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Abstract

"This review uses as a vehicular example the jet-flame configuration to exam-
ine some phenomena that emerge in nonpremixed gaseous combustion as a
result of the interaction between the temperature-sensitive chemical reac-
tion, typical of combustion, and the convective and diffusive transport. These
include diffusion-controlled flames, edge flames and their role in flame at-
tachment, triple flames and their role as ignition fronts, and strain-induced
extinction, including flame-vortex interactions. The aim is to give an overall
view of the fluid dynamics of nonpremixed combustion and to review the
most relevant contributions.
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1. INTRODUCTION

The gas-phase combustion reactions between the oxygen of the air and, mainly, hydrocarbon
fuels are characterized by their large exothermicity, leading to temperatures exceeding 2,000 K,
and a very strong dependence of the overall reaction rate with temperature. Thus, at ambient
temperature, the fuel can be partially mixed with air, even in gaseous form, with a negligible effect
of the reaction, which will only take place after locally raising the temperature by an external
energy source. When the energy deposited is small, of the order of a fraction of 1 m]J, the reaction
can extend to the fuel-air mixture by a combustion front, self-propagating with a velocity of the
order of 1 m/s. This premixed flame front, with a thickness of the order of 0.1 mm, separates the
upstream chemically frozen reactant mixture from a downstream region in chemical equilibrium;
the reaction occurs on its hot, downstream side, preceded by a layer in which the initially chemically
frozen mixture is heated by conduction.

In many combustion processes, the fuel and oxygen are initially separated. After ignition, we
find that in regions of high temperature, in which the reaction time is very short, the reactants
coexist only, with small concentrations, in thin reaction layers, first termed “diffusion flames” by
Burke & Schumann (1928). In these flames, the fuel and oxygen, after arriving from opposite
sides, are completely consumed by the reaction while crossing the flame by diffusion. Liquid fuels
must first be vaporized before burning in a gaseous diffusion flame, and this is also the case for
the volatiles generated by solid fuels.

Diffusion flames are found in fireplaces as well as in wildland and urban fires. They are ubiq-
uitous in engineering systems for propulsion and energy production, including diesel engines,
gas turbines, rocket engines, and power-plant furnaces, and also in heating devices for domestic
applications and in the process industry. Diffusion flames have also played a central role in the
history of humankind, with the earliest applications involving the burning of wood for heating,
illumination, cooking, and use as a dissuasive means against insects and ferocious beasts. Humans
soon mastered the rudiments of ignition, initially starting a fire with a local increase of temperature
by friction. They learned that they could enhance the burning rate by blowing and could promote
flame spread from a locally ignited tinder and also that excessive blowing leads to flame extinction.
This review addresses these processes of ignition, propagation, and extinction of diffusion flames.

A candle flame is an illustrative example of the broad variety of rich physicochemical phenomena
that are present in nonpremixed combustion. As explained by Faraday (1861), the melted paraffin
creeps up the cotton wick by capillary action and then vaporizes, at a rate controlled by heat
conduction from the flame. As occurs in gaseous jet diffusion flames, the fuel vapor is transported
by diffusion and convection toward the thin layer, or diffusion flame, in which it reacts with the
oxygen that arrives, also by convection and diffusion, from the surrounding air. The buoyancy-
induced motion in the candle flame, with characteristic velocities that scale with the free rise
velocity, \/gTL , of the hot gases, with values of order 30 cm/s for flames with length L. ~ 3 cm,
enhances the air entrained by the flame and is also responsible for its slender appearance. The
associated residence time, scaled with L,/ \/E ~ 100 ms, is much larger than the characteristic
time, of the order of 1 ms, of fuel oxidation at the flame temperature. As a result, the overall
structure of the candle flame is largely independent of the rate of this fast reaction; the flame
appears as a thin layer in which the oxygen and fuel are completely consumed after arriving by
diffusion in stoichiometric proportions. The thin reaction layer acts as a sink for the fuel vapor
and oxygen, and a source for the heat released by the reaction and for the main reaction products,
namely CO, and H,O, which diffuse outside the flame, forming a hot envelope of products and
air, and also inside the flame, heating and mixing with the fuel. The rate of fuel-vapor oxidation
plays a dominant role in determining the location and structure of the premixed flame found
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at the bottom of the candle flame, bounding the nonuniform mixture of air and fuel vapor that
exists there as a result of the direct vaporization of the pool of liquid paraffin. This is melted by
the heat arriving by radiation and conduction from the flame. Light from the micrometer-size
soot particles, with a mass fraction measured in parts per million, gives the flame its characteristic
yellow color, with the outer boundary of the yellow region defining the location of the diffusion
flame in which the carbonaceous soot particles are oxidized. The rich underlying physics of the
problem explains why, more than 150 years after Faraday (1861), the candle flame continues to
be subject to current research (Sunderland et al. 2011).

An early review by Williams (1971) pointed out the role played by the high sensitivity with
temperature of the combustion reactions in the existence of different nonpremixed combustion
phenomena, including ignition, extinction, and triple flames (in addition to its central role in
connection with premixed combustion fronts, namely detonations and deflagrations). We exam-
ine these finite-rate-kinetics aspects of nonpremixed flames below, after addressing the limit of
diffusion-controlled combustion. Although in a number of nonpremixed combustion systems the
fuel is introduced in the combustor as a liquid or a pulverized solid, we focus on gaseous com-
bustion processes (see, e.g., Sirignano 2010 and Sdnchez et al. 2015 for recent accounts of fluid
mechanic aspects of spray vaporization and combustion). Whereas the present article deals with
the general flame structure, including some unsteady effects, it does not address specific aspects
of flame instability (Matalon 2007) or its control (Dowling & Morgans 2005).

In realistic applications, the Reynolds number is sufficiently large that the prevailing flow is
turbulent. Detailed information on different aspects of nonpremixed turbulent flames is available
in general monographs (Libby & Williams 1994, Peters 2000) and review articles (Bilger 1988,
Bilger et al. 2005), including their numerical modeling (Veynante & Vervisch 2002) by direct
numerical simulation (Vervisch & Poinsot 1998) and by large eddy simulation (Pitsch 2006), as
well as the structure of strained flamelets and their role in the extinction of diffusion flames (Peters
1984, Williams 2000). The topic of turbulent mixing, the rate-controlling mechanism in the limit
of infinitely fast chemistry, has also been subject to a specific review (Dimotakis 2005). The present
article, although not focused on turbulent combustion, appropriately acknowledges its importance
in the discussion.

