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Abstract

The local entrainment velocity of the enstrophy interfaces of a methane—air turbulent premixed turbulent
annular jet flame stabilized on a bluff-body burner has been investigated using a high-fidelity flame-resolved
three-dimensional simulation. The enstrophy (inner and outer) and the scalar interfaces have been defined
and characterized by their propagation speeds, V' and Sy, relative to the fluid flow. Mean values ((S; |c) and
(VE|c)) conditioned on the reaction progress variable ¢ have been obtained. A thin layer (near the enstrophy
interfaces) has been used to compute mean values ((V|E), (S4|E), and its different contributions) condi-
tional upon enstrophy E. At the inner interface, results indicate that (S,|c) > 0 and (S, |E) > 0 (entrainment
of fresh reactants into the flame front and hot products), while (Vg |c) <0 and (Vg|E) <0 (entrainment of
hot products into the reacting jet across the inner enstrophy interface). The outer enstrophy interface displays
(VE|E) > 0 (ambient gases are predominantly entrained into the jet of reactants), which implies a lean mix-
ture in its neighborhood. These preliminary results aim at understanding the physical mechanisms of flame
anchoring, in terms of entrainments of either hot products or fresh reactants into the diffusive-reactive re-
gion. Local geometries of the inner and outer interfaces have also been examined, through the computation
of joint probability density functions of the mean curvature k,, and Gauss curvature k, of the iso-enstrophy
surfaces, and through (Vg |k, k,) at the inner and outer interfaces. This information has subsequently been
used to discuss the physics of how the turbulent entrainment process affects premixed flames.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Turbulent/non-turbulent interfaces (T/NT)
[1,2] and thin flames [3] are examples of non-
material iso-surfaces across which transfer of fluid
variables occur. Entrainment of fluid from the ir-
rotational flow into the rotational turbulent region
characterizes the T/NT interfaces, while fluxes of
fresh gases and of thermal energy from the flame
into the preheat zone typify premixed flames.

Corrsin and co-workers [1,2] detected the T/NT
interface in experiments and named it the ‘lam-
inar superlayer’ (the thin region between irrota-
tional and turbulent regions of the flow). They
suggested that the superlayer thickness was of the
order of the Kolmogorov micro-scale, n, and that
viscous diffusion of vorticity towards the irrota-
tional flow, enhanced by stretching of small eddies
of sizes comparable to n, was responsible for the en-
trainment process. Libby [4] proposed an evolution
equation, with an unknown source term, for the in-
termittency function, which takes the value one in
the turbulent zone and zero in the irrotational re-
gion and displays a discontinuity at the T/NT in-
terface. Dopazo and co-workers [5,6] related the in-
termittency source to the entrainment velocity and
obtained consistent averaged transport equations
for both the turbulent and non-turbulent zones,
including interaction terms with a clear physical
meaning. Dopazo [7] applied this intermittency for-
malism to turbulent diffusion flames.

The enstrophy E = (w;w;)/2 (where w; stands
for the vorticity vector) can be used as a scalar to
define the T/NT interface. The enstrophy E will be
zero in the irrotational region and E > 0 in the rota-
tional turbulent zone. The enstrophy interface will
be a thin layer where 0 < E(x, #) <e, where ¢ is a
small value of the enstrophy, whereas in the ro-
tational region E(X, t) > ¢ (note the arbitrariness
of this definition, dependent on the value of ¢).
The enstrophy interface will move in its normal di-
rection, relative to the fluid, with a displacement
speed, which causes irrotational fluid to progress
across it with the entrainment velocity equal to the
displacement speed and opposite sign. Large-scale
eddy motions often fold separating interfaces be-
tween two fluid streams to engulf fluid from one
stream into the other [8]. This ‘ingested’ fluid is ‘di-
gested’ and incorporated into the second stream by
molecular diffusion. A turbulent premixed flame
front (scalar interface) moves with a displacement
speed, relative to the fresh gases, entraining them
into the preheat zone with a velocity equal to the
displacement speed and opposite sign [3]. Hot fluid
from the reaction zone is diffused into the preheat
zone to warm up reactants as they move across the
flame.

