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ABSTRACT

The statistical behaviors of mean enstrophy and its evolution during head-on interaction of premixed flames propagating toward a chemi-
cally inert flat wall across the turbulent boundary layer have been analyzed using direct numerical simulations for a friction velocity-based
Reynolds number of Res ¼ 110. The enstrophy dynamics have been analyzed for both isothermal and adiabatic thermal wall boundary con-
ditions. The contributions of vortex-stretching and viscous dissipation are found to be leading order source and sink, respectively, to the
mean enstrophy transport in both non-reacting and reacting flows irrespective of the wall boundary condition. However, the contributions
due to dilatation rate and baroclinic torque play important roles in addition to the leading order contributions of the vortex-stretching and
viscous dissipation terms in the enstrophy transport in turbulent premixed flames. The thermal boundary condition has been demonstrated
to affect the near-wall behavior of the enstrophy transport contribution due to dilatation rate, which also affects the near-wall distribution of
the enstrophy. The magnitudes of the leading order contributors to the enstrophy transport decrease with the progress of head-on interaction
for both wall boundary conditions. Moreover, the overall sink contributions to the enstrophy transport dominate over the source contribu-
tions, giving rise to a drop in the mean enstrophy with the progress of head-on interaction. The enstrophy distribution changes significantly
during flame-wall interaction, which gives rise to a modification of the relative proportion of the coherent structures in the reacting flow tur-
bulent boundary layer compared to the corresponding non-reacting flow features.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098047

I. INTRODUCTION

The enstrophy statistics play a fundamental role in the analysis of
turbulent flow topology1,2 and also for characterizing the interfaces of
turbulent and non-turbulent flow regions.3–5 An intermittency function
was introduced by Libby4 to distinguish the rotational flow region from
the irrotational zones. Dopazo and O’Brien5 characterized the intermit-
tency function in terms of entrainment velocity which can be expressed
in terms of enstrophy. Gorski et al.6 analyzed the statistical behaviors of
the different terms of the enstrophy transport equation in turbulent
non-reacting channel flows using direct numerical simulations (DNS)
data. Bechlars and Sandberg7 analyzed enstrophy production character-
istics and the alignment of vorticity with principal strain rate directions
within non-reacting turbulent flat plate boundary layer using DNS data.

In comparison to a vast body of literature for non-reacting flows (e.g.,
Refs. 1–7 and references therein), relatively limited effort8–21 has been
dedicated to the enstrophy statistics in turbulent premixed flames. It
has been found that the self-induced pressure gradient and dilatation
rate within a premixed flame due to thermal expansion induced by
exothermic chemical reaction can have a significant influence on the
evolution of enstrophy10–16 and the relative alignment of vorticity
with local principal strain rates based on DNS data.8,9,15 Interested
readers are referred to a recent review22 for further information in this
regard. Vorticity is known to align preferentially with the intermediate
principal strain rate eigendirection in non-reacting turbulent
flows23–30 and non-premixed flames,31–33 and a qualitatively similar
behavior has been reported also for turbulent premixed flames.8,9,15
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However, the relative alignment of vorticity with the most extensive
and most compressive principal strain rate eigenvectors changes with
the regime of combustion and the characteristic Lewis number.9,15

For large Damk€ohler number values in the corrugated flamelets
regime combustion,9,15 and/or for flames with small sub-unity Lewis
number, vorticity has been found to exhibit a considerable collinear
alignment with the most compressive strain rate eigendirection, but
no collinear alignment has been found with the most extensive princi-
pal eigendirection. However, for large values of Karlovitz number (i.e.,
Ka � 1), the collinear alignment of vorticity with the most extensive
strain rate eigenvector increases in the region of intense heat release
despite the predominant vorticity alignment with the intermediate
strain rate eigenvector.9,15 It is not only the alignment of vorticity with
the local strain rate eigendirection but also the nature of the evolution
of enstrophy from the unburned to the burned gas side is affected by
the density ratio r between unburned and burned gases,10 body
forces,19 pressure gradient,19,21 regime of combustion,12,13,15,16,18,20

and characteristic Lewis number.11,14,15 The enstrophy magnitude has
been found to increase within the flame brush for large values of
density ratio r specifically in the corrugated flamelets regime10,16 but
enstrophy has been found to decay from the unburned to the burned
gas side of the flame brush in the thin reaction zones regime (i.e.,
Ka > 1)12,13,15,16,18,20 for turbulent premixed flames with character-
istic Lewis number close to unity (i.e., Le ¼ 1:0). However, for flames
with Le < 1, the enstrophy can increase within the flame even in the
thin reaction zones regime.11,14,15 The presence of body force has been
found to alter the pressure gradient within the flame that, in turn,
affects the baroclinic torque contribution to the enstrophy evolution
in turbulent premixed flames. A recent DNS analysis revealed that
baroclinic torque remains negatively correlated with the flame stretch
rate in the corrugated flamelets regime flames.34 In addition to DNS
studies, experimental investigations35,36 utilized stereoscopic particle
image velocimetry (PIV) to analyze the enstrophy distribution in
turbulent premixed flames. Interested readers are referred to Steinberg
et al.36 for a detailed review of the enstrophy statistics for turbulent
premixed flames with high turbulence intensities. To date, most
analyses on enstrophy statistics in turbulent premixed flames have
been conducted in flow configurations which are sufficiently away
from the wall. Recently, Lai et al.37 analyzed enstrophy evolutions at
different stages of head-on quenching of turbulent premixed flames in
a canonical configuration for different values of characteristic Lewis
numbers. The effect of a flame propagating toward a wall on the
vorticity transport has recently been analyzed by Ohta et al.38 It is
reported that the interaction between turbulence and density variation
due to combustion can lead to vorticity generation.38 However, when
the flame is sufficiently close to the wall, vortices decay due to the high
viscosity of the combusted gas.38 However, the enstrophy dynamics in
turbulent boundary layers during flame-wall interaction (FWI) is yet
to be analyzed in detail despite premixed flame-wall interaction taking
place in turbulent boundary layers in internal combustion engines,
gas turbines and micro-combustors. This gap in the existing literature
has been addressed in this paper where enstrophy distribution and its
evolution during different stages of head-on interaction of statistically
planar flames propagating toward a chemically inert wall across a
turbulent boundary layer have been analyzed using DNS data for a
friction velocity-based Reynolds number of Res ¼ 110. The enstrophy

dynamics and its evolution in the aforementioned configuration have
been analyzed for both isothermal and adiabatic wall boundary conditions
in order to isolate the effects of flame quenching due to wall heat loss in
the case of head-on interaction with a cold isothermal wall. In this respect,
the main objectives of this paper are as follows:

(a) To demonstrate the statistical behaviors of the enstrophy
distribution and different terms of its transport equation at
different stages of head-on interaction of statistically planar
turbulent premixed flames with chemically inert walls in tur-
bulent boundary layers.

