet al.6 Correlations between OH concentrations and heat
release rate are examined to obtain a criterion for extinction.
A similar configuration was used by Kattaet al.7 to study the
quenching patterns of the diffusion flame. A relatively fast
vortex would produce a point-quenching pattern, whereas the
interaction with a slower vortex would lead to an annular-
quenching pattern due to the flame curvature and preferential
diffusion effects.

Direct numerical simulation was used by Hewett and
Madnia8 to study the flame–vortex interaction in a laminar
reacting vortex ring. The ring is generated by an axisymmet-
ric jet that is impulsed to emit cold fuel through a nozzle into
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a quiescent ambient at a much higher temperature. A one-
step Arrhenius reaction was used to mimic the combustion of
a typical hydrocarbon in air. Different reaction dynamics
were identified depending on the temperature of the oxidizer.
A similar configuration was used by Chen and Dahm.9,10The
highly symmetric results obtained in microgravity environ-
ment are well suited for comparisons with numerical simu-
lations. More recently, Chenet al.11 performed numerical
simulations of the above configuration. It was found that,
consistent with the experiments, volume dilatation due to
heat release is the primary mechanism that alters the flow
and mixing process in reacting rings.

The present study focuses on the interaction between a
vortex ring and a flat diffusion flame. The chemical reaction
is modeled by an Arrhenius-type reaction. The diffusion
flame was generated by ‘‘spark’’ ignition and was allowed to
reach a quasisteady state before the interaction with the vor-
tex ring. This configuration is somewhat unique in that it
allows us to study the interaction of a vortex ring with an
initially unstrained flame. Also it allows us to investigate the
characteristics of the interaction after the vortex ring passes
through the flame.

The main objectives of this investigation are~1! to study
the flame structure during its interaction with a vortex ring,
and ~2! to determine the unsteady extinction characteristics
of the diffusion flame. This paper is organized as follows:
Sec. II contains the governing equations and numerical meth-
odology. The generation of the diffusion flames is described
in Sec. III. The dynamics, global characteristics, and the
structure of the flame during the interaction are presented in
Sec. IV. Unsteady extinction characteristics are evaluated in
Sec. V. Summary and conclusions are stated in Sec. VI.

II. GOVERNING EQUATIONS AND NUMERICAL
METHODOLOGY

The interaction between a laminar vortex ring and a flat
diffusion flame is studied. A geometrical sketch is presented
in Fig. 1. The domain is divided into two regions of fuel and

oxidizer. The entire domain is diluted by 25% by mass of
inert species. The fuel–oxidizer interface is ignited by a
spark and a quasisteady diffusion flame is obtained. The dif-
fusion flame is then implemented as initial conditions for the
simulations. The vortex ring is generated by a short duration
round jet that enters the computational domain from the fuel
side of the flame and has the same composition and tempera-
ture as the fuel region. The roll up of the shear layer between
the jet and the quiescent ambient results in the formation of
the vortex ring. The vortex ring direction of motion is per-
pendicular to the diffusion flame. Due to the axisymmetric
nature of the problem, a two-dimensional cross section is
considered for the calculations.

The nondimensional, axisymmetric forms of the conser-
vation equations12 for mass, momentum, energy, and species
are solved,
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The nondimensional flow quantities are density,r, radial ve-
locity, v r , axial velocity,vz , total energy,E, and mass frac-
tions of speciesi, Yi . The ideal gas equation of state is
assumed to hold. All species have same molecular weights,
thermodynamical and transport properties. Assuming con-
stant specific heat, the total energy is given by

E5
T2gCeYp

g~g21!M2 1
v r

21vz
2

2
, ~6!

whereT is the temperature,g is the ratio of the specific heats,
YP is the mass fraction of product,M is the reference Mach
number, andCe is the nondimensional heat release param-
eter. The nondimensional forms of the axisymmetric stress
tensor, t, heat flux, q, and diffusion flux, J, are given
elsewhere.8 The viscosity depends on temperature through a
power law,m5T0.7. The temperature dependence of the ther-
mal conductivity and mass diffusivity is obtained by setting
Pr andLe equal to unity throughout this study.

FIG. 1. Schematic of the configuration used in the computations.
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The chemical reaction is assumed to occur through a
one-step irreversible global reaction,F1r stO→(11r st)P,
whereF is fuel, O is oxidizer, P is product, andr st is the
stoichiometric mass ratio between oxidizer and fuel. The
nondimensional reaction rates for fuel, oxidizer, and product
are

WF5
WO

r st
52

WP

11r st
~7!

and

WP5~11r st!Dac r2YFYO expS 2
Ze

T D , ~8!

where Dac is the computational Damko¨hler number, and Ze
is the Zeldovich number.

For this computational study we used a code developed
and validated previously by our group.8 Spatial derivatives of
the terms in the transport equations presented above are com-
puted using a fourth order accurate compact finite difference
method.13,14 The time integration is performed using an ex-
plicit two step, second order MacCormack scheme. The com-
putational domain~Fig. 1! represents the left side of a cross
section through an upright cylinder. The right boundary co-
incides with the centerline and appropriate conditions were
imposed to account for the symmetry. At outflow~left and
top! boundaries, far from the interaction region, first deriva-
tives normal to the boundary, of each of the flow quantities,
are set to zero. The vortex ring is generated by a brief dis-
charge of fuel-inert species mixture from the bottom~inflow!
boundary, and moves in the vertical direction. ‘‘Tophat’’
profiles8,15 were used to specify both spatial and temporal
distributions of flow quantities. After the shut-off of the fuel
jet, the first derivatives are set to zero on the inflow bound-
ary. The initial values in the computational domain corre-
spond to the field of a quasisteady flat diffusion flame, nor-
mal to the centerline. The flame corresponding to each run is
generated prior to the simulation, through a spark-ignition
process. The methodology is described in the next section.

Several tests were performed to determine the optimum
size of the computational domain and the resolution needed
to obtain accurate results. For runs 1, 2, and 4–6~Table I! it
was determined that a domain withLz514 and Lr57 is
sufficient to capture the dynamics of the interaction, without
interference from the boundaries. An orthogonal mesh is
used, with 1025 equally spaced grid points in the axial direc-
tion. The radial grid has 513 points, with compression in the

shear layer of the jet (r 50.5). For run 3, with a larger di-
ameter vortex ring compare with other runs, the domain was
enlarged. A domain size ofLz522 andLr512 was used with
16113879 grid points.

The time step is limited by two constraints, hydrody-
namical and chemical. The first one is a CFL type condition
to ensure the stability and accuracy of the flow-field. The
chemical constraint16 limits the product formation rate, and
ensures a correct temporal integration of the species mass
fraction fields.