Notwithstanding the continuing experimental
and numerical research on enstrophy interfaces
[9-15], a comprehension of its physics is far from
complete. Furthermore, the investigation of the

entrainment process in variable-density turbulent
reacting flows is limited in comparison to that of
constant-density turbulence. Corrsin [1] observed
that enstrophy and temperature interfaces are not
coincident in a turbulent heated jet. A joint exam-
ination of T/NT and scalar interfaces in turbulent
premixed flames might shed some light on various
processes in which strong interactions between
small-scale vortical structures and scalar topolo-
gies will be relevant. The stabilization mechanism
of a lean methane—air premixed turbulent annular
jet flame on a bluff-body burner [16-18] might be
a good example; the interaction between regions
of hot recirculating gases and of fresh reactants,
responsible for anchoring the flame to the burner,
involves entrainments across scalar and enstrophy
interfaces, which are worth investigating.

This work aims at examining scalar and enstro-
phy interfaces in a turbulent premixed flame stabi-
lized behind a bluff-body and comparing the flame
displacement speed S; and the local entrainment
velocity V. This study also explores the various
contributions to both V' and S,. The effects of the
dilatation rate, the viscous torque and the spatial
variation of viscosity on Vg have never been taken
into account in previous studies and are studied
in this paper. The present investigation sheds some
light on the nature of flame stabilization because
the analysis (i) gives information about the engulf-
ment and digestion by molecular diffusion of hot
products and fresh gases near the burner exit, (ii)
can provide details on how the local equivalence ra-
tio of the fresh mixture affects the flame anchoring,
and (iii) presents new ideas to describe and quan-
tify transport processes across the inner enstrophy
and scalar interfaces that influence the flame sta-
bilization. Furthermore, in this study the local en-
trainment velocity is related to the shape of the en-
strophy interface to examine the dependence of the
enstrophy transport on its curvature. To the best
of the authors knowledge, a detailed joint study of
the scalar field and local enstrophy geometries for
variable-density turbulent reacting flows has never
been reported.

2. Flame resolved simulation database

A detailed flame resolved simulation database
[19,20] of the Cambridge setup of a lean methane—
air premixed turbulent annular jet flame stabilized
behind a bluff-body burner is examined. This flame
has been investigated by Barlow and co-workers
[16-18] experimentally and numerically via Large
Eddy Simulations (LES) [21-23]. The burner sup-
plies two co-annular streams of methane—air mix-
tures at ambient conditions surrounding the cen-
tral bluff-body. The two streams are embedded in a
co-flow of air with a velocity of 0.4 m/s. The flame
resolved simulation database examined here was
generated by Proch et al. [19,20] using the PsiPhi
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Table 1
Parameters of the inner and outer reactants streams.

Stream u [ W Sp 8, n ¢ Da Rer
m/s mm m/s m/s mm pm - - —

Inner 8.31 0.5 0.9 0.21 0.56 41 0.75 0.2 28.1
Outer 18.7 0.5 1.8 0.21 0.56 25 0.75 0.1 56.3

code on a grid of 1.6 billion cells with a grid resolu-
tion of 100 pwm: throughout the domain. The Lewis
number was unity for all species and the chem-
istry was tabulated with the Premixed Flamelet
Generated Manifolds (PFGM) approach [24,25].
Interested readers are referred to Proch’s work
[19,20] for detailed explanations of the numerical
implementation of this simulation. Table 1 gives the
inlet flow velocities of the co-annular streams u, the
integral length scale /, root-mean-square turbulent
velocity fluctuation ', the equivalence ratio ¢ =
0.75, Damkohler number Da = ISy /u'8;, the lam-
inar flame speed S}, the unstretched laminar flame
thickness §; and the turbulent Reynolds number
Rer = i/l /v, where v is the kinematic viscosity that
depends on the temperature. The unstretched lam-
inar flame thickness 8, = (T, — T,,))/max|VT|, is
based on the maximum temperature gradient and
the temperatures in the unburned, 7, and burned,
Ty, gas. The Kolmogorov length is n = 41 wm at the
inlet and increases significantly downstream and
from the unburned to the burned side of the flame.
The ratio of the grid resolution to the Kolmogorov
micro-scale in the reaction zone is A/n~1. The
thickness of the enstrophy interface is of the or-
der of the Taylor scale [11,12,26], which means that
the thickness of the enstrophy interface is well re-
solved for the present investigation. Results are an-
alyzed at t = 0.34 s, which is much greater than one