(b) To contrast the enstrophy evolution in the case of head-on
interaction of turbulent premixed flames in turbulent bound-
ary layers with the corresponding statistics in the case of non-
reacting turbulent boundary layer for identical values of fric-
tion velocity-based Reynolds number Res.

(c) To study the influence of the thermal boundary condition at
the wall on the enstrophy dynamics during head-on interac-
tion of turbulent premixed flames with the wall in turbulent
boundary layers.

(d) To provide physical explanations for the observed behaviors
in terms of the aspects described above.

The rest of the paper is organized as follows: The mathematical
background is provided in Sec. II. This is followed by a brief discussion
on the numerical implementation underpinning the current analysis
in Sec. III. The results are presented and subsequently discussed in Sec.
IV before the main findings are summarized and conclusions are
drawn in Sec. V.

II. MATHEMATICAL BACKGROUND

The momentum conservation equation in the ith direction takes
the following form:

@ quið Þ
@t

þ
@ quiujð Þ

@xj
¼ � @p

@xi
þ @sij

@xj
; (1)

where ui is the ith component of fluid velocity, q is the density, p is
the pressure, and sij ¼ q�ð@ui=@xj þ @uj=@xiÞ � ð2=3q�dijÞð@uk=
@xkÞ is the component of the shear stress tensor with � being the kine-
matic viscosity. It is possible to derive the transport equation of vortic-
ity ~x ¼ r�~u upon taking curl of Eq. (1). The transport equation of
the ith component of vorticityxi ¼ eijk@uk=@xj [where the symbol eijk
represents the well-known Levi-Civita symbol usually used for defin-
ing the cross product. That is, eijk ¼ 1 if ði; j; kÞ is an even permutation
of ð1; 2; 3Þ, eijk ¼ �1 if it is an odd permutation, and 0 if any index is
repeated] takes the following form:10,11,15,16,19
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@xi
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þ �ijk

q
@2skl
@xj@xl|fflfflfflfflfflffl{zfflfflfflfflfflffl}
t3i

�xi
@uk
@xk|fflfflfflffl{zfflfflfflffl}
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þ �ijk

q2
@q
@xj

@p
@xk|fflfflfflfflfflffl{zfflfflfflfflfflffl}

t5i

: (2)

The term t1i represents the ith component of the vortex-stretching
term, whereas t2i denotes the ith component of the viscous torque
term arising from the misalignment between the gradients of viscous
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stress and density. The ith component of the third term on the right-
hand side (i.e., t3i) is the vorticity diffusion term and becomes identical
to �@2xi=@xj@xj in Newtonian fluid flows with constant thermo-
physical properties. The term t4i represents the destruction of the ith
component of vorticity by dilatation rate, whereas the ith component
of term ~t5 originates due to the baroclinic torque owing to the mis-
alignment of the density and pressure gradients. The terms ~t2 ; ~t4 ; and
~t5 vanish in constant-density low Mach number flows.

By multiplying both sides of Eq. (2) by xi; it is possible to obtain
the transport equation of enstrophy X ¼ xixi

2 ;10,11,15,16,19

@X
@t

þ uk
@X
@xk

¼ xixk
@ui
@xk|fflfflfflfflffl{zfflfflfflfflffl}
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��ijkxi
1
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@xj
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T2

þ �ijkxi

q
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T5

(3)

Reynolds averaging Eq. (3) yields the Reynolds averaged enstrophy
X,10,11,15,16,19
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TIII

�2
@uk
@xk

X
|fflfflfflfflffl{zfflfflfflfflffl}

TIV

þ �ijk
xi

q2
@q
@xj

@p
@xk|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

TV

: (4)

Here, Q indicates the Reynolds averaged value of a general quantity Q.
The Favre average of a general quantity Q is given by ~Q ¼ qQ=q
and Q00 ¼ Q� ~Q is the Favre fluctuation of the quantity Q. The dissi-
pation rate ~e of turbulent kinetic energy ~k ¼ qu00i u

00
i =2q can be

expressed as q~e � 2lX under isotropic turbulence conditions with
the assumption of constant dynamic viscosity l, and therefore the
transport ofX is important for the purpose of gaining insights into the
closure of dissipation rate ~e.39 The term TI in Eq. (4) is the vortex
stretching contribution to the mean enstrophy X transport, whereas
TII denotes the mean value of the cross-product of two vectors, the
density gradient and the viscous torque. The term TIII can be expressed

as �xið@2xi=@xj@xjÞ ¼ �@2X=@x2j � � @xi=@xj
� �

@xi=@xj
� �

for
constant dynamic viscosity, and thus TIII represents the combined

effects of molecular diffusion (i.e., �@2X=@x2j ) and dissipation [i.e.,

�� @xi=@xj
� �

@xi=@xj
� �

] of the mean enstrophy X. The dissipation

contribution [i.e., �� @xi=@xj
� �

@xi=@xj
� �

] dominates over the

molecular diffusion term (i.e., �@2X=@x2j ) for high values of turbu-
lent Reynolds number. The term TIV denotes enstrophy dissipa-
tion due to dilatation, whereas the baroclinic torque contribution
to the enstrophy transport is represented by TV. The statistical
behaviors of TI ;TII ;TIII ;TIV ; and TV during head-on interaction
of statistically planar flames with chemically inert walls within
turbulent boundary layers will be discussed in detail in Sec. IV of
this paper.

III. NUMERICAL IMPLEMENTATION

The simulations have been conducted using a three-dimensional
fully compressible code called SENGAþ,40 where the conservation
equations of mass, momentum, energy, and species are solved in non-
dimensional form. In SENGAþ, the spatial derivatives are evaluated
using a 10th order finite difference central scheme for the internal grid
points, whereas the order of accuracy gradually reduces to second order
for the non-periodic boundaries. A low storage third order
Runge–Kutta scheme41 has been employed for explicit time advance-
ment. The simulations have been conducted in a configuration where
the turbulent boundary layer has formed on top of a chemically inert
wall, and for the reacting flow simulations, the initial flow conditions
have been generated by a non-reacting fully developed turbulent chan-
nel flow solution corresponding to Res ¼ q0us;NRh=lu ¼ 110, where
q0 is the unburned gas density, lu is the unburned gas viscosity, and h
is the channel half height corresponding to the non-reacting fully devel-
oped channel flow solution.