2. BASIC CONSIDERATIONS PERTAINING TO
DIFFUSION-CONTROLLED COMBUSTION

We begin by presenting some fundamental aspects of diffusion flames, including the thermo-
chemical parameters that ultimately determine the flame position and flame temperature when
the irreversible chemical reaction is fast, a limit to be addressed in this section, after introducing
the conservation equations.

2.1. Relevant Thermochemical Parameters

The oxidation of typical gaseous hydrocarbons involves hundreds of elementary chemical reactions
among dozens of short-lived intermediate chemical species. Detailed kinetic schemes containing
the needed elementary reactions, resulting from direct molecular collisions, and their associated
rate constants are now well established for a few simple fuels, including hydrogen (Sinchez &
Williams 2014) and some hydrocarbons (Miller et al. 2005, Simmie 2003). For many purposes,
however, a simpler chemistry description suffices to investigate many aspects of combustion flows.
For the discussion that follows, focused on the fluid mechanic aspects of nonpremixed combustion,
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we adopt the overall reaction

3n+1
2

as a representation of the underlying stoichiometry for the oxidation of a given saturated hy-
drocarbon of the general formula C,H,,,. According to Equation 1, the unit mass of fuel re-
acts with a mass s = 8(3n + 1)/(7n + 1) of oxygen to give a mass sco, = 22n/(7n + 1) and
smo = 9 + 1)/(7n + 1) of CO, and H, O, respectively, releasing in the process an amount of

C71H2n+2 +

0, — nCO, + (n + DH,O 1)

energy given by ¢ = %(bOCnHsz —nhgo, —(m+Dhiy,0)/(Tn+1), where A represents the enthalpy
of formation per mole of species i. The resulting values of these parameters differ only by a small
amount for hydrocarbons that share the same molecular structure, a characteristic that explains
why their combustion properties are also very similar [e.g., s = (4, 3.64, 3.48) and ¢ = (50.15,
46.46, 44.56) kJ/g for methane, propane, and dodecane, respectively].

In diffusion-controlled combustion systems, the streams that provide the air and the fuel are
different. Below we use Yo, 4 > 0.232 and Y, to denote the mass fractions of oxygen and fuel in
their respective feed streams, the latter taking values Yo < 1 in systems with fuel-feed dilution,
which is often considered in experiments and numerical computations. These mass fractions can
be used to calculate S = 5 Y5/ Yo, 4, the mass of air that one needs to mix with the unit mass of the
gaseous fuel stream to generate a stoichiometric mixture. Adiabatic combustion of the resulting
mixture at constant pressure would produce a final temperature T, given by

To—Ty qYro
1+S (149

if, for simplicity in the description, we approximate the specific heat ¢, by a constant value. Here,

Ts—Ty= @)

T4 and T; denote the temperatures of the air and fuel streams, respectively. Two fundamen-
tal thermochemical parameters play an important role in nonpremixed combustion (see below),
namely,
s Yo q Yo
S = and = — 3
o M YT LTS ®

where the second parameter represents the dimensionless adiabatic combustion temperature in-

crement due to chemical reaction. Typical values for S and y in a hydrocarbon-air flame with
undiluted fuel feed (i.e., Yo = 1) initially at normal ambient temperature are S, =5 /15,4 =~ 15
and y =~ 6.5, the latter corresponding to a peak temperature, 75 >~ 2,300 K.

As explained below, in nonpremixed flames the burning rate is diffusion controlled when the
overall reaction given in Equation 1 is sufficiently fast so that its chemical kinetic rate becomes
inconsequential. This rate is, however, important in diffusion-flame extinction processes and also
for the propagation of premixed flame fronts, involved, for instance, in the ignition, liftoff, and
attachment of diffusion flames. For the following discussion, we consider the simple irreversible

o= e (25 () o

for the moles of fuel consumed per unitvolume per unit time, which is a function of the temperature
T and of the reactant molar concentrations pYz/Mp and plo,/Mo,. Here, R and p denote the
universal gas constant and the gas density, and Y7 and Yo,are the mass fractions and My and

Arrhenius rate expression

M, the molecular masses of the fuel and oxygen, respectively. The rate parameters include the
pre-exponential factor B and the activation energy E, which can be selected to reproduce the
main combustion characteristics of a given hydrocarbon (e.g., the variation with composition of
the propagation velocity of a steady, planar premixed flame) (Westbrook & Dryer 1981). This
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propagation velocity is known to reach its maximum value S; >~ 40 cm/s when the mixture is
stoichiometric (or slightly rich) and to decay rapidly for either leaner or richer conditions.

2.2. Conservation Equations

The conservation equations are the Navier-Stokes (NS) equations of mass, momentum, and energy
supplemented with conservation equations for the different chemical species (Williams 1985). For
the overall reaction given in Equation 1, the associated reactants and energy conservation equations
reduce to

ad 5 5 N A5 PN

E([)YF) +V. (,OVY' ) = —pBe FRDY Y, ®)

d s N X A PN

E(PYO) + V- (pvYo — pDrVYo) = —=SpBe /FDY Yo, (©6)
9 ( T T T e s Veoqr
—(p==)+V-(pvee —pDrV— | =y Be PIRDIY, Vo — —2=, 7
o (pTA>+ <pVTA pDr TA) y(+ S)pBe rlo— T, @)

where v is the gas velocity, Dr is the thermal diffusivity of the gas mixture, and Yy = Yp/Ypo and
Yo = Y0,/ Y0, .4 are conveniently normalized reactant mass fractions, associated with a frequency
factor B = (pYo,4B)/(MrMo,). For the conditions found in most combustion systems, the pre-
vailing Mach number is small, so the kinetic energy of the gas and the viscous dissipation can be
neglected, along with the spatial pressure variations in writing the energy equation (Equation 7).
Temporal pressure variations, which are also omitted in Equation 7, must be retained in appli-
cations of combustion in confined chambers (e.g., in reciprocating engines) (Lifidn & Williams
1993, 1995). The above equations must be complemented with similar equations for Y¢o, and
V11,0 and also with the well-known overall conservation equations for mass and momentum. Be-
cause radiative heat transfer is often nonnegligible (e.g., approximately 20% of the energy released
in a typical domestic fireplace is transferred by radiation to the interior of the room), its effect has
been retained in writing Equation 7, where qg represents the radiative heat flux.