fluid with spatially and temporally varying speeds.
Enstrophy E(x, f) and reaction progress variable
e(x,t) = (Y. — Ymin)/(ymax — yminy are used to
characterize the interfaces of interest (Y. = Yco, +
Yc + Yh,0, [19.20]). The progress variable c(x, t) is
zero in the fresh reactants and unity in the fully
burnt products. An iso-surface ¢(x,¢)=T" —
0 will define the interface, that instantaneously
separates fresh gases from the reacting region. An
enstrophy or T/NT interface can be identified as the
mathematical iso-surface E(x,t) = ¢, where ¢ is a
given enstrophy infinitesimal value [10-13,27]; this
interface approximately separates rotational tur-
bulent regions from the irrotational non-turbulent
flow.

The absolute velocities of the enstro-
phy and scalar interfaces are expressed as
uw =u+Venf and uw*=u+S;n°, respec-
tively. Here, u is the local fluid velocity,
nf = —VE/|VE| = (0E/3x;)/(0E/dxE) and
n‘ = —Ve¢/|Ve| = (3¢/dx;)/(dc/dxy) are unit
vectors normal to E(x,t)=¢ and c(x,7)=T,
where x% and x4 are the coordinates in the normal
direction to the iso-enstrophy surface and the
iso-scalar surface, respectively. The magnitudes
Vi and S, are the propagation velocities of the
enstrophy and scalar interfaces relative to the
flow velocity (see Fig. 1). An enstrophy interface
moves on the average towards the irrotational flow,
causing the growth of the turbulent region. The
entrainment velocity is then —Vzn? and VS is the
flow rate of entrained fluid from the irrotational
zone across a surface element S. On the other
hand S,n‘ is the displacement velocity of the scalar
interface towards the fresh gases and —S,n° is the
entrainment velocity of fresh reactants towards
the flame region. The propagation speeds Vx and
S, can be expressed as [10,27-34]:

@i 9p 0p @i 9p Oty do; doo;
Ve(x,t) = wiSjo; _2ES/" +8Uk/’2 dxj 9xk _8’/"'02 dxj x; ”(V2E) _ v(“«"/’ f’*‘/)
' IVE| |VE| IVE] IVE] IVE] IVE]
——— ——— —————— —
Vel VEa VE3 VE4 Vs R VEe (1)
1 1 ou [ OE ) a(Sn) 2 0w
=" —— | — F iV ur) + gjpw; — k@i Sk
IVE| { 0 0x; |:8xl,» ljkw'( 1‘) i X 0 0x;0x; DI

VE7

initial integral eddy turnover time 7; = 60 x 1073 s:
(based on the inner stream rms of velocity fluctu-
ations) and more than one flow-through time ¢ =
0.28 s (based on the air co-flow velocity). As shown
by Proch et al. [19,20], combustion takes place in
the thin reaction zones regime [3] on the side of
the fresh gases and moves towards the corrugated
flamelet regime on the burned side.