The combustion chemistry for the current analysis is represented
by a single-step Arrhenius type chemical reaction (unit mass of
Fuel þ s unit mass of Oxidizer ! (1þs) unit mass of Products,
where s is the stoichiometric oxidizer-fuel mass ratio) for the sake of
computational economy. A stoichiometric methane-air mixture
(i.e., s ¼ 4:0) under atmospheric conditions is considered for the
current analysis. The fuel reaction rate _wF is expressed as
_wF ¼ �qB�YFYO exp½�b 1� hHð Þ=f1� aH 1� hHð Þg�, where YF

and YO are the fuel and oxygen mass fractions, respectively. The heat
release parameter aH , the normalized pre-exponential factor B�, the
non-dimensional temperature h, and the Zel’dovich number b are
expressed as aH ¼ sH=ðsH þ 1Þ, hH ¼ ðT � T0Þ=ðTadð/¼1Þ � T0Þ,
and b ¼ Eac½Tad /¼1ð Þ � T0�=RT2

adð/¼1Þ where sH ¼ ðTadð/g¼1Þ
�T0Þ=T0 is a heat release parameter, T stands for the instantaneous
dimensional temperature, T0 is the unburned gas temperature,
Tad /¼1ð Þ denotes the adiabatic flame temperature for the stoichiomet-
ric mixture, and R is the universal gas constant. The activation energy
Eac is calculated depending on the equivalence ratio, /; following the
methodology proposed by Tarrazo et al.42 which can capture main
flame features (i.e., accurate equivalence ratio / dependence of the
unstrained laminar burning velocity Sbð/Þ and adiabatic flame temper-
ature Tad /ð Þ) for hydrocarbon fuels. In the present analysis, the reac-
tion progress variable is defined based on the fuel mass fraction as
c ¼ ðYFR � YFÞ=ðYFR � YFPÞ, where subscripts R and P refer to values
in the unburned gas and fully burned products, respectively.
Accordingly, _wc is expressed as: _wc ¼ � _wF=ðYFR � YFPÞ. For these
simulations, all the species are considered to be ideal gases and the
thermophysical properties (i.e., dynamic viscosity l, thermal conduc-
tivity k; specific heats at constant pressure and constant volume cp and
cv , and density-weighted mass diffusivity qD) are taken to be tempera-
ture independent for the sake of simplicity. Consequently, kinematic
viscosity l=q, thermal diffusivity k=qcp; and mass diffusivity D
increase linearly with temperature. Similar, assumptions have been
made in the past in several theoretical and numerical studies.43–48 The
Lewis number of all the species is taken to be unity, and the unburned
gas temperature T0 is taken to be 730K following previous DNS stud-
ies,49–53 which yields a Zel’dovich number, b; of 6.0, and a heat release
rate parameter of sH ¼ ðr� 1Þ ¼ 2:3 for the stoichiometric metha-
ne–air mixture. Standard constant values are taken for the Prandtl
number Pr and the ratio of specific heat, c (i.e.,
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Pr ¼ 0:7; c ¼ cp=cv ¼ 1:4Þ. It has been demonstrated in several pre-
vious studies54,55 that the maximum wall heat flux magnitude and the
minimum flame quenching distance can be captured using simple
chemistry. Also, the scalar gradient and vorticity statistics obtained
from single-step chemistry54–56 are found to be qualitatively similar to
those obtained from detailed chemistry simulation results.56–58

Moreover, the current analysis focuses on the fluid-dynamical aspects
of turbulent flame-wall interaction, and thus the simplification of
chemistry is unlikely to affect the conclusions of this analysis.

The computational domain size for the current analysis is consid-
ered to be 10:69h� 1:33h� 4h with an equidistant grid resolution of
1920� 240� 720; which ensures at least 8 grid points within the
thermal flame thickness dth ¼ ðTad � T0Þ=max rTj jL for SL=us;NR
¼ 0:7 with SL, us;NR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sw:NRj j=q

p
and sw;NR being the unstretched

laminar burning velocity, friction velocity, and wall shear stress for the
non-reacting channel flow, respectively. This grid spacing ensures that
the non-dimensional distance to the wall yþ ¼ qusy=l (where y is the
distance from the wall) for the wall adjacent grid points is at most
yþ ¼ 0:6, and the region yþ � 1 has approximately two grid points to
ensure appropriate resolution of the viscous sublayer of the turbulent
boundary layer. In the channel flow configuration for Res ¼ 110, the
longitudinal integral length scale L11 and root mean square turbulent
velocity u0 remain on the order of h and us;NR, respectively (Ref. 59),
which yields a Damk€ohler number Da ¼ L11SL=u0dth of 15.80 and a
Karlovitz number Ka ¼ u0=SLð Þ3=2 L11=dthð Þ�1=2 of 0.36. These values
are representative of the corrugated flamelets regime combustion. The
key information related to numerical implementation is summarized
in Table I, and these values apply to both isothermal and adiabatic
boundary conditions.

For these simulations, periodic boundary conditions are imposed
for the streamwise (i.e., x-direction) and spanwise (i.e., z-direction),
and the mean pressure gradient (i.e., �@p=@x ¼ qu2s;NR=h where p is
the pressure) has been imposed in the streamwise flow direction. In
the wall-normal direction (i.e., y-direction), a no-slip boundary condi-
tion is implemented at y ¼ 0, whereas the Dirichlet boundary condi-
tion is specified (i.e., Tw ¼ T0) for the isothermal wall boundary
condition. By contrast, a Neumann boundary condition, given by
@T=@y ¼ 0; is used for the adiabatic wall boundary condition. A par-
tially nonreflecting boundary is specified at y=h ¼ 1:33 according to
the Navier–Stokes characteristics boundary condition technique pro-
posed by Yoo and Im.60 This flow configuration is similar to the con-
figuration analyzed earlier by Bruneaux et al.,61,62 but the variation of
density due to temperature change is included in this analysis. In the
current simulation setup, the solution from the 1D laminar flame sim-
ulation is interpolated to the 3D grid in such a manner that the reac-
tion progress variable c ¼ 0:5 is obtained at y=h � 0:85. The reacting
scalar field is initialized in such a manner that the reactant side of the
flame faces the wall, whereas the product side of the flame is always
facing toward the outflow side of the boundary in the y-direction. The

simulation configuration is schematically shown in Fig. 1. The simula-
tions were conducted for 2.0 flow through times based on the maxi-
mum axial mean velocity, which is equivalent to 21:30us;NR. Within
the duration of the simulation time, the flame propagates and moves
toward the wall and interacts with it, but the turbulent boundary layer
does not evolve significantly during the course of the simulation.53

Interested readers are referred to Refs. 52 and 53 for the validation of
the non-reacting channel flow simulation, which are not repeated here
for the sake of conciseness.

The Reynolds and Favre averaged quantities involving correla-
tions of Reynolds and Favre fluctuations have been calculated by spa-
tial averaging the quantities of interest in the periodic directions (i.e.,
x � z planes) for a given time instant.