III. DESCRIPTION OF THE DIFFUSION FLAMES

Prior to the generation of the flat diffusion flames, the
computational domain is split into fuel and oxidizer regions
~Fig. 1!. Table II presents the initialization of the species
mass fraction profiles.

The interface between fuel and oxidizer regions is ig-
nited by a ‘‘spark,’’ implemented as a source term in Eq.~4!,

ė~z,t !5A•s~ t !•z~z!, ~9!

where A is the amplitude of the spark. The time program,
s(t), and the spatial distribution,z(z), are based on hyper-
bolic tangent functions. The center of the spark coincides
with the interface between the fuel and the oxidizer regions,
zc . For all flames, except flame 3, this interface is located at
zc54. The fuel-oxidizer interface for flame 3 is located at
zc55.

The parameters that define the spark are chosen to maxi-
mize the internal energy and minimize the energy deposited
into the flow as kinetic energy. The spark raises the tempera-
ture in the field around the interface region to a value large
enough to obtain a self-sustained flame. For all the finite rate
flames,~1–5! in Table III, the maximum temperature in the
field continues to increase after the spark is turned off. While
for the slower flame 1 it takes longer for the temperature to
reach a quasisteady state, for flames 2–5 the maximum tem-
perature increases sharply and a quasisteady state is achieved

TABLE I. Vortex ring characteristics.D j is the diameter of the piston used
to generate the vortex ring,Lp is the piston stroke,a, andR are the core and
ring radii, respectively, and ReG is the Reynolds number based on the vortex
ring circulation.

Run 1,2,4–6 3

D j 1 3
Lp /D j 2 1
2a 0.4 1.2
R 0.6 1.7
ReG 1930 970

TABLE II. Initial species profiles.

Fuel YF50.75/2$tanh@10(zc2z)#11%
Oxidizer YO50.752YF

Inert YI50.25
Product YP50

TABLE III. Diffusion flames characteristics. Dac is the computational
Damköhler number,r st is the stoichiometric coefficient,f st is the mixture
fraction at stoichiometric conditions,zst is the initial location of the stoichio-
metric surface,dR is the flame thickness based on the product reaction rate,
anddT is the flame thickness based on the temperature field.

Flame 1 2 3 4 5 6

Dac 90 518 518 518 518 `
r st 1 1 1 4 0.25 1
f st 0.5 0.5 0.5 0.2 0.8 0.5
zst 4 4 5 4.61 3.39 4
dR 1.46 1.80 1.80 1.10 1.32 0
dT 2.46 2.52 2.52 2.67 2.37 1.9
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in a shorter time. The flame parameters are given in Table III.
The heat release parameterCe511.67 was used for all
flames, and the Zeldovich number for all finite rate flames,
was set to Ze525.

The reaction rate and scalar fields prior to the interaction
with the vortex ring are examined. Flame 1 is the slowest
self-sustained flame that could be obtained using the given
spark parameters. For flames with Dac,90, the energy de-
posited into the flow is insufficient to achieve a temperature
high enough to develop a self-sustained chemical reaction.
Flames 2 and 3 were generated in order to study the effect of
a faster, but finite rate reaction on the flame–vortex ring
interaction. The higher Dac leads to a faster reaction during
the flame generation and the product mass fraction and tem-
perature reach higher values compared with flame 1. A com-
parison@Fig. 2~a!# between the spark ignition process and an
equivalent opposed jet diffusion flame shows a very good
agreement for the species mass fraction profiles and reaction
rate fields around the stoichiometric region. During the spark
ignition process, as the fuel and oxidizer are quickly con-
sumed at the center of the flame, pockets of mixture are left
unburned on each side of the main flame, leading to second-
ary flames. The strength of these flames rapidly decreases
and they do not play a significant role during the interaction.

Flames 4 and 5 are generated to study the characteristics
of the interaction for nonunity values ofr st. These flames
have the same Dac as flames 2 and 3. The fuel and oxidizer
are consumed at different rates and the symmetry observed
for r st51 does not exist for these flames. The flame fronts
are moving from the initial position in the center of the spark
towards the side corresponding to the species with a higher

consumption rate. Upon achieving a quasisteady state, for
flame 4 the maximum product reaction rate occurs on the
stoichiometric surfacef st50.2 located atzst54.61 @Fig.
2~b!#. For flame 5 the maximum reaction rate also corre-
sponds to the stoichiometric mixture,f st50.8 located atzst

53.39.
Flame 6 is used to study the effect of the heat released

by an infinitely fast reaction, on the vorticity field. The
chemical composition of the field is initialized by defining
the initial mixture fraction profile,

f 5
tanh@7.5~zc2z!#11

2
. ~10!

This profile is used to calculate the product mass fraction,
and the temperature field is computed assuming that all the
heat released by the flame sheet leads solely to the increase
of enthalpy

T511CeYp . ~11!

Under this assumption, the total energy per unit mass does
not contain any kinetic energy, and the initial velocities in
the field are set to zero. For this case, the spark is not nec-
essary since the chemical reaction occurs instantaneously at
the interface between the fuel and oxidizer. The initial maxi-
mum temperature is equal to the adiabatic flame temperature
and remains constant throughout the flame generation period.

An important parameter for the flame-vortex interaction
is the flame thickness,dR . This parameter is defined based
on the product reaction rate values. In order to calculate the
thickness, the edge of the flame is defined as the location
where the product reaction rate is 5% of its maximum value
in the initial fieldWp0

. Another parameter which is useful in
studying the effects of chemical reaction on the vorticity
field is the thermal thickness of the flame,dT , defined based
on the temperature field. The values ofdR anddT are given
in Table III.

In order to study the ‘‘mixing’’ and thermal character-
istics of the flame during the interaction, the product reac-
tion rate is normalized withWp0

, and decomposed into MIX
and THRM terms, MIX5r2YFYO /r2YFYOuWp0

, THRM
5exp(2Ze/T)/exp(2Ze/T)uWp0

.
The MIX term is a measure of the mixing of fuel and

oxidizer and is proportional with the product of the molar
concentrations of the fuel and the oxidizer. The THRM term
represents the dependence of the reaction rate on the tem-
perature. For the finite rate reactions, the distribution of these
terms determines the location and structure of the flame, and
the evolution of the flame during the interaction can be ex-
plained based on combined evolution of MIX and THRM.