3. Enstrophy and scalar interfaces

The interfaces considered in this work are non-
material surfaces, which propagate relative to the

1 190 dc 1l w
Six )= — - (02 — 2
a(X, 1) IVClanj(p >+ @)

Ve Vea

In Eq. (1), Sj is the strain rate tensor, g is the
Levi-Civitta alternating tensor, u; is the flow ve-
locity vector, p and p stand for fluid density and
pressure, T; is the viscous stress tensor, u is the
dynamic viscosity, and v is the kinematic viscos-
ity. The term Vg, is the contribution to Vg of the
vortex stretching generation and Vi, is the prop-
agation by enstrophy annihilation/production due
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Fig. 1. Schematic representation of non-material iso-scalar and iso-enstrophy surfaces at the inner and outer interfaces.

to the volumetric dilatation rate V - u = S;;. Terms
Vis and Vg represent the contributions to Vg
of the torques of pressure (baroclinic) and vis-
cous forces, respectively. The term Vs gives the
displacement speed by viscous transport of en-
strophy and Vg is that due to the viscous
dissipation of E. The term Vjg; represents the
contribution to Vg of spatial variations of the
dynamic viscosity. In Eq. (2), D is the diffusiv-
ity coefficient of the progress variable and @ its
chemical source term. The terms V. and V,, are
the contributions to S, of the molecular diffusion
rate and the chemical conversion of ¢, respectively.
Results in this paper are presented in a dimen-
sionless form such that: E*(x,t) = E/Enax, S =
Sd/SL, VE = VE/SLa and bea = VEa/SL (WlthOt =
1,2...7),and V}, = V, /St (with @ = 1, 2), where
S; =0.21 m/s.

4. Local geometry of iso-enstrophy and iso-scalar
surfaces

The local iso-enstrophy and iso-scalar geome-
tries can be characterized in terms of their mean
curvature k,, and Gauss curvature k, [35]. Iso-
surface curvature plays an important role in the en-
strophy and in the scalar conservation equations
since it can appear explicitly in the terms of tan-
gential viscous and diffusive transports. Hence, it
is important to study these topologies and quan-
tify their effects on the enstrophy and scalar inter-
faces. Figure 2 [35-37] is included in this paper to
facilitate the discussion related to the iso-surface
geometries in the k,,, — k, plane [35-37]. The region
k, > k? implies non-physical (complex) curvatures.
Results in this paper are presented in a dimension-
less form for k;, = k,n and &k = 1%, where n =
41 wm.

5. Results and discussion

Figure 3 shows an instantaneous enstrophy
field, the enstrophy inner interface (E* = 7.0 x

1073) and outer interface (E* = 1.0 x 10~7) and
the progress variable iso-lines ¢ = 0.1 and ¢ = 0.9
(different enstrophy thresholds were tested to de-
termine the enstrophy values that reliably detect
the enstrophy interfaces). Figure 3 indicates that
the flame-turbulence interaction is apparently weak
near the burner exit, with the flame propagating
in a low turbulence environment. Vortex shedding,
at the edges of the bluff body and of the in-
ner and outer walls of the tubes guiding the co-
annular jets, generates a complicated flow pattern,
but needs a certain axial distance to induce intense
turbulence and strong wrinkling of the enstrophy
and scalar interfaces. Interactions become stronger
downstream, where the flame burns within the tur-
bulent shear layer between hot products and the
inner annular jet. The flame may contribute to in-
crease enstrophy levels. It is worth noting that the
outer enstrophy interface is more convoluted than
the inner one, due to low temperatures, which re-
duce the turbulent kinetic energy dissipation rate.
Figure 4 presents instantaneous radial profiles of
E* and c. It can be noticed that in the hot prod-
ucts region, where ¢ = 1, the enstrophy levels are
two to three orders of magnitude smaller than
those in the region of high vortical activity, as the
flame front causes a quasi-laminarization of the
flow.