To facilitate the following discussion, we have introduced a number of simplifications in the
above equations. For instance, the energy equation (Equation 7) is written explicitly in terms of the
temperature by neglecting differences in specific heat at constant pressure from the mean value ¢,,
as done above when computing the adiabatic flame temperature (Equation 2). In addition, a simple
Fickian description has been adopted to write the diffusion velocities of the reactants. Because air
is used as an oxidizer in most applications, molecular nitrogen becomes the dominant component
of the gas mixture, with the result that the diffusivities of the reactants can be approximated by
their binary diffusivities through N;. This approximation is even more accurate for systems with
N; dilution of the fuel stream. The resulting diffusivity of oxygen is sufficiently close to Dy for
the approximation Do, = Dy to be adopted in writing Equation 6. In contrast, most hydrocarbon
molecules are large, and their diffusivities D, although of the order of Dr, are smaller, so a Lewis
number Lp = Dy /Dr > 1 must be considered in general in Equation 5, the approximation
Lp = 1 being reasonably accurate only for methane, whereas Ly >~ 0.3 for H,.

Equations 5-7 must be 1ntegrated with the appropriate initial and boundary conditions. For
instance, one should use ¥ — 1 = Yo = T — Ty = 0 in the fuel stream and Y5 = Yo — 1 =
T — T4 = 0 in the airstream. For noncatalytic walls, the condition of vanishing diffusion fluxes
n-VYs =n- VY, = 0 must be imposed, with n denoting the unit vector normal to the wall.
Writing the boundary conditions for the temperature at the wall surface generally requires the
solution of a conjugate heat conduction problem on the wall, with two limiting cases of practical
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interest being that of isothermal walls, for which 7" = T, = constant, and that of adiabatic walls,
for whichn - VT =0.

2.3. The Limit of Infinitely Fast Combustion

Two different physically relevant limits can be identified by considering the solution that emerges
for extreme values of the frequency factor B. In the limit B — 0, the reaction term vanishes
in Equations 5-7, which then describe the frozen mixing between the fuel and air. Because of
the small difference in molecular mass of O, and N, when feeding with undiluted fuel, we can
consider the mixture as binary, interdiffusing with the diffusivity Dy of the fuel, so that Yo, = 1— Yz
replaces Equation 6 in the computation of Yo.

In the opposite limit, B — o0, the reaction takes place, at an infinitely fast rate, only in an
infinitesimally thin layer ;. On both the sides of the flame sheet, X, there is chemical equilibrium,

YrYo =0, (8)

with a region QF in which Yo = 0and a region Qo in which Y» = 0. The reaction-rate terms
in Equations 5-7 then become Dirac delta distributions located at Xy, whose strengths satisfy
the proportionality relations [1, S, — y(1 + S)]. These Dirac delta distributions, sinks for the
reactant and sources for the heat and products, are necessarily balanced in the conservation equa-
tions (Equations 5-7) by the diffusion terms, mainly by the changes in the diffusion flux normal
to the flame. Therefore, they produce jumps at the flame sheet of these fluxes, satisfying the
proportionality relations given above, and leading, for example, to the condition that the reac-
tants must reach the flame in stoichiometric proportions. The solution to this free-boundary
problem, involving the determination of the flame surface X, is difficult to handle in the nu-
merical simulation of unsteady and turbulent flows when the flame is strongly corrugated and
wrinkled.

The limit B — oo of infinitely fast chemical reaction was first addressed in the seminal work
of Burke & Schumann (1928). By considering the case of equal diffusivities of the reactants, they
showed how the intrinsic difficulties associated with the singular character of the solution can be
circumvented by treating the oxygen as a “negative combustible gas” with equivalent mass fraction
—Yo, /s, thereby reducing the problem to that of integrating a transport equation, with the flame
determined by the surface of zero mass fraction of combustible gas. The method was used to
calculate the flame surface for the particular case of equal parallel laminar streams of fuel and
air. Shvab (1948) and Zel’dovich (1949) later generalized the procedure to describe nonpremixed
diffusion-controlled combustion with Lo, = Ly = 1. The needed extension to account for
nonunity values of the Lewis numbers of the reactants is recent (Lifidn 1991, 2001). As done
in the earlier work (Shvab 1948, Zel’dovich 1949), we must start by eliminating the chemical
terms by linear combinations of the conservation equations. Thus, multiplying Equation 5 by S
and subtracting Equation 6 yield a chemistry-free conservation equation involving, for nonunity
Lewis numbers, two linear scalar combinations of the mass fractions, i.e., the classical combination
SY# — Yo, appearing in the accumulation and convection terms, and a Lewis number—-weighted
combination S¥z/Ly — Yo, appearing in the diffusion terms, the latter being a conserved scalar
in the fast reaction layer. It is convenient to normalize these coupling functions to be unity in the
fuel stream and zero in the oxidizer stream, thereby giving the conservation equation

S/Lp+1

0
&<pZ>+V~<va>—V-[( o
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involving the two mixture-fraction variables

S?]«'—YAvo-f-l d 7 S)}[«‘/LF—I}()—FI
=——— an =
St+1 S/Lr+1

Because the Lewis number of O is assumed to be unity, we can eliminate the chemical term using

(10)

a linear combination of Equations 6 and 7 to yield

0 V.
Z(pH)+V - (ovH — pDyVH) = —— 3% (i
Jt CpTA

for the excess-enthalpy variable

T—Ts yS+D
T, S

Equations 9 and 11 must be complemented with the chemical equilibrium condition given in
Equation 8 and the definitions in Equations 10 and 12 to allow us to calculate Yr, Yo, and T in
terms of Z (or Z) and H. Thus, we begin by noticing that the flame is located where ¥ and Y
are simultaneously zero, corresponding to values of the mixture fraction Z = Zs =1/(1 + S) and
7 =7s=1/1+ S/Lp). For Z > Zs, we obtain

H = Yo —1). (12)

N Z—Zs Z—Zs T -Ty Y
Yo=0 d = = = =H 4+ —— 13
0 and Yp =7 =TT T iz (13)
whereas for Z < Zg, we obtain
, Z 7z T -T, v Z
=0 d Yo=1-—=1-—, ——=H —. 14
p=Uoand o 7s 7y T 17 Zs (1

Equations 13 and 14 provide a relation, piecewise linear, between Z and Z, and also the mass
fractions of reactants and the temperature in terms of the coupling functions everywhere in the
flow field. Although one cannot expect the temperature and mass fractions to be discontinuous
functions in the fast-reaction limit, their gradients will certainly have jumps at the flame sheet,
whereas the gradients of the conserved scalars Z and H will be continuous at the flame. In contrast,
the gradient of the classical mixture fraction Z jumps at the flame, corresponding to a localized
chemical source.