IV. RESULTS AND DISCUSSION
A. Evolution of the mean enstrophy

The distributions of normalized enstrophy X� �2u=u
4
s;NR (where

�u ¼ lu=q0 is the unburned gas kinematic viscosity) on the x � y
plane at z=h ¼ 4:0 at different stages of head-on interaction for both
isothermal and adiabatic boundary conditions are shown in Fig. 2
where the contours of c ¼ 0:1; 0:5; and 0.9 (from bottom to top) are
superimposed on top of the enstrophy field. It can be seen from Fig. 2
that the high magnitudes of enstrophy are confined close to the wall at
all time instants during head-on flame-wall interaction. The near wall
enstrophy distribution bears the signatures of coherent structures such
as ejections and sweeps,39,63 which, in turn, affect the nature of flame
wrinkling as the flame approaches the wall for both isothermal and
adiabatic wall boundary conditions. In this configuration, the flame
progresses toward the wall with the passage of time, and therefore the
simulation domain is progressively occupied by the burned gas with
time for both isothermal and adiabatic wall boundary conditions. In
the case of isothermal wall, the flame quenches (see, e.g., t=tf ¼ 13:12
and 16:27) in the vicinity of the wall due to heat loss to the wall which
has a temperature Tw ¼ T0 and is considerably smaller than the adia-
batic flame temperature, whereas in the case of adiabatic boundary
condition (i.e., @T=@y ¼ 0 at the wall), the flame extinguishes once all
the reactants are consumed. It can be seen from Fig. 2 that the enstro-
phy magnitude drops significantly in the burned gas, which is consis-
tent with previous findings by Ohta et al.38 This can further be
confirmed from the variation of the normalized Reynolds averaged
enstrophy X � �2u=u

4
s;NR in the normalized wall normal direction y=h

in Fig. 3. The background in Fig. 3 is colored by the local values of the
Favre-averaged reaction progress variable~c.

TABLE I. Key information related to numerical simulations.

Domain size Grid size Res ¼ q0us;NRh=lu SL=us;NR

10:69h� 1:33h
�4h

1920� 240� 720 110.0 0.7

FIG. 1. Schematic diagram of the simulation configuration.
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Figure 3 shows that the maximum value of X � �2u=u
4
s;NR is

obtained at the wall (i.e., y=h ¼ 0) due to wall-induced velocity gradi-
ent and the magnitude of X � �2u=u

4
s;NR decreases with increasing

y=h. The profile of X � �2u=u
4
s;NR with y=h for the non-reacting iso-

thermal flow does not change with time, suggesting that the turbulent
boundary layer does not evolve during the flame-wall interaction. The
near-wall variations of X � �2u=u

4
s;NR for both reacting and non-

reacting cases are similar at time t=tf ¼ 3:99 (top row of Fig. 3) when
the flame remains away from the wall. However, density and kine-
matic viscosity change due to the temperature rise across the flame
front (i.e., toward large values of y=h) as the flame propagates toward
the wall. Hence, the distributions of X � �2u=u

4
s;NR for the reacting

cases are different to those in the non-reacting cases at advances stages
of FWI, e.g., t=tf 	 13:12. The peak value of X � �2u=u

4
s;NR at the wall

decreases with time for both isothermal and adiabatic wall boundary
conditions, but this drop in X � �2u=u

4
s;NR is stronger for the adiabatic

wall boundary condition than in the case of the isothermal wall
boundary condition (e.g., t=tf ¼ 16:27). In homogeneous isotropic
turbulence for non-reacting incompressible flows, the dissipation
rate of turbulent kinetic energy ~e can be expressed as ~e ¼ 2lX=q
(which alternatively suggests X ¼ q~e=2l). For turbulent compressible
reacting flows, the dissipation rate of turbulent kinetic energy is

defined as ~e ¼ 2ls00ijs
00
ij � 2=3l @u00k=@xk

� �2h i
=q (Ref. 64), where

s00ij ¼ 0:5ð@u00i =@xj þ @u00j =@xiÞ is the component of the fluctuating

strain rate tensor. The wall-normal variations of q~e=2lu � �2u=u
4
s;NR

are also compared to X � �2u=u
4
s;NR in Fig. 3, which shows that

q~e=2lu is not identical to X in the turbulent boundary layer for both
non-reacting and reacting flow conditions. It is shown in the
Appendix that the distribution of q~e=2lu � �2u=u

4
s;NR for the non-

reacting flow case considered here remains in good quantitative agree-
ment with previous DNS findings6 at Res ¼ 145; and this distribution
is also in good qualitative agreement with previous experimental
data65 at Res ¼ 890. Figure 3 shows that the X distribution is qualita-
tively similar to q~e=2lu for y=h > 0:25, and there is also a significant
amount of quantitative agreement betweenX and q~e=2lu in the order

of magnitude sense in the non-reacting flow considered here although
the fluid flow is neither homogeneous nor isotropic in nature.
However, the distributions of X and q~e=2lu are both qualitatively
and quantitatively different in the reactive cases irrespective of the wall
boundary condition, and therefore q~e � 2lX cannot be used for
flame-wall interaction within turbulent boundary layers.

B. Evolutions of the terms of the mean enstrophy
transport equation

In order to explain the decay of X with time and the distribution
of X in the wall normal direction, the variations of the source/sink
terms of the enstrophy transport equation (i.e., TI ;TII ;TIII ;TIV ; and
TV ) in the wall-normal distance are shown in Fig. 4. It can be seen
from Fig. 4 that in the non-reacting isothermal case, the vortex stretch-
ing term TI and the combined diffusion and dissipation term TIII

remain the leading order source and sink, respectively, in the enstro-
phy transport and they remain in approximate equilibrium. The mag-
nitudes of the terms arising from the misalignment between density
gradient and viscous stress gradient TII , dilatation rate TIV and baro-
clinic torque TV remain negligible in comparison to those of TI and
TIII . The magnitudes of positive and negative values of TI and TIII

decrease with wall normal distance, and their maximum values are
obtained close to the wall (at around y=h ¼ 0:05) for the non-reacting
isothermal flow. The same qualitative behavior is observed at early
time instants (e.g., t=tf ¼ 3:99) in the case of head-on flame-wall
interaction for both isothermal and adiabatic boundary conditions.
The leading order source and sink contributions of TI and TIII , respec-
tively, in the non-reacting channel flow are consistent with previous
findings.6

The flame starts to interact with the wall at t=tf > 10, and the
magnitudes of the leading order contributors to the enstrophy trans-
port decrease with the progress of flame-wall interaction. The vortex-
stretching term TI acts as a leading order source term to the enstrophy
transport for the reactive cases irrespective of the wall boundary condi-
tion but its magnitude drops with the progress of head-on interaction
(i.e., with the passage in time). The magnitude of the term due to mis-
match between the density gradient and viscous stress gradient TII

remains small in comparison to the leading order contributions of TI

FIG. 2. Distributions of normalized enstro-
phy X� �2u=u

4
s;NR at the central mid-plane

at different stages of head-on interaction
along with the contours of c ¼ 0:1; 0:3;
0:5; 0:7; and 0.9 (red, white, and green) for
isothermal (left) and adiabatic (right) wall
boundary conditions at t=tf ¼ 3:99, 10:92,
13:12; and 16.27.
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FIG. 3. Variations of the normalized Reynolds averaged enstrophy X � �2u=u
4
s;NR and normalized dissipation rate of turbulent kinetic energy q~e=2lu � �2u=u