Further, the flame brush is defined as the region
0.01 <¢<0.99. To evaluate differences in scalar-
enstrophy interactions, results are separately ex-
amined in three zones. Zone 1 extends over 0 mm
<z < 20mm, Zone2 over 20mm < z < 45m and
Zone3 over 45 mm < z < 70 mm, as illustrated
in Fig. 3. Data were analyzed for ten cross-stream
planes r — z through the burner midsection, consid-
ering grid points in a region +5 mm in the radial
direction from the enstrophy inner and outer inter-
faces. The sensitivity of results to the thickness of
that ‘layer’ (£5 mm) is small; thicknesses of +2
and 44 mm yield similar results to those presented
here.
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Fig. 2. Classification of iso-surface geometries in terms of their mean curvature k,, and Gauss curvature kg [35-37].

Fig. 3. Instantaneous enstrophy field, progress variable iso-lines ¢ = 0.1 and ¢ = 0.9, and iso-lines defining the enstrophy
inner E* = 7.0 x 1073 and outer E* = 1.0 x 1077 interfaces.

Fig. 4. Instantaneous radial profiles of £* and c at three different axial distances from the burner exit.
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Fig. 5. Mean values of the displacement speed S, the entrainment velocity V7 and the different contributions to S and
Vi, conditional upon ¢ and E* (the mean values of 1} and V}; have been scaled by three, whereas V| has been divided

by two).

5.1. Analysis of the local entrainment velocity and
displacement speed across the scalar and enstrophy
interfaces

The normalized flame displacement speed S7,
entrainment velocity ¥} and the various con-
tributions to S and ¥V are plotted against the
progress variable and enstrophy in Fig. 5. Variables
conditional upon ¢ are only shown for the inner
enstrophy interface, as there is no flame near the
outer one. Ensemble averaging is performed on
a given iso-surface at the time ¢ = 0.34 s when
the statistics were extracted, the same approach
has been adopted in several previous analyses [3].
It is apparent that the term V, the molecular
diffusion contribution to S%, is small towards the
fresh gases and negative towards the hot products.
The chemical reaction term V5 is always positive
and reaches its highest magnitudes for values of
¢ with high chemical conversion [19], which is
in agreement with other three-dimensional DNS
results [32,38] of turbulent premixed flames. The
flame displacement speed S} slightly increases
in the downstream direction, and monotoni-
cally intensifies towards the burnt gases, as the
iso-scalar surfaces located in the burning region
propagate faster than those in the fresh gases.

Consequently, two iso-scalar surfaces c¢(x,¢) =T
and ¢(x+r,t) =T 4+ AT (where r = Axyn°), for
example in the preheat region, move towards the
reactants and tend to reduce their distance (Axy),
which enhances the scalar-gradients [32,38], apart
from flow strain rates. Local entrainment velocities
and displacement speeds are of the same order
of magnitude across the flame, although V7 is
negative across the flame brush and increases
its magnitude towards the burnt gases. Since n”
points towards the hot products, the high negative
values of ¥ indicate that the inner enstrophy
interface moves towards fresh gases, which means
that fresh gases, with enstrophies above the inner
enstrophy threshold, are entrained into the hot
product zone across the inner enstrophy inter-
face; this implies that the vortical structures in
the reacting jet region significantly reduce their
intensities as they cross the inner enstrophy inter-
face toward the recirculation zone of hot products.
Analogously, positive values of S also denote en-
trainment of reactants into the hot products across
the scalar interface; these reactants rapidly disap-
pear as they cross the scalar interface. These
differences between S% and V; are con-
sistent with the initial observation of
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Corrsin [1] of different enstrophy and scalar
interfaces.