Figure 3 shows the centerline profiles of MIX and
THRM terms for runs 2 and 4 at the beginning of the inter-
action. For all finite rate flames, the MIX term has two local
maxima, located towards the flame edges. These maxima
correspond to the unburned pockets of the fuel–oxidizer
mixture mentioned earlier. For flames 1, 2, and 3 the maxi-
mum value of the THRM term occurs atf st50.5 correspond-
ing to the center of the spark. For flames 4@Fig. 3~b!# and 5,

FIG. 2. Species mass fraction and reaction rate profiles before the interac-
tion: ~a! Flame 2 and~b! flame 4.
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with r stÞ1, the location of the maximum THRM shifts from
the center of the spark towards the stoichiometric position.

IV. CHARACTERISTICS OF THE INTERACTION

Corresponding to the diffusion flames presented above,
six numerical simulations were performed. Spatial profile
and time program of the round jet used to generate the vortex
ring are presented elsewhere.8,15 The vortex ring characteris-
tics are presented in Table I. For all runs except run 3, the
vortex ring characteristics are the same. The ratio between
the piston stroke and the jet diameter isLp /D j52, and the
Reynolds number based on the vortex ring circulation is
ReG51930. Based on the laminar to turbulent transition-
boundary-plot of the vortex rings,17 the vortex rings in the
present simulations are well within the laminar regime. The
reference Reynolds number, Re52000, is based on the maxi-
mum jet centerline velocity. Run 3 was performed to study
the effects of a slower vortex ring on the dynamics of the
interaction, as the flame parameters are identical to run 2.
While the maximum centerline velocity is one third com-
pared to the other runs, the reference Re number is the same,
by increasing the jet diameter accordingly. Due to the limi-
tations imposed by a fully compressible code, a further de-
crease of the vortex ring velocity is not possible.

A. Visualization

Movies of the evolution of vorticity, product reaction
rate, and species mass fraction fields are used to examine the
dynamics of the flame–vortex interaction. From hereafter the
product reaction rate will be referred to as ‘‘reaction rate.’’

The time variable,t, is referenced with respect to the begin-
ning of the interaction between the vortex ring and the dif-
fusion flame. The interaction is considered to start when the
magnitude of the reaction rate on the centerline increases
above 1.053Wp0

.

Freeze frames of the reaction rate and vorticity fields
during the interaction are shown in Fig. 4. For run 2@Fig.
4~a!# first frame corresponds to early times during the inter-
action. The diffusion flame is slightly stretched and the maxi-
mum value of the reaction rate on the centerline is increased
to 1.8. Due to the misalignment between the pressure gradi-
ent inside the vortex ring and the density gradient in the
flame region, a region of positive baroclinic vorticity is gen-
erated in front of the vortex ring. As the vortex ring further
stretches the flame, initially there is a sharp increase in the
value of the reaction rate, after which the maximum value on
the centerline decreases below the ‘‘extinction’’ limit.
Throughout this study we define a certain region of the flame
to be extinct if the value of the reaction rate in that region
decreases below 5% ofWp0

.

At t'6.2 the vortex ring quenches the flame on the cen-
terline and passes through towards the oxidizer side. The
induced rotational motion of the vortex ring then stretches
the flame and rolls it inside (t57.7). The vorticity field is
distorted and develops two local maxima~see enlarged re-
gion!, as the positive baroclinically generated vorticity
reaches similar values as the core vorticity. Additionally, a
negative vorticity field is formed between the flame and the
centerline. The flame is continuously stretched and rolled
inside the vortex ‘‘core.’’ The next frame (t510.7) shows a
significant decrease of the flame thickness in between the
positive and negative vorticity zones. Shortly after, extinc-
tion will occur in this region, and the flame captured inside
the ring will be disconnected from the main diffusion flame.
The last two frames show the evolution of the fields at later
times. The vorticity field returns to a ‘‘vortex ring’’ shape but
with a much lower value of the maximum vorticity in the
field (vmax'2), and the flame inside the vortex core becomes
extinct. After the separation from the vorticity region, the
main diffusion flame starts to fill out the gap in the centerline
region, and corresponding to the last snapshot (t528), the
reaction rate on the centerline increases above the threshold
of 0.05Wp0

.

Based on the above observations two stages of the inter-
action between the vortex ring and a flat diffusion flame are
defined. These stages are separated by the time at which the
flame is extinct on the centerline. The first stage corresponds
to the head-on interaction between the vortex ring and the
diffusion flame. During the second stage, the diffusion flame
is stretched and rolls inside the vortex core as the ring pen-
etrates through the oxidizer side of the flame.

The diffusion flame evolution during run 2 corresponds
to the ‘‘type II’’ configuration observed experimentally by
Théveninet al.5 While the experimental configuration allows
the investigation of the head-on interaction between the op-
posed jet diffusion flame and the vortex ring~stage 1!, the
presence of nozzles limits the investigation during stage 2,
after the vortex ring passes through the flame. Our configu-

FIG. 3. MIX and THRM on the centerline att50: ~a! Flame 2, ~b!
flame 4.
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ration allows us to study the flame–vortex interaction
throughout stage 2.

Run 3@Fig. 4~b!# was performed to study the interaction
between a slower vortex ring and the diffusion flame. The
vortex core diameter is three times larger compare to other
runs and is approximately the same size as the thickness of
the unstrained flame. During stage 1, the global behavior of
the reaction rate and vorticity field is similar to run 2. The
extinction of the strained diffusion flame starts from the cen-
terline at aboutt537. During stage 2, the dynamics of the
interaction is different compared to run 2. The vortex core is
not strong enough to engulf the flame inside (t562). During
this stage, the high reaction rate region~black and white
thick contour levels! splits in two regions (t593). One re-
gion is moving towards the centerline, closing the diffusion
flame behind the ring. The other region of the flame is
pushed in front the vortex ring, and is v-shaped. Unlike run
2, extinction of the flame has not occurred yet. The flame
behind the vortex ring slowly retracts and diminishes in
strength (t5112). The flame above the ring wraps around
the core, and the heat of reaction significantly distorts the
vortex ring. Corresponding to this frame, the maximum
value of the vorticity field significantly decreases. The fuel
transported by the ring to the oxidizer side is completely
consumed att5160. The first four freeze frames for run 3

are similar to Fig. 10 corresponding to the experimental case
1 of Renardet al.6 In the experiment, the vortex ring is
strong enough to penetrate through the flame. However, in
run 3 the ring is weakened significantly due to heat release
and cannot pass through the flame.