Equations 9 and 11, together with the accompanying expressions in Equations 13 and 14,
associated with the condition given in Equation 8 of the noncoexistence of the reactants, replace
Equations 5-7 in the integration of the problem, thereby removing the singularity associated with
the reaction term. The boundary conditions include Z = Z = H = 0 in the airstream and
Z—1=27—1=H — Hp = 0in the fuel stream, where Hy = (Ty — T.)/ T4 — (S + 1)/S. At
the combustor walls, the condition of nonpermeability yields n - VZ = n - VZ = 0, whereas the
boundary condition for H is generally more complicated, reducing ton- VH = 0 for an adiabatic
wall. If needed, source-free conservation equations, similar to Equation 9, that determine the
product concentrations can be obtained from linear combinations accounting for nonunity Lewis
numbers of CO; and H,O. It is worth remarking that in both limiting cases B — 0and B — oo,
the problem reduces to one of mixing, described in the last case in terms of conserved scalars
unaffected by the chemical reactions. This mixing process is turbulent for the large Reynolds
numbers typically found in applications (Dimotakis 2005), although with an important role played
by the heat release of combustion.

The formulation presented above, used, for instance, by Lifidn et al. (1994) and Carpio et al.
(2012), simplifies to the classical Burke-Schumann analysis when Ly = 1, in which case Z = Z.
Furthermore, for adiabatic walls and negligible effects of radiation, the solution for H can be seen
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to reduce to H /Hp = Z, which can be used to show that the flame temperature 7y reduces in
that case to Ty = Tg, with T given in Equation 2. In the more general case of Ly # 1, the
flame temperature depends on the value of H at X, generally yielding a value that differs from
the adiabatic flame value T§, a noticeable effect of the differential diffusion of the fuel.

3. JET DIFFUSION FLAMES: CONTROLLING PARAMETERS
AND LIMITING DESCRIPTIONS

Jet diffusion flames are ubiquitous in practical combustion systems. For instance, coaxial jet diffu-
sion flames formed by injecting liquid oxygen into a high-speed, coaxial, hydrogen gas stream are
found in rocket engines. The configuration shown in Figure 1, corresponding to a diluted fuel
jet of radius # and injection velocity U, discharging into a coflowing airstream with velocity Uy,
has been used widely in experimental and numerical investigations of nonpremixed combustion.

Aside from a factor p, the magnitudes of the different terms in Equations 5-7 are associated
with the inverse of corresponding characteristic times, to be derived from the initial and boundary
conditions. However, with the naive assumption Y Yo ~ 1, the chemical terms in Equations 5-7
are seen to be given, in order of magnitude, by the inverse of the chemical time

tr = {Bexp[—E/(RT))} ", (15)

a strongly dependent function of the local temperature. Using the scales 2 and U, of the jet
problem provides the residence time 4/Uj for the convective term and the diffusion time 4/ Dr
for the conduction and diffusion terms, when the gradients of mass fractions and dimensionless
temperature 7"/ T4 are of order 1/4. This is the case for flows with order-unity values of the Péclet
number, Pe = 2U g/ Dy, which in gases is of the order of the Reynolds number, Re = 2U ¢ /vy,
based on the kinematic diffusivity of the fuel stream vy. In jet flames with pulsating fuel feed,
the fuel-injection frequency characterizes the order of magnitude of the accumulation terms in
Equations 5-7, whereas, with steady fuel feed, the residence time 4/Uj is also the time associated
with the instabilities of the flow and serves to measure the local accumulation term.

If the Reynolds number is of order unity, the relative importance of the chemical reaction is
measured by the ratio of the orders of magnitude of the reaction and convection terms, giving the

Damkéhler number,
EN a S E Ts—T
D“(Tg) U, Dr exP(‘RTs T ) 1o

which has been conveniently expressed by relating the frequency factor B to the flame propagation
velocity Sy for a stoichiometric mixture of air and undiluted fuel. According to the previous
discussion, small values of the Damkohler number correspond to chemically frozen flows, in which
the reactants mix without significant chemical reaction, whereas large values of Dz yield chemical
equilibrium solutions, in which the reactants can coexist only in a thin flame sheet separating the
fuel and oxidizer domains.

Because of the typically large nondimensional activation energy E/(RT's) 3> 1 of the reaction
rate and the fairly strong exothermicity of the combustion reactions represented by the parameter
y in Equation 3, the Damkdohler numbers Dz and Dag evaluated at the higher of the two feed
temperatures (e.g., 7p) and at the flame temperature T differ by many orders of magnitude. In
most cases, one finds Dzy < 1 <« Dag, under which conditions multiple solutions of the reactive
mixing problem may exist, as explained below.

For nonhypergolic fuels, the initial Damkéhler number Dag is negligibly small, so in the absence
of an external ignition source, the mixing of the fuel jet with the surrounding air proceeds without
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Figure 1

Diluted fuel jet with fuel mass fraction Yro = 0.1 and injection velocity Uy discharging into a coflowing airstream with velocity Uy =
0.1 Up for Re = 133. Chemically frozen flow (#) and near-equilibrium jet diffusion flame (b) obtained with the flame sheet
approximation and with the one-step Arrhenius chemistry model of Ferndndez-Tarrazo et al. (2006a). Figure courtesy of J. Carpio.

significant reaction. Figure 1a illustrates the chemically frozen jet flow, showing the surface
Z = Zs = 1/(S + 1) at which the two reactants exist in stoichiometric proportions. Ignition
can be forced externally by applying an ignition source (e.g., a spark or a hot body) at a point
downstream from the injector where Z is close to Zs, producing a local increase of the reaction
rate that triggers the combustion process. The resulting premixed front, initially spherical, is
immediately elongated by the flow, with the upstream part soon reaching a quasi-steady structure
that propagates against the jet flow along the stoichiometric surface Z = Zg. Depending on the
flow conditions, this propagating flame may be blown off downstream; may propagate upstream
and stabilize at a given location before reaching the injector, as a lifted flame; or may propagate
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all the way upstream to anchor at the injector rim. We examine all these different aspects of the
solution below, beginning with the structure and stability of attached jet diffusion flames.