Figure 5 also shows conditional means upon
the enstrophy for the layers about the inner and
outer enstrophy interfaces. The samples obtained
for the layer at the inner enstrophy interface range
from E* =0 to 0.004 in Zonel, from E* =0 to
0.02 in Zone?2 and E* = 0 to 0.03 in Zone 3. Near
the outer interface, the range is 0.0-0.1 through-
out all zones. It is apparent that the ranges of en-
strophy analyzed for the layer at the inner enstro-
phy interface increase from Zone 1 to Zone 3, with
therefore more wrinkling and folding of the scalar
and enstrophy interfaces and intense engulfment
and entrainment. The displacement speed remains
approximately constant for all values of E* except
near zero enstrophy, V; is negative and increases
from the irrotational flow to the rotational region
in Zones 1 and 3, but increases to a relative max-
imum of V= 1.8 at E*~0.012, decreasing for
large values of enstrophy. Figure 5 shows that the
contribution to V; of the vortex-stretching, V;, =
{[l@]|S - w| cos(w, (S - ®))]/IVE|}/SL, is the lead-
ing positive term for all values of E£* in Zones 1 and
3, but becomes negative for E* > 0.016 in Zone2.
V% depends on the magnitudes of the two vec-
tors, vorticity |@| and vortex-stretching |S- |, and
on the cosine of the angle between them. Results
for these quantities at both enstrophy interfaces are
not explicitly shown here, but the alignment be-
tween @ and - w lessens from the turbulent jet re-
gion to the irrotational flow of recirculating prod-
ucts, and the magnitudes of || and |S - | increase
towards the turbulent fluid, especially the vortex-
stretching magnitude |S- | in the shear layer be-
tween the inner and outer streams. Enstrophy is an-
nihilated by the volumetric dilatation term, V}, =
—[(2ES;;)/IVE|]/SL, at both enstrophy interfaces.
High negative values of V7, at the enstrophy inter-
face are a consequence of the flame heat release,
with Sj; >0, whereas a smaller contribution is ap-
parent at the outer interface far from the flame.
Contribution to V; of torques of pressure and
viscous forces, V5, and Vy,, are negligible near
the outer enstrophy interface with very small pos-
itive values at the inner interface; wrinkling of
the inner interface increases downstream, induces
a misalignment of Vp and Vp and increases the
baroclinic torque, in agreement with previous nu-
merical results [34.39]. The viscous transport of
enstrophy, Vi = {[v(V2E)]/|IVE|}/Sy, is positive
for small enstrophy values near the irrotational
zone, but negative over most values of the cho-
sen E* ranges about the inner and outer enstrophy
thresholds; E*(xy) <1 increases monotonically to-
wards the jet of reactants and V?E > 0 below E* =
7.0 x 107>, with an inflection point (V2E = 0) of
the E*(xy) profile where V55 = 0. The term Vj;
is negative above E* = 7.0 x 107, where V?E < 0.
The contribution to ¥V} of viscous dissipation,

Vie = —{[v(3wi/0x;)(0w;/0x)/IVE|}/SL, is neg-
ative and its magnitude decreases from the region in
the neighborhood of E* = 7.0 x 10~° (where high
values of |V E| occur) as E* increases. The term V7,
due to spatial variations of the dynamic viscosity is
either small or negligible for all values of E*.

5.2. Entrainment velocity conditioned on the local
geometry of the enstrophy interfaces

It is interesting to scrutinize the dependence of
the entrainment velocity V7 on the local shape of
the enstrophy interfaces. Figure 6 shows the joint
probability density functions (JPDFs) of the mean
curvature k;;° and Gauss curvature k* of the en-
strophy interfaces (left side of Fig. 6) for various
regions of the computational domain. Nearly pla-
nar enstrophy interfaces are most probable (see
Fig. 2 for the classification), in agreement with ex-
perimental results [10]. JPDFs with longer tails
occur at the outer interface, whereas the proxim-
ity of the flame reduces the maximum values of
both curvatures. It is worth stressing that the wrin-
kling length scale (radius = 1/k,,) of the smallest
geometry is greater than the Kolmogorov length
micro-scale, which means that the curvatures of the
iso-enstrophy surfaces are well resolved. Statistical
distributions are slightly skewed towards k2f > 0,
which indicates a higher probability of finding con-
vex micro-structures, especially of an elliptic na-
ture (convex cups). Curvature values of geometries
with parabolic cylinder features seem not to vary
in the different zones, whereas the probability of
elliptic concave geometries decreases downstream.
The long tails of the outer interface JPDFs indi-
cate a strong entrainment across the interface, with
engulfment and subsequent digestion by molecu-
lar diffusion of irrotational fluid pockets of ambi-
ent fluid into the fresh gases; this changes the lo-
cal equivalence ratio and keeps a very lean mixture
near the outer enstrophy interface.