4
s;NR with the

normalized wall normal distance y=h for isothermal (left) and adiabatic (right) wall boundary conditions at t=tf ¼ 3:99, 10:92, 13:12; and 16.27 (top to bottom). The
background color in Figs. 3–11 and 13–19 shows the local values of ~c .
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FIG. 4. Variations of the normalized source/sink terms of the enstrophy transport equation (i.e., fTI ; TII ; TIII ; TIV ; and TVg � �3u=u
6
s;NR) with the normalized wall normal

distance y=h for isothermal (left) and adiabatic (right) wall boundary conditions at t=tf ¼ 3:99, 10:92, 13:12; and 16.27 (top to bottom).
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and TIII when the flame is away from the wall and during early stages
of flame-wall interaction (e.g., t=tf ¼ 10:92), but the magnitude of this
term becomes comparable to that of TIII at the final stages of flame-wall
interaction (e.g., t=tf ¼ 13:12 and 16.27) in the case of isothermal wall
boundary condition; however, the magnitude of this term remains neg-
ligible at all stages of flame-wall interaction in the case of adiabatic wall
boundary condition. At the early stages of flame-wall interaction (e.g.,
t=tf ¼ 10:92), the term due to dilatation rate contribution TIV becomes
a major sink alongside the combined viscous diffusion and dissipation
term TII . However, at the final stage of flame quenching (e.g.,
t=tf ¼ 16:27), the dilatation rate contribution TIV assumes positive val-
ues in the case of isothermal wall boundary condition, whereas TIV

assumes small but still negative values in the case of adiabatic wall
boundary condition. The baroclinic torque contribution TV assumes
significant values only within the flame brush. The term TV assumes
positive values with magnitudes comparable to TIV when the flame
remains away from the wall (e.g., t=tf ¼ 3:99), and the magnitude of
its positive contribution close to the wall starts to increase with the pro-
gress of head-on interactions (compare t=tf ¼ 10:92 and 13.12). The
behaviors of the source/sink terms of the enstrophy transport equation
(i.e., TI ;TII ;TIII ;TIV ; and TV ) are found to be consistent with previous
findings in the case of premixed flames10,11,13,14,17 and also in the case
of conventional head-on quenching configurations.33 It is also shown in
the Appendix that the components of TI and TIII for the non-reacting
flow, which are available from previous DNS findings6 at Res ¼ 145,
are in good agreement, and they are also in good qualitative agreement
with previous experimental data54 at Res ¼ 890.

A comparison of the magnitudes of TI ;TII ;TIII ;TIV ; and TV in
Fig. 4 indicates that the magnitudes of the combined contributions of
the sink terms dominate over the combined magnitudes of the source
terms in the reactive cases during head-on interaction irrespective of
the wall boundary condition, which leads to a drop in the enstrophy
magnitude with the progress of flame-wall interaction with time.

The dilatation contribution TIV starts to act as a source term in the
isothermal wall case at the later stages of head-on interaction (e.g.,
t=tf ¼ 16:27) (see Fig. 4), whereas this term continues to be a sink in
the case of adiabatic wall. Therefore, the decay in the enstrophy mag-
nitude is more rapid in the adiabatic wall case than in the isothermal
wall case (see Fig. 3).

In order to explain the differences between the enstrophy evolu-
tions for different thermal boundary conditions, it is worthwhile to
present the temporal evolutions of the wall-normal variations of
Reynolds averaged values of normalized mean density q=q0, Favre-
averaged non-dimensional temperature ~h ¼ ð~T � T0Þ=ðTad � T0Þ,
and Reynolds averaged reaction rate of reaction progress variable
_wc � dth=q0SL, which are shown in Fig. 5 at different time instants.
Figure 5 shows that the equality between ~c and ~h holds when the flame
remains away from the wall (e.g., t=tf ¼ 3:99) as expected for low
Mach number unity Lewis number conditions, but the equality
between ~c and ~h is lost during flame-wall interaction in the case of the
isothermal boundary condition, while ~c ¼ ~h is maintained at all stages
in the case of the adiabatic boundary condition. In the case of the iso-
thermal boundary condition, ~h remains 0.0 at the wall but ~c at the wall
continues to increase during flame-wall interaction even after flame
quenching (i.e., even after _wc disappears) because of the diffusion of
unburned reactants from the wall to the interior of the domain. It can
further be seen from Fig. 5 that _wc vanishes in the isothermal case due
to heat loss through the wall once the flame is in proximity to the wall.
Moreover, _wc remains vanishingly small at the wall at all stages in the
isothermal case but _wc assumes non-zero values at the wall during
head-on interaction in the adiabatic case which is also accompanied
by the increases in ~c and ~h until the fuel is fully consumed. The gas
density drops with an increase in ~h and therefore q � q0 is main-
tained at the wall in the isothermal case, whereas q decreases at the
wall and remains smaller than q0 with the progress of head-on interac-
tion in the case of the adiabatic wall. The density q appears explicitly

FIG. 5. Variations of normalized mean den-
sity q=q0, Favre-averaged non-dimensional
temperature ~h ¼ ð~T � T0Þ=ðTad � T0Þ
and Reynolds averaged reaction rate of
reaction progress variable _wc � dth= q0SL
with the normalized wall normal distance
y=h for isothermal (left) and adiabatic (right)
wall boundary conditions at t=tf ¼ 3:99,
10:92, 13:12; and 16.27 (top to bottom).
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in the enstrophy transport equation [see Eqs. (3) and (4)], and it is
coupled to temperature via the ideal gas law. Moreover, for a reacting
flow, temperature is also closely linked to the reaction progress vari-
able. Due to the different temperature boundary conditions, there is a
direct impact on the variation of density in the vicinity of the wall, and
this can be clearly seen in Fig. 5 at advanced stages of FWI.