4. THE STRUCTURE AND STABILITY OF DIFFUSION-CONTROLLED
JET FLAMES

If Dag > 1, then after ignition we may end up with a jet flame that is diffusion controlled
everywhere outside a near-injector anchoring region, where the flame temperature drops well
below Ts because of the heat loss to the injector wall. The flame-sheet approximation described
in Section 2.3 can be used to compute the resulting flame, downstream from its small anchoring
region (see, e.g., Figure 1, which also includes results obtained with finite-rate chemistry with a
large value of Da). The flame-sheet shape given by Z = Zj is almost identical to that given by
the reaction-rate contours of the finite-rate computation, except near the injector rim, at which
the results with finite-rate kinetics clearly show the existence of an edge flame, obviously resulting
from finite-rate effects. The oxygen that leaks to the interior of the jet in the anchoring region is
clearly visible in the transverse profiles found one diameter downstream from the injector. The
profiles also clearly show how the reactants coexist in the thin reaction layer when finite-rate
chemistry is considered and that the sharp temperature profile of the Burke-Schumann solution
is replaced by a rounded distribution with a smaller peak temperature.

The structure of jet diffusion flames depends fundamentally on the jet Reynolds number Re =
2U ga /vy. For the jet flame shown in Figure 1, the selected value Re = 133 is sufficiently large
for the effect of diffusion to be limited initially to a thin annular mixing layer of characteristic
thickness 8,, = (Dyx/U)!/? separating the two streams, within which the diffusion time 82,/ Dy
is comparable to the residence time. Across the mixing layer, the mixture fraction changes from
Z = 1 on the fuel side to Z = 0 on the air side. The thickness §,, increases to values of order # at
distances of the order of the jet development length L, = Re 2 > a. Downstream, the axial value
of Z decreases as L, /x. In the computation of Figure 1, the value of S is of order unity, resulting
in a flame length that is of order L, although significantly shorter than the development length of
the chemically frozen fuel jet, owing to the increase of Dy with temperature. For undiluted fuel
feed, Zs is very small, so the diffusion flame moves outward, reaching radial distances of order
V/Sa before closing on the axis at a distance SLy > L.

For moderately large values of Re, the flow remains stable, and the boundary-layer approxima-
tion can be used to compute the resulting slender jet diffusion flame, as done earlier for vertical
configurations (Li et al. 1995, Vizquez-Espi 2001), giving a solution that is independent of the
Reynolds number. For S>> 1, in the absence of coflow, the jet velocity has decreased at distances
of the order of the flame length SL, to values of order Uy/S, which must be compared with the
buoyancy-induced velocity /gSL,, so Uo/(S**,/g L,) emerges as the relevant Froude number.
Simplified analyses of turbulent jet diffusion flames making use of the boundary-layer approxima-
tion together with a simple constant eddy-viscosity assumption for the turbulence modeling have
had considerable success in predicting flame shapes (Peters & Gottgens 1991).

The description of diffusion flames at large Reynolds numbers is further complicated by the
development of flow instabilities, which are clearly noticeable both in experiments and in numer-
ical computations of jet diffusion flames (Chen & Roquemore 1986, Chen et al. 1988, Katta &
Roquemore 1993, Roquemore & Katta 2000, Roquemore etal. 1989). Figure 2 shows results of ex-
perimental visualizations (Chen etal. 1988) of a methane jet diffusion flame with Re = 2,390, along
with numerical computations of the solution. The results help identify two different types of insta-
bilities, each leading to qualitatively different vortical patterns. The small inner eddies are a result
of the Kelvin-Helmbholtz instability of the fuel jet, which develops into discrete coherent vortices
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(@) Visualizations of a methane jet diffusion flame for Re = 2,390. Yellow represents light from the soot particles, bounded externally
by the diffusion flame, and the green is Mie scattered laser light from the TiO, particles, marking the air/water and fuel/water product
interfaces bounding the jet flame. Panel # adapted with permission from Chen et al. (1988) with replacement labeling, copyright
Elsevier. (b,c) Numerical computations of the flow with a one-step Arrhenius chemistry model for the methane oxygen reaction
(Ferndndez-Tarrazo et al. 2006a) and an infinitely fast approximation for the weakly exothermic reaction between TiCly and water
vapor. The integrations employ a finite-element numerical code (Carpio & Prieto 2014) previously used in other reactive jet
computations (Carpio et al. 2013). Panel 4 shows concentration levels of TiO,, and panel ¢ shows temperature and vorticity contours,
with the flame marked in both plots by a dashed curve. Panels 4 and ¢ courtesy of J. Carpio.

that grow in size by pairing. In Figure 2, the coherence persists as the jet develops downstream, re-
sulting in an unsteady flow that remains transitional over a long distance (Roquemore et al. 1989).
There exists a critical value of Re, of the order of 4,000, above which three-dimensional instabilities
appear close to the injector, generating a cascade of vortices of decreasing size in the mixing layer
and triggering the so-called mixing transition (Dimotakis 2005) to a fully turbulent flow.

The large toroidal vortices surrounding the flame are of a different nature. They originate from
an instability of the buoyant flow (Buckmaster & Peters 1986), responsible for the well-known
phenomenon of diffusion-flame flickering (Chamberlin & Rose 1948). Numerical simulations
(Jiang & Luo 2000) seem to indicate that this intrinsic flow instability is of an absolute unstable
nature, giving rise to self-sustained oscillations that are independent of the flow perturbations.
The resulting large vortices are seen to significantly affect the shape of the diffusion flame and may
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even cause flame pinch-off when the amplitude of the associated oscillations becomes sufficiently
large, leading to burning of individual fuel pockets (Carpio et al. 2012).

5. IGNITION, LIFTOFF, AND BLOW-OFF OF JET DIFFUSION FLAMES

Ignition of the frozen fuel jet can be achieved by locally applying a sufficiently energetic ignition
source. For the large values of the Reynolds number typical of most practical applications, the
flame front generated upon ignition is thin compared with the jet radius, and its local structure
is that of a planar premixed flame, whose maximum propagation velocity S;, is reached when
the mixture is nearly stoichiometric. Correspondingly, the premixed front that forms following
ignition moves both upstream and downstream along the stoichiometric surface Z = Zg and
exhibits a characteristic structure, first observed by Phillips (1965), including a lean branch and a
rich branch (Kioni et al. 1993). On the lean side, the premixed flame consumes all the available
fuel, leaving behind oxygen that reacts in a trailing diffusion flame with the fuel left behind by the
rich branch. Because of the high sensitivity with temperature of the chemical reaction, measured
by the Zel’dovich number, 8 = E(T's — To)/(RT2) > 1 (Williams 1985), the flame propagation
velocity decays rapidly from Sy, for either leaner or richer conditions. As a result, the lean and rich
branches of the flame front curve backward from the leading stoichiometric point with a radius
of curvature §,,/ significantly smaller than the local mixing-layer thickness §,, (Dold 1989, Dold
etal. 1991), the latter related to the upstream concentration gradient at the stoichiometric surface
according to 8,, ~ 1/|V Z|s or, more precisely, according to 8,, ~ Zs/|V Z|s, when Zg <« 1. The
flame front loses its tribrachial structure as the value of the radius of curvature §,,/8 becomes
comparable to the flame-front thickness §;, = D /S;. The resulting flame structure is called a
flame edge or an edge flame (Buckmaster 2002).