Figure 6 also depicts the entrainment velocity
V; conditional upon k; and k3*. Values of V; > 0
(entrainment of hot products into reactants) close
to the inner enstrophy interface are associated with
elliptic-concave geometries with large magnitudes
of k:E, whereas slightly concave, nearly flat and
convex structures display mainly 7} < 0 (entrain-
ment of fresh reactants into hot products). On the
other hand, in the neighborhood of the outer en-
strophy interface, V7 > 0 (entrainment of ambient
fluid into the jet of reactants) correlates with elliptic
convex micro-structures, whereas V;} < 0 (detrain-
ment of reactants into the ambient co-flow) is asso-
ciated with concave geometries. This enhances the
convolution of the outer enstrophy interface since
micro-structures with different shape propagate in
opposite direction increasing the surface area of the
outer enstrophy interface.
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Fig. 6. JPDFs of kjf and k;E (left side) of the iso-enstrophy surfaces, and the entrainment velocity ¥ conditional upon

kan and k;E (right side).

6. Conclusions

The enstrophy (inner and outer) and the scalar
interfaces have been defined and characterized by
their propagation speeds, V' and S, relative to the
fluid flow. Mean values of S; and Vr conditioned
on the reaction progress variable ¢ and enstrophy
E in the neighborhood of the enstrophy interfaces
have been obtained. The local entrainment veloc-
ity has been correlated with small-scale geometrical
features of the enstrophy interfaces.

At the inner enstrophy interface, the mean
conditional values are (S;|c) >0 (entrainment of
fresh reactants into the flame front) and (Vg|c) <0
(entrainment of hot products into the flame front).
On the other hand, (S,|E) >0 (entrainment of
fresh mixture into hot products across the inner
enstrophy interface) and (Vg |E) <0 (entrainment
of hot products into the jet of reactants); vortical
structures have a negligible intensity in the hot
products, where (Vg|E) <0 for small values of
enstrophy. The outer enstrophy interface displays
(VE|E) > 0, which indicates that ambient gases are

predominantly entrained into the jet of reactants.
At the inner enstrophy interface, it was found that
positive values of (Vg |k, kg) (entrainment of hot
products into the jet of reactants) are associated
to elliptic-concave enstrophy micro-structures,
whereas (Vi |k, k,) <0 (entrainment of unburnt
gases into hot products) correlates with slightly
concave, flat and convex geometries. At the outer
enstrophy interface, maximum values of (Vg |k,
kg) >0 (entrainment of ambient gases into the
reacting jet) correlate with convex enstrophy
micro-structures, whereas concave geometries are
associated with small values of (Vg |k, kg) <0 (en-
trainment of unburnt gases into the ambient fluid).
The outer interface predominantly propagates
towards the ambient fluid ((V¢|E) > 0 and (Vg |k,
ke) > 0), which means that local entrainment of
ambient air into the turbulent fresh mixture re-
duces the local equivalence ratio and creates a lean
mixture near that interface.

Although the scalar and enstrophy interfaces
are different [1], entrainment processes or mixing
of fresh reactants and hot products are character-
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ized by S; and V. These preliminary results can
help to understand how turbulent entrainment pro-
cesses affect the physical mechanisms of flame an-
choring near the burner exit. Modifying the cor-
rect balance of entrainment of hot products and
fresh reactants, for instance, by increasing mean
flow velocity and turbulence intensity, can lead to
flame liftoff or blowout. Future investigation will
address the influence of entrainment processes on
chemical reaction rates in various zones of the
flame. A better comprehension of these physical
mechanisms should better guide the formulation
of sound and accurate mixing and combustion
models.
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