The gas density q can be expressed as q ¼ q0=ð1þ shÞ, which
leads to rq ¼ �sq2rh=q0 and @ui=@xi ¼ sqSh rhj j=q0, where
Sh ¼ ðDh=DtÞ= rhj j is the displacement speed of temperature isosur-

faces. The wall-normal distributions of jrcj � dth, jrhj � dth, jrqj
� dth=q0; and @ui=@xi � dth=SL ¼ sqSh rhj j=q0 � dth=SL at differ-
ent time instants are shown for both wall boundary conditions in

Fig. 6. The temporal evolution of the mean normalized wall heat flux
magnitude Uw ¼ qw=½q0cp0us;NR Tad � T0ð Þ� (where qw is the wall
heat flux magnitude and cp0 is the specific heat at constant pressure in
the unburned gas) in the isothermal wall case is shown in Fig. 7. It can
be seen from Fig. 6 that jrcj � jrhj is maintained when the flame is
away from the wall in the isothermal wall boundary condition when
the mean normalized wall heat flux magnitude Uw remains negligible,
but this equality is lost when Uw takes significant values indicating
heat loss through the wall, which prompts a reduction of _wc in the
near-wall region as a result of flame quenching (see Fig. 5). This is also
consistent with the loss of equality between ~c and ~h during head-on
interaction in the case of isothermal wall (see Fig. 5). For the

FIG. 6. Variations of jrcj � dth, jrhj
�dth, jrqj � dth=q0; j ~N
rqj � dth=q0
and @ui=@xi � dth=SL with the normalized
wall normal distance y=h for isothermal
(left) and adiabatic (right) wall boundary
conditions at t=tf ¼ 3:99, 10:92, 13:12;
and 16.27 (top to bottom).
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isothermal wall case, jrhj assumes greater values than jrcj close to
the wall due to high temperature gradient at the wall because of flame
quenching (note the quenching distance dQ is about 0:8dth in this
case), whereas the wall-normal component of rc vanishes due to
impenetrability, which leads to jrhj > jrcj in the isothermal wall
boundary condition. In contrast, wall normal components of rh and
rc vanish at the wall in the case of adiabatic wall boundary condition,
which gives rise to comparable values of jrhj and jrcj at the wall. It
can further be seen from Fig. 6 that jrcj drops at the wall during the
head-on interaction for both wall boundary conditions. However, the
peak values of jrhj and jrcj at the advanced stages of head-on inter-
action (e.g., t=tf ¼ 16:27) remain greater in the case of isothermal wall
boundary condition than in the case of an adiabatic wall. The flame
quenching in the case of isothermal wall leads to steeper gradients of c
and h close to the wall than those in the case of adiabatic wall bound-
ary condition. The physical mechanisms responsible for the reduction
in jrcj at the wall in both isothermal and adiabatic boundary condi-
tions are explained elsewhere,52 which are not repeated here.

Figure 6 shows that the wall normal variation of jrqj � dth=q0
is qualitatively similar to that of jrhj � dth, which is consistent with
rq ¼ �sq2rh=q0. This also sets up higher values of jrqj close to
the wall in the case of isothermal boundary condition than in the adia-
batic boundary condition due to steeper thermal gradient at the wall
in the isothermal case. Greater magnitudes of rq in the isothermal
case are responsible for higher magnitude of TII in this case at the final
stages of flame-wall interaction (e.g., t=tf ¼ 16:27) than in the case of

an adiabatic wall. In the case of adiabatic wall, jrhj remains small
close to the wall at all stages of flame-wall interaction and in the case
of adiabatic wall, _wc does not vanish at the wall and the flame extin-
guishes only when all the reactants are consumed. This implies that
Sh ¼ ðDh=DtÞ= rhj j remains predominantly positive in the case of an
adiabatic wall, which leads to predominantly positive values of
@ui=@xi ¼ sqSh rhj j=q0. This can be substantiated from positive val-

ues of @ui=@xi ¼ sqSh rhj j=q0 (see Fig. 6) and negative values of
TIV ¼ �2ð@uk=@xkÞX (see Fig. 4) at all stages of head-on interaction
in the case of the adiabatic wall. By contrast, the isotherms move away
from the wall after flame quenching in the isothermal case,40 which

gives rise to predominantly negative values of Sh ¼ ðDh=DtÞ= rhj j
leading to negative values of @ui=@xi ¼ sqSh rhj j=q0 at the final
stages of head-on interaction, which can be substantiated from nega-

tive values of @ui=@xi in the isothermal case at t=tf ¼ 16:27 in Fig. 6.
The density gradient induced by heat release also affects the baro-

clinic torque contribution TV ¼ ~x 
 ðrq�rpÞ=q2 . The density gra-
dient rq ¼ �sq2rh=q0 can be expressed as rq ¼ ~N hsq2jrhj=q0
where ~N h ¼ �rh=jrhj is the normal vector on a non-dimensional
temperature isosurface. In the case of low Mach number and unity
Lewis number conditions without heat loss, which is the case when the
flame is away from the wall, the normal vector ~N h remains collinearly
aligned with ~N ¼ �rc=jrcj due to c � h,11 but this collinear align-
ment decreases during flame-wall interaction in the isothermal case
due to c 6¼ h. However, the collinearity between ~N h and ~N is main-

tained in the case of the adiabatic wall. A comparison between jrqj
�dth=q0 and ~N 
rq�dth=q0¼~N 
~N hsq2jrhj=q0�dth=q0 in Fig. 6

reveals that jrqj remains identical to ~N 
rq in the case of an adia-
batic wall, whereas these two quantities remain close to each other in
the isothermal case although the strict equality is not maintained. This
further suggests that ~N 
~N h remains close to unity even in the isother-
mal wall boundary condition at all stages of flame-wall interaction.
The above findings suggest that the density gradient rq aligns with
the temperature gradient and approximately (identically) with the
flame normal vector for isothermal (adiabatic) boundary condition,

and thus the baroclinic torque contribution TV ¼~x 
 ðrq�rpÞ=q2
arises due to the pressure gradient component which is tangential to
the isotherms (or to the flame surface).

The wall-normal variations of the normalized pressure gradient

magnitude jrpj � dth=q0u
2
s;NR and the normalized flame-normal

pressure gradient magnitude j~N 
 rpj � dth=q0u
2
s;NR are shown in

Fig. 8 at different time instants during head-on interaction. Figure 8

shows that there are significant differences between jrpj and

j~N 
 rpj when the flame remains away of the wall, but this difference
decreases with time as the head-on interaction progresses. This sug-
gests that there is a significant pressure gradient in the flame tangen-
tial direction when the flame is either away from the wall (e.g.,
t=tf ¼ 3:99) or starts to interact with the wall (e.g., t=tf ¼ 10:92),
which can induce a significant amount of baroclinic torquerq�rp
and accordingly TV plays a leading order role within the flame brush.
However, the magnitude and influence of the baroclinic term TV

weakens with the progress of head-on interaction due to the reduced
influence of pressure gradient in the flame-tangential direction (see
Fig. 8).