The triple flame moves relative to the flow with a propagation velocity, Uy, of the order of
Si. The flow in the nose region downstream from the flame is rotational, with overpressures
that deflect outward the incoming streamlines and slow the flow velocity along the stoichiometric
surface Z = Zg. Correspondingly, the front propagation velocity, Uy, relative to the unperturbed
flow, is larger than S;, by a factor of order y'/? (Ruetsch et al. 1995). The value of Uy also depends
on the transverse variation of the temperature, composition, and velocity ahead of the propagating
flame, which are determined by the mixing process occurring upstream. For triple flames moving
along locally planar mixing layers of thickness 8,,, this dependence is measured by the thickness
ratio 8,,/8;, or, equivalently, by the local Damkéhler number (8,,/81)?, defined as the ratio of the
diffusion time across the mixing layer 82,/ Dr to the characteristic chemical time 67 /Dy = Dr /S5

Figure 3 shows results corresponding to triple flames propagating in isothermal, isovelocity,
undiluted methane-air mixing layers for four different values of (8,,/81.)* (Lifidn et al. 2005). A one-
step irreversible Arrhenius reaction with Zel’dovich number g 2 6 is used in the computations.
Streamlines are plotted to exhibit the effect of the overpressure on the flow field. The values
of the Damkohler numbers (5,,/8;)* are selected to illustrate the evolution of the flame front
from an edge flame for sufficiently small §,,/5;, to a thin premixed front with a negligibly weak
trailing diffusion flame for §,,/8;, — oo. As can be seen, the transition occurs when the size of the
flame-front region §,,/ 8 becomes comparable to 8, corresponding to a value of the more relevant
Dambkéhler number [8,,/(881)]* of order unity. We note that 8,,/(881) also represents the ratio of
the burning rate per unit flame surface in the premixed front and in the trailing diffusion flame, so
for large values of the Damkéhler number, the contributions of the burning rate in the diffusion
flame cease to be visible.

The nondimensional propagation velocity U;/S;. of the front relative to the upstream flow,
also indicated in Figure 3 for the different cases considered, is an increasing function of §,,/3,,
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Figure 3

Two-dimensional methane-air edge flames propagating in isovelocity, isothermal (Ty = T4 = 300 K) mixing layers. Solid curves
indicate the isothermal (¢hin) and stoichiometric (thick) surfaces, and dashed curves are used for representative streamlines. Figure
adapted with permission from Lifidn et al. (2005).

that approaches an asymptotic value Uy/ Sy, = 1.34y'/* for §,,/8;, — oo (Fernandez-Tarrazo et al.
2006b), leading to values of Uy exceeding 3S;, (Michaelis & Rogg 2005); for example, Uy /Sy = 3.46
when 8,,/8;, — oo for the conditions in Figure 3. This limiting value is associated with critical
conditions for blow-off in planar mixing layers, a result in agreement with previous experimental
observations (Mufiiz & Mungal 1997).

The ignition, liftoff, and blow-off characteristics of jet diffusion flames depend fundamentally
on the ability of the triple flame (or edge flame) to move upstream relative to the jet flow, so
the ratio Uy/S;, becomes the key parameter in the description. The triple flame formed upon
ignition will propagate all the way up to the injector for small values of Uy/S;,, whereas for values
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of Up/Sy, of order unity, the flame will remain lifted, with a liftoff distance x; that increases for
increasing values of the jet velocity Uy, or will be blown off when U,/S;, exceeds a critical value.
For moderately large values of Re, the solution depends on the thermochemical parameters S and
v, the Damkéhler number (2/81)?, the fuel Lewis number Lr, and the effects of buoyancy and
coflow, measured by U/+/gL, and Uy/ U, (Lifidn et al. 2005), with markedly different behaviors
found in different regimes (Chung 2007).

Predictions of liftoff heights x; can be obtained by equating the streamwise velocity #, (x) found
along the stoichiometric surface Z = Zg, which can be computed using the boundary-layer ap-
proximation when Re is moderately large (Revuelta et al. 2002), to the propagation velocity Uy, a
procedure proposed by Lee & Chung (1997). For the resulting solution to be stable, the velocity
difference s — Ur must be a decreasing function of x at the liftoff location. When the lifted flame
sits at a distance smaller than the jet development length L; = Re , the resulting triple flame is
embedded in the annular mixing layer that surrounds the fuel jet, and its structure is locally two
dimensional, similar to that of the flames shown in Figure 3. As a result, the corresponding value
of Uy is an increasing function of x through its dependence on §,, = (Dra/ U,)"/?, thereby favor-
ing the stability of the resulting lifted flame. The flame structure is no longer two dimensional for
flames propagating at distances of order L; = Re  or larger, which may be encountered in undi-
luted configurations, for which the stoichiometric surface Z = Zg extends to large downstream
distances SL; > L,. In this far-field region, the value of ug, of order g ~ U /S in the absence
of coflow, can be calculated using the Schlichting-Squire solution to give #s oc #PF/"=D (Lee &
Chung 1997). As can be seen, the predicted value of #, decreases with the downstream distance x
when Dy < v, the case of heavy hydrocarbons, but it increases for Dy > v, a condition satisfied by
methane and ethane. These different qualitative behaviors explain why lifted jet diffusion flames
are more easily stabilized in experiments with undiluted fuel feed using propane and butane than
they are when ethane and methane are employed (Lee & Chung 1997). For methane and ethane,
the value of x determined by equating #g and Uy corresponds to the furthest location at which
one may generate a premixed front that propagates upstream to the injector rim by applying an
ignition source.

Diffusion-flame ignition by triple-flame propagation cannot occur in high-speed combustion
applications, for which the flow velocity is much larger than Uy. In those systems, the initial
temperature of the reactants (typically the air in propulsion applications) is sufficiently high that
the chemical reactions begin to occur as soon as the two reactants meet downstream from the
injector rim, in a self-accelerating combustion process that leads to a spontaneous ignition event
at a well-defined downstream location (Lifidn & Crespo 1976).