Runs 1, 2, and 5 show qualitatively similar dynamics of
the interaction, summarized in Fig. 4~a!. Run 4 @Fig. 4~c!#
shows different dynamics compare to other runs during the
latter part of stage 2. The high reaction rate region stretched
inside the vortex core (t59.5) alters the dynamics of the
vorticity field. After the separation from the main diffusion
flame,t'12.5, the flame inside the vortex core increases its
strength. Att518.5, due to the continuous heat release inside
the core, the vortex ring gets deformed and its strength de-
creases. After the consumption of the oxidizer entrained in-
side the vortex core during the interaction, a diffusion flame
surrounds the vortex core (t526.5) and destroys it.

Figure 4~d! shows the evolution of the product mass
fraction for run 6 at the same time instants as Fig. 4~a!. As
the vortex ring propels towards the flame-sheet (t53.7), a
region of positive vorticity is generated in front of the vortex
ring, similar to the finite rate cases presented above. How-
ever, as the ring advances, there is a considerable difference
between this simulation and the other runs (t57.7). Con-
trary to the finite rate runs, the ring can not quench the flame

FIG. 4. Freeze frames showing the dynamics of the interaction; reaction rate field for~a! run 2,~b! run 3,~c! run 4 and product mass fraction field for~d! run
6. Vorticity field is shown with thin white contour levels, continuous lines correspond to positive values, and dashed lines to negative values. For~a!, ~c!, and
~d!, the positive levels correspond to@0.75, 1.5, 3, 4.5, 6, 8#, and negative levels to@24, 22, 21, 20.6,20.3#. The vorticity contour levels for~b! correspond
to @0.2, 0.4, 0.6, 0.9, 1.2# and@20.2, 20.1, 20.05#, respectively. Three reaction rate levels are shown in~a!, ~b!, and~c! with thick contour lines;~a! @0.25,
1.25, 3.75#, ~b! @0.3, 1.6, 3.6#, and~c! @0.35, 1.8, 5.4#. The flame sheet is shown with a black line in~d!.
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sheet and penetrate through it. Further stretching of the flame
sheet results in both positive and negative baroclinic vortic-
ity generation (t510.7). During this phase of the interaction,
hot products are entrained inside the vortex ring. As a result
of the redistribution and cancellation of the vorticity field, its
magnitude decreases significantly. Although the vortex ring
is completely destroyed, there is a slow translational motion
in the field and the flame sheet is slowly stretched until it
stops aroundt530. This flame sheet-vortex ring interaction
is similar to ‘‘type III’’ interaction described by The´venin
et al.5

B. Global characteristics

The global features related to the dynamics of the inter-
action are presented in this section. The global heat release
rate is defined as

Q5E
Vint

Ce

~g21!M2 Wpdv. ~12!

The computational domain is large enough to resemble the
conditions of an unbounded ambient. The diffusion flame–
vortex ring interaction is contained in a smaller domain,Vint ,
corresponding tor ,5.5 for run 3 andr ,3 for all the other
runs.

Figure 5 shows the evolution of the global heat release
for runs 2, 4, and 6. The results are in qualitative agreement
with Thévenin et al.4 In the absence of the vortex ring, the
global heat release rate decreases ast2n, wheren was nu-
merically determined to be in the range~0.48–0.57!. These
values are close ton50.5 obtained for a flame sheet. Since
the vortex ring has the same characteristics for the cases
shown in this figure, the global heat release is intensified at

about the same time (t'4). For run 2@Fig. 5~a!# during
stage 1 (t,6.2), the interaction leads to a 30% increase ofQ
compared to the undisturbed flame. At later times, during
stage 2, the rotational velocity field further stretches the
flame, and the difference increases to 60% towards the end
of the simulation. The evolution of the global heat release for
run 4 is similar with run 2 during stage 1 and early stage 2.
Later on, the reaction inside the vortex core@see also Fig.
4~c!#, results in very high values ofQ for this run. Similar to
the finite rate runs, run 6@Fig. 5~b!#, shows an enhancement
of the heat release rate. For this case the impinging vortex
ring continuously stretches the flame sheet and no extinction
is observed. The heat release rate increases by a factor of 3
compared to an undisturbed flame sheet (t514). The differ-
ence between the global heat release rate for run 6 and the
undisturbed flame sheet reduces after the vortex ring is de-
stroyed (t'16).

The enhanced heat release is a direct consequence of the
product formation in the interaction region. Figure 6 shows
the relative amount of the total product formed only due to
the interaction. The interaction increases the product forma-
tion rate. Run 1, with the weakest diffusion flame, shows the
smallest increase of the amount of product during the inter-
action. Among the runs with the same Dac and vortex ring
characteristics~2, 4, and 5!, run 5 shows the largest increase
during stage 1 and part of stage 2. This behavior will be
correlated in the next section to the lengthening of the flame
during the interaction. The higher amount of product for run
4 at later times is generated by the burning vortex core and
not by the diffusion flame.

For run 6, the highly elongated flame sheet leads to
higher amount of product compared to finite rate runs except
for run 3. The slower translational velocity of the vortex ring
in this run extends the duration of stage 1 and more product
is formed in the interaction region. Moreover, the continuous
flame stretch during stage 2 allows for more product to be
formed. The extinction during this stage for run 3 occurs
only when the fuel is completely consumed.

The increase of the global heat release and product for-

FIG. 5. Time evolution of the global heat release rate. Negative times cor-
respond to the generation phase of the diffusion flame.

FIG. 6. Time variation of the total amount of product,M p5@(*Vint
rYpdv

2(*Vint
rYpdv)no-interaction) /(*Vint

rYpdv)no-interaction,t50#3100. For run 3 the
abscissa scale corresponds to the upper labels.
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mation is a consequence of the enhancement of the reaction
rate due to the interaction. The reaction rate can be consid-
ered as a combination of ‘‘mixing’’ and temperature related
terms. While MIX term depends on the availability of both
fuel and oxidizer, the THRM term is only related to the tem-
perature field. Starting from Eq.~4!, the transport equation
for the temperature field is obtained,

~13!

whereF is the dissipation function.
In Eq. ~13! the rate of change of temperature due to

convection is represented by term I, diffusion effects are
given by term II, and flow work by term III. Term IV repre-
sents the viscous dissipation and term V the rate of change of
temperature due to the heat released by the exothermic reac-
tion. Except for term IV with values three orders of magni-
tude smaller than the other terms, the rest of the terms in Eq.
~13! are significant, and their influence on the evolution of
the THRM term will be examined in the next section.