The pressure gradient in the flame normal direction is induced
by the flame normal acceleration due to thermal expansion and that in
the flame tangential direction is induced by the flame wrinkling,10,11

which can be quantified by the departure of j~N 
~nwj from unity where
~nw is the wall normal vector which is orientated opposite to the direc-
tion of mean flame propagation. The probability density functions
(PDFs) of j~N 
~nwj in the region given by 0:01 < c < 0:99 at different
time instants are shown for both isothermal and adiabatic boundary
conditions in Fig. 9. The PDFs of coshp ¼ ~x 
 ðrq�rpÞ=
ð ~xj jjrq�rpjÞ in the region given by 0:01 < c < 0:99 at different

FIG. 7. Temporal evolution of the mean normalized wall heat flux magnitude
Uw ¼ qw=½q0cp0us;NR Tad � T0ð Þ� for the isothermal wall boundary condition.
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FIG. 8. Variations of the normalized pressure
gradient magnitude jrpj�dth=q0u

2
s;NR and

the normalized flame-normal pressure gra-

dient magnitude j~N 
rpj�dth= q0u
2
s;NR

with the normalized wall normal distance
y=h for isothermal (left) and adiabatic
(right) wall boundary conditions at
t=tf ¼3:99, 10:92, 13:12; and 16.27 (top
to bottom).
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time instants are also shown for both isothermal and adiabatic bound-
ary conditions in Fig. 9, which shows that coshp predominantly
assumes positive values suggesting that the baroclinic torquerq �rp
acts to generate vorticity in both cases, which is consistent with previ-
ous findings.10,11 The results from Fig. 9 indicate that the flame wrin-
kling tends to decrease with the progress of head-on interaction,
which leads to weakening the magnitude of the pressure gradient in
the flame-tangential direction and TV contribution to the enstrophy
transport. The statistics at t=tf ¼ 16:27 are purposedly not shown in
Fig. 9 because the gradients of density and reaction progress variable
vanish at t=tf ¼ 16:27 due to the disappearance of the flame by that
stage.

Finally, it is worthwhile to consider the statistical behaviors of the
vortex-stretching and the combined diffusion and dissipation contri-
butions (i.e., TI and TIII), which are leading source and sink terms in
the enstrophy transport equation, respectively. The vortex-stretching
term TI can be expressed as9,15,16,19

TI ¼ 2X sacos2ha þ sbcos2hb þ sccos2hc
� �

; (5)

where sa; sb; and sc are the most extensive, intermediate, and the most
compressive principal strain rate, and ha; hb; and hc are the angles
between ~x and eigenvectors associated with sa; sb; and sc, respectively.
It was reported in several previous analyses8,9,15 that ~x predominantly
aligns with the eigenvector associated with sb in premixed flames.

The variations of j cos haj, cos hb
�� ��; and j cos hcj in the wall-normal

direction are shown in Fig. 10, which shows j cos hbj assumes higher
values than j cos haj and j cos hcj, indicating a preferential alignment
with the eigenvector associated with sb. This is qualitatively similar to
the behavior reported by Bechlars and Sandberg7 for non-reacting tur-
bulent boundary layers. As sb is predominantly positive,7,9,22 the mean
vortex-stretching term TI assumes positive values at all stages of head-
on interaction irrespective of the wall boundary condition. As the
magnitudes of strain rates sa; sb; and sc and enstrophy X decrease with
the progress of flame-wall interaction, the magnitude of TI drops with
time.

The term TIII can be expanded as19,22

TIII ¼ l=qð Þr2X þ l=3qð Þ~x 
 r � r r 
~uð Þ½ � þ f lð Þ � Dv; (6)

where f lð Þ represents the contributions from viscosity gradients and

–Dv ¼ � l=qð Þ @xi=@xlð Þ @xi=@xlð Þ is the molecular dissipation of
enstrophy, whereas the second term on right hand side of Eq. (6) van-
ishes according to the mathematical identityr�r r 
~uð Þ ¼ 0.

The variations of TIII and ð�DvÞ in the wall normal direction are
shown in Fig. 11, which shows that the magnitude of ð�DvÞ remains
close to that of TIII for y=h > 0:3; indicating that the contribution of

½ l=qð Þr2X þ f lð Þ� remains small in comparison to ð�DvÞ in this
region at all stages of head-on interaction for both wall boundary

FIG. 9. PDFs of j~N 
~nw j and coshp
¼ ~x 
 ðrq�rpÞ=ð ~xj jjrq�rpjÞ in
the reaction progress variable range given
by 0:01 < c < 0:99 for isothermal (left)
and adiabatic (right) wall boundary condi-
tions at t=tf ¼ 3:99, 10:92, 13:12; and
16.27 (top to bottom).
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FIG. 10. Variations of j cos haj, cos hb
�� ��; and j cos hcj with the normalized wall normal distance y=h for isothermal (left), adiabatic (middle), and non-reacting (right) wall

boundary conditions at t=tf ¼ 3:99, 10:92, 13:12; and 16.27 (top to bottom).
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FIG. 11. Variations of TIII � �3u=u
6
s;NR and ð�DvÞ � �3u=u

6
s;NR with the normalized wall normal distance y=h for isothermal (left), adiabatic (middle) and non-reacting

(right) wall boundary conditions at t=tf ¼ 3:99, 10:92, 13:12; and 16.27 (top to bottom).
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conditions. However, there are significant quantitative differences
between TIII and ð�DvÞ close to the wall (i.e., y=h < 0:3Þ and there
can also be qualitative differences at the final stages of head-on interac-
tion (e.g., t=tf ¼ 16:27). The drop in the magnitude of vorticity com-
ponents with the progress of head-on interaction leads to a drop in
TIII and its components with time.

Finally, it is worth investigating the enstrophy magnitudes for dif-
ferent coherent structures characterized by different quadrants,
namely, outward interactions (i.e., quadrant I: u001 > 0 and u002 > 0),
ejection (i.e., quadrant II: u001 < 0 and u002 > 0), inward interactions
(i.e., quadrant III: u001 < 0 and u002 < 0), and sweep (i.e., quadrant IV:
u001 > 0 and u002 < 0), as shown in Fig. 12.39,63 Figure 13 shows the
instantaneous distribution of different coherent structures present on

the x � y plane at z=h ¼ 4. It is evident from Fig. 13 that the distribu-
tion of the coherent structures does not change significantly in compar-
ison to the non-reacting flow when the flame is significantly away from
the wall (i.e., t=tf ¼ 3:99Þ and mostly ejections and sweep events are
the dominant structures for both wall boundary conditions. Figure 13
suggests that the ejections and sweeps are the dominant flow structures
in the non-reacting channel flow for all instants in time, but the occur-
rences of inward and outward interactions increase significantly in the
reacting cases with the progress of head-on interaction. Moreover, the
wall boundary condition does not seem to have any major influence on
the flow structure in the reacting cases. These observations can be sub-
stantiated in terms of the probabilities of obtaining different
coherent structures at different time instants in Fig. 14. It can be seen

FIG. 12. Different coherent structures in
turbulent boundary layers characterized
by outward interactions (i.e., quadrant I:
u001 > 0 and u002 > 0), ejection (i.e., quad-
rant II: u001 < 0 and u002 > 0), inward inter-
actions (i.e., quadrant III: u001 < 0 and
u002 < 0), and sweep (i.e., quadrant IV:
u001 > 0 and u002 < 0).