6. THE ANCHORING REGION OF JET DIFFUSION FLAMES

The effects of upstream diffusion and conduction on the jet flow are negligibly small for Re =
2U ga /vy > 1, except in a small NS region found near the rim of the injector, where the diffusion
flame may be anchored (see Figure 1). As noted in early work (Gaydon & Wolthard 1953),
molecular mixing in this region creates a volume of combustible mixture that can sustain a diffusion
flame edge propagating against the flow. The wall value of the fuel-stream velocity gradient A
near the injector rim, determined by the thickness 85 of the boundary layer that forms adjacent
to the injector wall, enters in the scales of the anchoring region. In systems with coflowing air,
a boundary layer also develops at the wall in the airstream, with the associated gradient 4. As
shown by Stewartson (1969) and Messiter (1970) in their analysis of the flow at the trailing edge
of a splitter plate separating two parallel streams, when o # 0 the flow near the injector rim
exhibits a triple-deck structure, including nonnegligible spatial pressure variations that modify
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the wall-velocity gradients, so the values 4 and «4 found at the end of the injector wall differ from
those found upstream from the triple-deck region, of characteristic size 83 Re'/®. The effects of
heat release due to diffusion flames on the flow in the wake of injectors were analyzed by Higuera
& Lifidn (1996).

The characteristic size 8y = /vo/A and characteristic velocity zy = /v A4 of the NS region,
where the effects of upstream heat conduction and diffusion are significant, are determined by the
condition #x 38y /vy = 1. For the diffusion flame to remain attached to this NS region, one can
anticipate that zy should not significantly exceed Sy, or equivalently, the local Damkéhler number
Dy = S? /(voA) (the inverse of the relevant Karlovitz number vyA/S?) should not be lower than
a critical value (Dy ), of order unity.

To calculate (Dy )., and the diffusion-flame edge structure for Dy > (Dy),, one must solve
the locally two-dimensional and steady form of the reacting NS equations nondimensionalized
with the scales 8y and ux (Ferndndez et al. 2000, Kurdyumov et al. 2002). With the scales of this
NS region, the incoming air and fuel flows are seen as uniform shear flows at the temperature of
the wall, intermediate between those of the two streams 7 and 7;. The numerical integrations
for decreasing values of Dy exhibit edge flames (Fernindez et al. 2000, Kurdyumov et al. 2002)
that separate progressively from the injector wall, giving overall heat-transfer rates to the wall that
decrease rapidly as the value (Dy), is approached. It is worth noting that the structure of the edge
flames that form in the near wake of the injector is similar to that of the edge flames emerging in
flame spread over solid fuels (Ferndndez-Tarrazo & Lifidn 2002, Higuera 2002, Tiz6n et al. 1999).

When the Reynolds number based on the boundary-layer thickness U ¢85 /vy exceeds a critical
value, the boundary layer can be expected to become turbulent. In this case, the average values for
the scales of the flame attachment region are the friction velocity and the thickness of the viscous
sublayer, in which the local Reynolds number is of order unity and the Reynolds stresses are no
longer dominant. The analysis of the attachment region can be anticipated to be similar to that of
the laminar case, with the effect of turbulence introducing in this case time variations in the wall
velocity gradients.

7. STRAIN-INDUCED EXTINCTION

Turbulent diffusion flames appear embedded in thin mixing layers that are locally distorted and
strained by the turbulent motion. As shown by Lifidn (1974), local flow extinction may occur for
sufficiently large strain rates, when the rate of mixing (or, equivalently, the rate of fuel burning
per unit flame surface), measured by 1/8,, ~ |V Z|s/ Zs, is increased above a critical value, defined
in order of magnitude by 1/6,, ~ 1/8; ~ S;./Dr. These critical conditions correspond to values
of the diffusion time across the mixing layer 82,/ Dr ~ Z%/xs of the order of the chemical time
Dz /S, with xs = Dr(VZ)% denoting the so-called scalar dissipation rate.

In the firstapproximation, the structure of the diffusion flames under near-extinction conditions
is that corresponding to the infinitely fast reaction limit (Lifidn 1974). Thus, the reaction zone lies
in the stoichiometric surface Z = Zg and separates two regions of equilibrium flow. The inner
structure is given by a diffusion-reaction balance, which was first analyzed in the limit Dag > 1
by Lifidn (1961, 1963) and Friedlander & Keller (1963), with higher-order terms incorporated in
a subsequent analysis by Fendell (1965). As shown by Lifidn (1974), to describe extinction, one
needs to account for the strong temperature sensitivity of the reaction resulting from the large
value of the activation energy, measured by the Zel’dovich number B. The analysis determines the
critical value of the scalar dissipation rate at extinction, (xs), ~ Z25?/Dr (see the Supplemental
Appendix; follow the Supplemental Material link from the Annual Reviews home page at
http://www.annualreviews.org).
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Figure 4

Reaction layer

(@) Schematic view of a steady counterflow diffusion flame. (5) Perturbations introduced by the head-on interaction with a laminar
vortex ring introduced from the airstream.
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In turbulent combustion applications, local flame extinction leads to the formation of flame
holes (Nayagam et al. 1999, Pantano & Pullin 2003, Santoro et al. 2000b), which are separated
by edge flames (Buckmaster 1996) from regions of near-equilibrium flow. Depending on the local
value of the Damkéhler number, (8,,/8.)%, these edge flames can propagate in either direction.
Thatis, there exists a critical value of (8,,/51,)* above which they propagate along the stoichiometric
surface toward the unburned mixture as ignition fronts, whereas for smaller values of (8,,/.)%,
their propagation velocity relative to the incoming flow is negative, corresponding to failure waves
that recede away from the unburned mixture (Cha & Ronney 2006, Daou & Lifidn 1998, Shay &
Ronney 1998).