C. Flame structure

The structure of the diffusion flame undergoes signifi-
cant changes during the interaction with the vortex ring. The
local effects of the vorticity field on the evolution of the
flame surface are examined. The flame surface~FS! is de-
fined as the locus of the points corresponding to the maxi-
mum rate of heat release. A planarrz cut through the flame
surface, shown in Fig. 7, is constructed using a gradient-type

procedure, starting from the undisturbed left boundary to-
wards the interaction region. In the undisturbed or less dis-
turbed regions (r .1.5) the flame and stoichiometric surfaces
coincide. Near the region where the flame is pulled inside the
vortex core, FS starts to deviate from the stoichiometric sur-
face.

LFS is defined as the length of anrz cut through the FS.
The time variation ofLFS is shown in Fig. 8. The results are
relative toLFS0

at t50. During stage 1LFS increases sharply.
For runs 1 and 2, although the flame stretch is approximately
the same~about 14%!, the duration of stage 1 is different and
depends on the initial strength of the flame. The stoichiom-
etry of the reaction, relative to the initial composition of the
vortex ring is also relevant to the evolution ofLFS. Amongst
runs 2, 4, and 5, the diffusion flame in run 5 has the largest
fuel consumption rate. The interaction with the fuel vortex
ring increases the flame ability to stretch during stage 1 for
run 5 compared to runs 2 and 4. The slower vortex ring used
by run 3 significantly extends the duration of stage 1, ap-
proximately 6 times longer than for run 2. The flame for this
run stretches twice more than the similar flame used for run
2. The sharp drop observed for all finite rate runs corre-
sponds to the extinction process near the centerline. No ex-
tinction occurs for run 6, andLFS increases continuously,
even after the vortex ring is destroyed.

During stage 2, due to the rotational motion induced by
the vortex ring, the diffusion flame is stretched and rolled
inside the ring.LFS develops a second maximum for the fi-
nite rate runs shown in Fig. 8. The second peak in this figure
corresponds to the disconnection of the diffusion flame from
the vortex ring. The slower increase ofLFS observed at later
times is due to the reconnection of the diffusion flame to the
centerline. The evolution ofLFS is qualitatively similar to the

FIG. 7. Heat release rate for run 2 att59.7.

FIG. 8. Time variation ofLFS, relative to its value att50. Run 6 ordinate
scale corresponds to the right labels.
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experimental results of Renardet al.6 for the interaction be-
tween a vortex ring and an opposed jet diffusion flame.

The flame structure during the two stages of the interac-
tion is examined in the following subsections. The relative
contributions of MIX and the THRM terms to the reaction
rate during the interaction is analyzed. Their evolution is
then associated with the strain rate field and the terms in Eq.
~13!.

1. First stage

Stage 1 is characterized by the head-on interaction be-
tween the vortex ring and the diffusion flame. Figure 9
shows the reaction rate, its components, and mixture fraction
along the flame surface for runs 2 and 3. At early times
during this stage,t53.7 for run 2, the maximum reaction
rate occurs on the centerline. At later times, quenching of the
diffusion flame gradually starts from the centerline. For run 2
at t55.7, near the end of stage 1, the reaction rate on the

centerline already has decreased and the maximumWp does
not occur on the centerline anymore. A similar behavior is
observed for run 3 (t531).

The reaction rate field is determined by the evolution of
its two components, MIX and THRM@Fig. 9~b!#. In the in-
teraction region, the mixing term is always larger compared
to the undisturbed flame, while the THRM term is smaller. At
early times the combined effect of the two components is to
increase the reaction strength. Further stretching of the flame
results in a significant increase of MIX on the centerline for
all runs. Similar to the findings of The´venin et al.,5 the high
degree of mixing does not prevent the extinction of the
flame. The severe reduction of THRM term is primarily re-
sponsible for the quenching of the diffusion flame during this
stage.

Due to the unsteady character of the interaction, FS
shifts off the stoichiometric surface. The combination of the
MIX and THRM terms determines the position of FS. For
run 3, the slower vortex ring allows the flame more time to
respond to the unsteady effects. The departure of FS from the
stoichiometric surface for this run is not as much as for run 2
@Fig. 9~c!#. As expected, the maximum reaction rate on the
FS during flame quenching for runs 1, 2, and 3 (r st51)
coincides with the location where FS crosses the stoichio-
metric surface.

The behavior of the MIX and THRM terms is intimately
related to the strain rate field. Figure 10~a! presents the strain
rates along the FS for run 2.Stt andSnn are the strain rates
tangential and normal to the FS, respectively, andSuu is the
azimuthal component. The diffusion flame is practically

FIG. 9. Profiles of~a! Wp , ~b! MIX ~solid line and left ordinate! and THRM
~dashed line and right ordinate! terms, and~c! mixture fraction along the FS
during stage 1 for runs 2 and 3. Open symbols correspond to run 2~lower
abscissa scale! and filled symbols to run 3~upper abscissa scale!. s is mea-
sured along the FS in therz planar cut, from the left boundary towards the
centerline.

FIG. 10. ~a! Strain rates and~b! terms in Eq.~13! along the FS, for run 2 at
t55.7.
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strain-free fors,5.5. Near the centerline, the vortex ring
causes a severe compression of the flame in the normal di-
rection (Snn,0) and extension in the other two directions.
At early times during stage 1, this results in an increase of
the reaction rate primarily through the increase of the MIX
term. As the magnitude of the strain rate tensor further in-
creases, the reaction rate decreases due to a reduction in
THRM term.

Equation~13! is used to determine the physical mecha-
nisms responsible for the reduction of THRM during stage 1.
Figure 10~b! shows the temperature rates along the FS for
run 2 at t55.7. In addition to terms I, II, and V, term III
~flow work! is found to be significant during stage 1. In the
undisturbed region, terms II and V balance each other. The
flow work term, which is proportional to the compression of
the fluid element, has a positive contribution in the interac-
tion region. The presence of the cold vortex ring near the
flame significantly enhances the magnitude of both convec-
tion and diffusion terms.

For runs 2, 4, and 5 the convection and diffusion terms
contribute to the reduction of THRM along the FS and to
quenching of the flame. Run 1, while using the same vortex
ring as the above runs, has the weakest diffusion flame
among all the cases studied. For this run, the convection term
is dominant and contributes the most to the extinction of the
flame. Run 3 has the weakest vortex ring and the same flame
as for run 2. The magnitude of convection and flow work
terms is significantly smaller than the values of these terms
for the other runs. Near the end of stage 1, the diffusion term
becomes larger than the source term and results in the
quenching of the flame.

Katta et al.7 observed extinction patterns starting from
the centerline~point-quenching! or from an annular region.
The second pattern is attributed to the combined effects of
preferential diffusion and flame curvature. In order to obtain
extinction due to curvature effects, the unsteady effects have
to be small, i.e., the flame should adjust quickly to changes
in the strain rate.2 During stage 1, for all finite rate runs
presented in this study, the unsteady effects dominate the
interaction. Although the flame curvature is maximum off the
centerline, quenching of the flame starts from the centerline.

Figure 11 shows the effects of the unsteady strain rate on

the flame during stage 1. InitiallySnn'0 for all runs. For run
3, the maximum reaction rate increases almost linearly with
Snn . At later times, the magnitude of the strain rate becomes
larger than the extinction limit and the reaction rate de-
creases below the extinction threshold. For the other finite
rate reaction runs,Snn is significantly larger and increases at
a higher rate compared with run 3. This results in a delay of
the flame response to the unsteady strain rates and in a
shorter duration for stage 1. The maximum reaction rate has
a similar dependency onStt and Suu for all the finite rate
runs.

2. Second stage

During stage 1, the vortex ring interacts with the diffu-
sion flame from the fuel side and extinction of the flame in
the centerline region allows the ring to pass through it. Dur-
ing stage 2, the ring interacts with the flame on the oxidizer
side. An analysis similar to stage 1 is applied to stage 2.

The reaction rate, its components, and mixture fraction
along the flame surface for runs 2 and 3 are shown in Fig. 12.

FIG. 11. Maximum reaction rate vs normal strain rate on the centerline
during stage 1. Run 3 abscissa scale corresponds to upper labels.

FIG. 12. Profiles of~a! Wp , ~b! MIX ~solid line and left ordinate! and
THRM ~dashed line and right ordinate! terms, and~c! mixture fraction along
the FS during stage 2 for runs 2 and 3. Open symbols correspond to run 2
~lower abscissa scale! and filled symbols to run 3~upper abscissa scale!.
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The diffusion flame is stretched due to the rotational motion
of the vortex ring which in turn results in high values of the
MIX term. While the THRM has values significantly lower
compared with the undisturbed region, the reaction rate is
still significant to have a flame rolled inside the vortex ring.
Examination of the reaction rate movies@see also Fig. 4~a!#
shows that for run 2, the maximum reaction rate on the FS
@Fig. 12~a!# occurs outside the vortex ring and only a weak
flame is entrained inside the vortex core. Disconnection of
the flame from the vortex ring occurs att510.7 ands
59.25 on FS. Although the mixing of the fuel and oxidizer is
very high in this region@Fig. 12~b!#, the flame becomes ex-
tinct. This is due to the reduced temperature—THRM is
minimum at the extinction point. Runs 1, 4, and 5 show a
similar behavior for MIX and THRM terms along the FS.
Unlike the other finite rate runs, in run 3 the flame does not
get quenched during stage 2. The weaker vortex ring allows
the entrainment of high temperature species inside the ring,
and the values of the THRM term along the FS are much
larger compared to run 2. The sharp drop in the values ofWp

and THRM observed in Figs. 12~a! and 12~b! for run 3 cor-
responds to the region very close to the flame tip.

The presence of the vortex ring on the oxidizer side of
the flame significantly changes the location of the FS in the
mixture fraction space@Fig. 12~c!#, compared to stage 1. The
flame pulled inside~run 2! or rolled around~run 3! the vortex
core becomes fuel rich. Similar to stage 1, the maximum
reaction rate along the FS occurs at the location where the FS
overlaps with the stoichiometric surface.

For run 2, flame quenching is initiated ats59.25 corre-
sponding to the location of the maximum magnitude ofSnn

in Fig. 13~a!. The flame curvature~K! in the rz plane is also
maximum at this location. The strength of the vortex ring is
significantly reduced during the interaction and the unsteady
effects cannot mask the flame curvature effects on extinction.
Similar extinction patterns are observed for runs 4 and 5. For
run 1 the heat of reaction does not reduce the strength of the
vortex ring significantly, and the unsteady effects dominate
the curvature effects. For run 3 the unsteady and curvature
effects are small and extinction of the flame occurs due to the
depletion of the fuel on the oxidizer side of the flame@Fig.
4~b!#.

Examination of the terms in Eq.~13! for run 2 reveals
that early during stage 2, both convection and flow work
terms are positive. At later times@t510.7, Fig. 13~b!#, the
contribution of the convection term becomes negative to-
wards the flame tip, and together with the diffusion term
leads to the reduction of temperature. The source term has
negligible values along the flame entrained inside the ring
and cannot prevent the quenching of the flame. While runs 1,
2, 4, and 5 show qualitatively similar evolution of the terms
in Eq. ~13!, the weaker vortex ring in run 3 results in differ-
ent evolution of these terms. The diffusion and source terms
for this run balance each other along the flame surface. Un-
like the other runs, the convection term is positive near the
flame tip, and leads to an increase of the temperature.

V. COMPARISON WITH UNSTEADY OPPOSED JET
CONFIGURATION

To obtain a comparison basis for the evaluation of the
unsteady effects on the extinction characteristics of the dif-
fusion flame during the interaction with the vortex ring, the
study is extended to an unsteady opposed jet diffusion flame.
This configuration is useful in understanding of the unsteady
effects on the diffusion flame structure.18,19

The nondimensional equations for the opposed jet con-
figuration are derived from Eqs.~1!–~5!, using a similar pro-
cedure as Keeet al.,20
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where 2U5rvz , G52(rv r /r ), H(t)5(1/r )(]p/]r ).
For the 1D configuration, spatial derivatives are com-

puted using second order centered finite differences and the
time derivatives using a first order implicit scheme. Similar
to Im et al.19 ]p/]t is neglected. The resulting algebraic

FIG. 13. ~a! Strain rates and flame curvature~K!, and~b! terms in Eq.~13!
along the FS, for run 2 att510.7.
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system is solved using a damped modified Newton algorithm
as described by Lutzet al.21 The steady state version of
our code was validated against the results obtained with
SANDIA’s OPPDIF code.21

For a distanceLz510 between the fuel and oxidizer
nozzles, 701 grid points are sufficient to capture the spatial
gradients, while a time step,Dt'1023 resolves the time evo-
lution of the flame.

The opposed jet configuration is used to study the un-
steady extinction characteristics of a diffusion flame with the
same reaction parameters as the flame used in runs 2 and 3.
The time programs chosen for unsteady opposed jet configu-
ration mimic the centerline velocity evolution during stage 1.
At the fuel side edge of the diffusion flame the velocity in-
creases continuously as the vortex approaches the flame.
This velocity is approximated byvz5vz,max3P5(t* ). The
time is normalized such that,t* 51 corresponds to the end of
stage 1.P5 is a fifth degree polynomial, monotonically in-
creasing from 0 to 1 and has vanishing first derivative att*
50,1.