A flow configuration of interest in connection with the high—Reynolds number flows typically
encountered in burners is that of the counterflow mixing layer, which has been widely used as a
canonical problem to represent local flow conditions in strained mixing layers (Peters 1986, 2000).
The experimental arrangement employed to investigate counterflow diffusion flames involves two
opposing nozzles separated a distance L (Figure 4). The resulting coaxial counterflowing jets, one
of air and the other containing the gaseous fuel (often diluted with N,), produce an axisymmetric
laminar stagnation-point flow. For moderately large values of the Reynolds number, the flow of
the counterflowing streams is nearly inviscid. Mixing between both streams occurs only in a thin
layer located about the separating surface, whose characteristic thickness is 8,, ~ L/Re!/? « L.
The structure of the thin mixing layer formed around the stagnation point, which exhibits a self-
similar solution in terms of the distance z to the stagnation plane, depends on the strain rate
exerted by the outer streams, of order U4/L. Flame extinction is observed for values of the strain
rate above a critical value 4, ~ S?/Dr ~ (xs),-
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The head-on interaction of a vortex ring with a laminar counterflow diffusion flame constitutes
a well-defined system, of intermediate complexity between steady laminar flames and turbulent
ones. It is appropriate for the investigation of unsteady and curvature effects (Cuenot & Poinsot
1994), as well as local flame extinction and reignition phenomena (Pantano & Pullin 2004), and
has been widely used in the combustion community over the past two decades (Amantini et al.
2007, Katta et al. 1998, Renard et al. 2000, Rolon et al. 1995, Santoro et al. 2000a). Numerical
and experimental studies of local flame extinction in nonpremixed flame-vortex interactions have
led to the definition of the different interaction regimes in nonpremixed turbulent combustion
diagrams, which summarize the current knowledge in the field (Peters 2000, Thévenin et al. 2000,
Venugopal & Abraham 2008).

As sketched in Figure 4, this vortex-flame configuration can be characterized by the unper-
turbed strain experienced by the flame prior to the interaction, given by the value 4,4 on the air
side of the mixing layer, the characteristic radius of the vortex ring 7y, the vortex strength I, and
a characteristic diffusivity of the system (e.g., the thermal diffusivity D7 or kinematic viscosity v
of the oxidizer stream) (Vera & Lifidn 2004). Additional parameters include the temperature and
composition of the fuel and oxidizer streams, which determine the critical strain rate at extinction
A, and the overall air-to-fuel mass stoichiometric ratio S.

Then, if we use A;,l and 7 as time and length scales, three nondimensional parameters emerge,
namely the nondimensional vortex strength, I' = Ar/A4 = T/QAz?), where Ar = I'/(2r3)
represents the characteristic strain imposed on the flame by the vortex; the Péclet number of the
unperturbed flow, based on the characteristic size of the vortex 7y, Peq = Ag¢/Dr; and the
robustness of the flame, R = A, /A4, which measures how far from extinction the flame is prior
to the interaction with the vortex.

The above parameters are closely related to two alternative nondimensional numbers, namely
the Reynolds number of the vortex based on the vortex circulation, Repr = I'/v ~ I" Pey, and the
vortex Damkéhler number, Dar = A,/ Ar ~ R/T, defined as the ratio of the characteristic vortex
turnover time, 1/Ar, to the characteristic chemical time, 1/A4,. Accordingly, local flame extinction
should be expected for Dar < 1.

Hermanns etal. (2007) used order-of-magnitude estimates to characterize the different regimes
of diffusion flame-vortex interactions. These estimates led to various relations between the above
nondimensional parameters that are suitable for inclusion in existing combustion diagrams, such as
the extended diagram of interaction regimes shown in Figure 5. As in Thévenin et al. (2000), the
horizontal axis represents the ratio of the characteristic vortex size, /7 ~ 7y, to the characteristic
laminar flame thickness, §;:

lT 70 A Aré SL

- ~ = ~ (PegR)Y?. 1
5. Dr/Sp Dy Aarg (Peo) a7

By contrast, the vertical axis represents the ratio of the characteristic vortex turnover velocity,
ur ~ I'/ry, to the planar stoichiometric flame velocity, Sy

ur F/?"() . r AAT() f‘ (Pe())l/z
S S Ast St R '

(18)

According to the above definitions, the diagonal dashed lines with slope —1 shown in Figure 54
correspond to constant values of the vortex Reynolds number, Rep- ~ I" Pey, and the dashed lines
with slope +1 correspond to constant values of the vortex Damkohler number, Dz ~ T'/R. The
diagram also shows the lines delimiting the different interaction regimes discussed in detail in
Hermanns et al. (2007) and Vera et al. (2007).
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(@) Diagram of regimes of diffusion flame-vortex interactions in terms of the nondimensional vortex strength, I, the Péclet number of
the unperturbed flow, Pey, and the robustness of the flame, R. The horizontal and vertical axes represent the nondimensional size and
velocity of the vortex, respectively. Values obtained using the diffusivity of air at the stoichiometric flame temperature are shown in red.
() Nlustrative simulations of diluted hydrogen-air diffusion flames interacting with laminar vortex rings are also shown, courtesy of J.
Carpio. The values of the dimensionless parameters (I', Pe 4, R); corresponding to point 7 are (20, 50, 2)1, (20, 50, 6),, (4.44, 225, 4)3,
(6, 167, 6)4, (2, 500, 10)s, and (2, 50, 10). Figure adapted with permission from Vera et al. (2007).

The variety of interaction regimes found in diffusion flame-vortex interactions is illustrated
in Figure 5b by means of numerical simulations corresponding to diluted hydrogen-air diffusion
(i.e., robust) flames interacting with sufficiently large and strong vortices. These include weakly
distorted flames, strong flame wrinkling and roll up (followed often by flame pinch-off and pocket
combustion), annular and axial extinction events followed by reignition via edge flames, and overall
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flame extinction (Renard et al. 2000). We note that for less robust flames (e.g., methanol-air),

most of the described phenomenology is not observed, and axial extinction prevails in most cases
(Santoro & Gomez 2002).

8. CONCLUSIONS

We have aimed in this review to uncover the main parameters that control the existence, structure,
ignition, and extinction of diffusion-controlled combustion of gaseous hydrocarbon fuels in air,
using the jet diffusion flame as the main example. Some of the parameters are thermochemical,
as the mass S of air needed to burn the unit mass of the fuel stream, and the nondimensional
temperature rise y when the mixture is burned at a constant pressure under homogeneous and
adiabatic conditions. Other parameters are chemical kinetic, such as the flame propagation velocity
St in the stoichiometric mixture defined above, and the nondimensional activation energy S that
characterizes the strong dependence with the local temperature of the overall reaction rate. Other
parameters are fluid dynamic, such as the Reynolds and Froude numbers of the jet flow and the
Prandd number and the Lewis numbers of the main species. We also call attention in this review
to a generalization of the Burke-Schumann description of diffusion-controlled combustion to the
realistic cases in which the Lewis numbers are nonunity.
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