For the opposed jet configuration increasing the jet ve-
locity at the fuel boundary only, pushes the diffusion flame
too close to the oxidizer boundary. Therefore we use a simi-
lar time program for both fuel and oxidizer jets, and the
diffusion flame is located in the center of the domain.

A steady diffusion flame is initially obtained. The veloc-
ity of the opposed jets is selected such that the maximum
reaction rate in the diffusion flame is equal to the maximum
reaction rate corresponding to the initial flame for runs 2 and
3 @see Fig. 2~a!#. Using the steady state solution as initial
condition, unsteady simulations were performed. The time
programs of the velocities at fuel and oxidizer boundaries are

vz,F~ t !52vz,O~ t !5v01~v0m
2v0!3b~ t !, ~18!

wherev050.02,v0m
is the maximum speed at the fuel and

oxidizer nozzles, and

b~ t !5H P5S t

t j
D , 0,t,t j

1, t>t j ,

~19!

where t j controls the rate of increase of the velocity of the
opposed jets. The values ofr, T, Yi , andG are kept constant
at fuel and oxidizer boundaries.

The effect oft j on the response of the opposed jet dif-
fusion flame to the unsteady strain rates is considered. Three
unsteady opposed jet runs were performed, 1o j23o j corre-
sponding to t j530, 60, and 120, respectively. The same
maximum jet velocity is used for all three simulations,v0m

50.16. Figure 14 shows the time variation of the maximum
reaction rate versus the normal strain rate. The flow unsteadi-
ness is the highest for run 1o j which results in a delayed
response of the diffusion flame. The maximum reaction rate
increases even after the opposed jets reach their maximum
speed. For a short time, this generates higher expansion ve-
locities from the flame and reduces the normal strain rates.
Finally, the flame becomes extinct as a result of maintaining
the normal strain rates larger than the steady state extinction
limit @(Snn)ext50.082#.

The unsteady effects are reduced by increasing the value
of t j . For run 3o j , the reaction rate reaches its maximum
before the maximum value forSnn is achieved. Similar ex-
tinction paths are observed in Fig. 11 for runs 1, 2, 4, and 5.
The unsteady effects for run 3 shown in Fig. 11 are consid-
erably reduced compared to other finite rate runs. During
stage 1 for this run, the maximum reaction rate has a quasi-
linear dependence onSnn , similar to the steady state~S.S.!
opposed jet extinction path in Fig. 14.

Two characteristic time scales are relevant to the evolu-
tion of the diffusion flame. The chemical (tc) and diffusion
(td) time scales on the centerline are defined as

tc5S Wp

r D 21

, ~20!

td5x f
215

Sc Re

2

r

m
~¹ f !22, ~21!

where x f is the scalar dissipation on the centerline. The
Damköhler number is defined as Da5td /tc . An additional
time scale is defined to characterize the vortex ring,

tvr5
2R

U rot
, ~22!

whereU rot is the rotational velocity of the vortex core.
Thévenin et al.22 proposed a spectral diagram which de-

scribes the interaction regimes of the nonpremixed flame-
vortex interaction. In region ‘‘V’’ of this diagram~Fig. 3 of
Thévenin et al.22!, extinction of the flame occurs due to
strong vortices and curvature effects. For runs 1, 2, 4, and 5
the vortex ring time scales are initially much smaller than the
corresponding chemical time scales~Table IV!. These runs
are positioned towards the top of region ‘‘V,’’ outside the
domain accessible to the experiments. For these runs the un-
steady effects mask the curvature effects during stage 1, and
the flame is extinct primarily due to straining. However, dur-
ing stage 2 for runs 2, 4, and 5 the vortex ring is weaker and
the flame becomes extinct due to both curvature and un-
steady effects. For run 1, which initially has the largest value
of UTtc /d f('12) in Fig. 3 of The´venin et al.,22 the vortex
ring is still too strong during stage 2, and the curvature ef-
fects are negligible. During stage 1, run 3 is also positioned
in region ‘‘V,’’ but at a lower value ofUTtc /d f due to the
slower vortex ring. Although the curvature effects are larger

FIG. 14. Maximum reaction rate vs normal strain rate for the opposed jet
simulations.
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for this run than the other runs, they are still small compared
to the unsteady effects. During stage 2, prior to its destruc-
tion by the heat of reaction, the vortex ring rolls-up the dif-
fusion flame. The characteristics of the interaction during
stage 2 for run 3, are similar to region ‘‘VII’’ in Fig. 3 of
Thévenin et al.22 In this region, the flame roll-up is impor-
tant, while curvature effects are negligible.

The asymptotic analysis2,22,23 is valuable in determining
regions where different effects are significant in the diffusion
flame–vortex interaction. However, our DNS results show
that, similar to a turbulent diffusion flame, the characteristics
of the interaction change as the vortex ring and flame time
scales are modified.

A comparison between the centerline values of Da dur-
ing stage 1 for runs 1–3 and the unsteady opposed jet simu-
lations is presented in Fig. 15. Bothtc andtd are reduced as
a result of the increased strain rates, however the diffusion
time scale decreases at a higher rate. Fort* ,0.75 the Da
corresponding to runs 1o j23o j decreases slowly, since the
flame is capable to respond to the unsteady strain rates. In
Fig. 15, t* '0.75 corresponds to the maximum reaction rate
in Fig. 14. Fort* .0.75 the values of Da decrease sharply
for the opposed jet runs. A similar behavior is observed for
run 3, for which the vortex ring has the largesttvr among the
finite rate runs. Increasing the strength of the ring compared
to the flame decreases the flame ability to adjust to the un-
steady strain rates. For run 2, Da values drop significantly for
t* .0.5, and for run 1, almost the entire stage 1 is character-
ized by a sharp decrease in the values of Da. Extinction at
the end of stage 1 (t* 51) corresponds to the time when the
reaction rate on the centerline decreases below 5% ofWp0

.

This criterion is consistent with the order-of-magnitude
analysis based on the flow and flame time scales, and corre-
sponds to Da'1022.

VI. SUMMARY AND CONCLUSIONS

Direct numerical simulations of vortex ring–diffusion
flame interaction are performed. The results are used to gain
some understanding of~1! the flame structure during its in-
teraction with a vortex ring, and~2! the unsteady extinction
characteristics of the diffusion flame.

The finite rate diffusion flames are ignited by a ‘‘spark.’’
After the flame reaches a quasisteady state, the vortex ring is
generated from the fuel side of the flame. The vortex ring
direction of motion is perpendicular to the flat flame. The
chemical reaction is of a 1-step irreversible Arrhenius-type.
Several flame and vortex ring parameters are considered. In
addition to the finite rate reaction runs, the interaction be-
tween a vortex ring and a heat releasing flame sheet was also
considered.

Two stages for the interaction between the vortex ring
and the finite rate flame are identified. First stage corre-
sponds to the head-on collision of the vortex ring with the
flame, and extends until the flame gets extinct near the cen-
terline. All finite rate flames exhibit a ‘‘point-quenching’’
pattern for which the extinction starts from the centerline.
During this stage, the unsteady effects are dominant and
mask the influence of the flame curvature on the extinction
process. In contrast to the finite rate runs, no extinction oc-
curs during run 6, and the interaction is characterized by only
one stage.

Counterflow diffusion flames with the same reaction pa-
rameters as the flame in runs 2 and 3 are also considered.
The strain rates corresponding to the opposed jet simulations
are considerably smaller than their counterparts induced by
the vortex ring. However, similar extinction patterns are ob-
served.

The response of the flame to the unsteady strain rates
depends on the initial characteristic time scales of the flame
and the vortex ring. For run 3, the chemical and vortex ring
time scales are approximately the same. The flame in this run
is capable of adapting to the unsteady strain rates for most of
stage 1. For other runs, for which the vortex ring time scale
is much smaller than the chemical time scale the flame
adaptability diminishes and the duration of stage 1 is re-
duced.

During the second stage as the vortex ring moves to-
wards the oxidizer side, it draws the flame inside. For all the
finite rate runs except run 3, the values of the strain rates
induced by the vortex ring remain large. This results in the
quenching of the flame, and its disconnection from the vor-
tex ring. For runs 2, 4, and 5, in addition to the unsteady
effects, the curvature effects also play an important role in
the extinction of the flame. The extinction mechanism for run
3 during this stage is different than the other runs. For this
run as the flame is stretched around the vortex core on the
oxidizer side, the heat of reaction destroys the vortex ring.
Extinction occurs at later times due to the complete con-
sumption of the fuel convected by the ring.FIG. 15. Time variation of Da during stage 1.

TABLE IV. Initial characteristic time scales and Da.tc , td , andtvr are the
chemical, diffusion, and vortex ring characteristic time scales, respectively.
The Damko¨hler number, Da, is based on the ratio between the diffusion and
chemical time scales.

Run tc td tvr Da

1 44 210 3.2 4.8
2 26 140 2.7 5.4
3 26 140 23 5.4
4 21 320 3.0 15.2
5 22.5 275 2.6 12.2
6 0 80 2.6 `
1o j-3o j 27.8 327 ¯ 11.8

680 Phys. Fluids, Vol. 14, No. 2, February 2002 Safta, Enachescu, and Madnia

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.205.24.161 On: Wed, 21 Jan 2015 23:26:25



The flame surface during the interaction does not always
coincide with the stoichiometric surface. In order to gain a
better understanding of the effects of the vortex ring on the
flame structure, relevant terms during the interaction are
evaluated along this surface. The reaction rate is divided into
MIX and THRM parts. It was found that, while MIX in-
creases by several orders of magnitude in the interaction re-
gion, THRM reduces significantly. The severe temperature
decrease leads to the extinction of the finite rate flames de-
spite the high degree of mixing.

The evolution of the temperature field is further exam-
ined by considering the relevant terms in the temperature
transport equation. The balance between the convection, dif-
fusion, and source terms during the interaction is related to
the relative strengths of the flame and the vortex ring. For
run 3, along the flame surface the diffusion term is much
larger than the convection term and controls the flame ex-
tinction. During the interaction with a stronger vortex ring
~runs 2, 4, and 5!, the convection and diffusion terms equally
contribute to the extinction. For run 1, the quenching process
is entirely controlled by the convection term.
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5D. Thévenin, P.-H. Renard, J. C. Rolon, and S. Candel, ‘‘Extinction pro-
cesses during a nonpremixed flame–vortex interaction,’’ inProceedings of
the 27th Symposium (International) on Combustion~The Combustion In-
stitute, Pittsburgh, 1998!, pp. 719–726.

6P.-H. Renard, J. C. Rolon, D. The´venin, and S. Candel, ‘‘Investigations of
heat release, extinction, and time evolution of the flame surface, for a
nonpremixed flame interacting with a vortex,’’ Combust. Flame117, 189
~1999!.

7V. R. Katta, C. D. Carter, G. J. Fiechtner, W. M. Roquemore, J. R. Gord,
and J. C. Rolon, ‘‘Interaction of a vortex with a flat flame formed between
opposing jets of hydrogen and air,’’ inProceedings of the 27th Symposium
(International) on Combustion~The Combustion Institute, Pittsburgh,
1998!, pp. 587–594.

8J. S. Hewett and C. K. Madnia, ‘‘Flame–vortex interaction in a reacting
vortex ring,’’ Phys. Fluids10, 189 ~1998!.

9S.-J. Chen and W. J. A. Dahm, ‘‘Diffusion flame structure of a laminar
vortex ring under microgravity conditions,’’ inProceedings of the 27th
Symposium (International) on Combustion~The Combustion Institute,
Pittsburgh, 1998!, pp. 2579–2586.

10S.-J. Chen and W. J. A. Dahm, ‘‘Experiments on diffusion flame structure
of a laminar vortex ring,’’ inFirst Joint Meeting of the U.S. Sections of the
Combustion Institute~The Combustion Institute, Pittsburgh, 1999!, pp.
461–464.

11S.-J. Chen, W. J. A. Dahm, and G. Tryggvason, ‘‘Effects of heat release in
a reacting vortex ring,’’ inProceedings of the 28th Symposium (Interna-
tional) on Combustion~The Combustion Institute, Pittsburgh, 2000!, pp.
515–520.

12F. A. Williams, Combustion Theory, 2nd ed.~Addison–Wesley, Reading,
1985!.

13R. S. Hirsh, ‘‘Higher order accurate difference solutions of fluid mechan-
ics problems by a compact differencing technique,’’ J. Comput. Phys.19,
90 ~1975!.

14M. H. Carpenter, D. Gottlieb, and S. Abarbanel, ‘‘The stability of numeri-
cal boundary treatments for compact high-order finite-difference
schemes,’’ Technical Report No. NASA CR 187628, NASA Langley Re-
search Center, 1991.

15S. James and C. K. Madnia, ‘‘Direct numerical simulation of a laminar
vortex ring,’’ Phys. Fluids8, 2400~1996!.
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