FIG. 13. Variations of Xh ia � �2u=u
4
s;NR (where a ¼ I; II; III; and IV ) and X � �2u=u

4
s;NR with the normalized wall normal distance y=h for isothermal (left) and adiabatic (right)

wall boundary conditions at t=tf ¼ 3:99; 10:92; 13:12; and 16:27 (top to bottom).
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FIG. 14. Variations of the probabilities of QI (i.e., u001 > 0 and u002 > 0), QII (i.e., QII : u001 < 0 and u002 > 0), Q III (i.e., u001 < 0 and u002 < 0), and QIV (i.e., u001 > 0 and u002 < 0)
with y=h for isothermal (left), adiabatic (middle) wall boundary conditions and non-reacting conditions (right) at t=tf ¼ 3:99, 10:92, 13:12; and 16.27 (top to bottom). Please
note that the first grid point is not plotted in Figs. 14–19 because quadrants do not have any physical meaning at the wall due to the no-slip boundary condition.
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FIG. 15. Variations of Xh ia � �2u=u
4
s;NR (where a ¼ I; II; III; and IV ) and X � �2u=u

4
s;NR with the normalized wall normal distance y=h for isothermal (left), adiabatic (middle)

wall boundary conditions, and non-reacting conditions (right) at t=tf ¼ 3:99; 10:92; 13:12; and 16:27 (top to bottom).
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FIG. 16. Variations of the normalized source/sink terms of the enstrophy transport equation conditioned on quadrant I (i.e., f T1h iI ; T2h iI ; T3h iI ; T4h iI ; and T5h iIg � �3u=u
6
s;NR)

with the normalized wall normal distance y=h for isothermal (left) and adiabatic (middle) wall boundary conditions and the non-reacting configuration (right) at t=tf ¼ 3:99,
10:92, 13:12; and 16.27 (top to bottom).
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FIG. 17. Variations of the normalized source/sink terms of the enstrophy transport equation conditioned on quadrant II (i.e., f T1h iII ; T2h iII ; T3h iII ; T4h iII ; and
T5h iIIg � �3u=u

6
s;NR) with the normalized wall normal distance y=h for isothermal (left) and adiabatic (middle) wall boundary conditions and the non-reacting configuration (right)

at t=tf ¼ 3:99, 10:92, 13:12; and 16.27 (top to bottom).
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FIG. 18. Variations of the normalized source/sink terms of the enstrophy transport equation conditioned on quadrant III (i.e., f T1h iIII ; T2h iIII ; T3h iIII ; T4h iIII ; and
T5h iIg � �3u=u

6
s;NR) with the normalized wall normal distance y=h for isothermal (left) and adiabatic (middle) wall boundary conditions and the non-reacting configuration (right)

at t=tf ¼ 3:99, 10:92, 13:12; and 16.27 (top to bottom).
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FIG. 19. Variations of the normalized source/sink terms of the enstrophy transport equation conditioned on quadrant IV (i.e., f T1h iIV ; T2h iIV ; T3h iIV ; T4h iIV ; and
T5h iIVg � �3u=u

6
s;NR) with the normalized wall normal distance y=h for isothermal (left) and adiabatic (middle) wall boundary conditions and the non-reacting configuration

(right) at t=tf ¼ 3:99, 10:92, 13:12; and 16.27 (top to bottom).
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from Fig. 14 that the presence of the flame increases the likelihood of
obtaining outward interactions at the expense of sweep and ejections in
the region of the flame brush where the effects of thermal expansion
are strong (i.e., high values of @ui=@xi , see Fig. 6) when the flame is
away from the wall (e.g., t=tf ¼ 3:99). Moreover, the likelihood of
obtaining ejections, sweeps, and inward interactions remains compa-
rably close to the wall with the progress of flame-wall interaction (e.g.,
t=tf ¼ 10:92 and 13.12) under reacting conditions due to thermal
expansion effects as the mean direction of flame propagation is aligned
with the wall normal direction, and all the four coherent structures
have comparable probabilities away from the wall. The qualitative
nature of this behavior is not affected by the wall boundary condition.
Furthermore, when the flame reaches close to extinction at t=tf ¼16:27;
the probability of finding inward interactions remains high close to the
wall but ejections and sweeps remain the dominant structures away
from the wall, which is qualitatively similar to the non-reacting flow
where the probability of finding ejections and sweeps remain high at
all locations at all times. These differences in probabilities of coherent
structures have implications in terms of statistical behaviors and
modeling of Reynolds stresses55 qu001u

00
2 in the flame-wall interaction

within turbulent boundary layers, which is beyond the scope of current
analysis but will be addressed in the future.

The wall normal variations of mean value of the normalized ens-
trophy Xh ia � �2u=u

4
s;NR (where a ¼ I; II; III; and IV and the angled

bracket is the mean value conditional upon a given quadrant) condi-
tional upon coherent structures are shown in Fig. 15 at different time
instants. Figures 14 and 15 show that the probability of finding sweep
and ejection events which are associated with u001u

00
2 < 0 remain greater

than the outward and inward interactions for which u001u
00
2 > 0 in the

non-reacting flow, but the mean enstrophy conditional upon outward
interactions and sweep (i.e., Xh iI and Xh iIV ) are found to be greater
than those due to ejection and inward interactions (i.e., Xh iII and
Xh iIII) in this case. The same qualitative behavior is observed for the
reactive cases at all times for both wall boundary conditions, but
Xh ia � �2u=u

4
s;NR (for a ¼ I; II; III; and IV) decreases with the pro-

gress of head-on flame-wall interaction. Outward interactions and
sweep are characterized by u001 > 0 and the axial velocity component
carries the largest part of turbulent kinetic energy. Thus, the regions of
large turbulent kinetic energy seem to be associated with regions of
large dissipation rate, which is consistent with the observation for con-
stant density conditions (e.g., q~e � 2lX).39

Figures 16–19 show the wall normal variations of the mean val-
ues of the different terms of the enstrophy transport equation condi-
tional upon coherent structures (i.e., T1h ia; T2h ia; T3h ia; T4h ia; and
T5h ia). It can be seen from Figs. 16–19 that the variations of
T1h ia; T2h ia; T3h ia; T4h ia; and T5h ia (for a ¼ I; II; III; and IV)
within the flame brush are qualitatively similar to the corresponding
terms in the transport equation of X (i.e., TI ;TII ;TIII ;TIV ; and TV ).
However, T1h ia acts close to the wall as a sink term for a ¼ I and II
but remains a source term for a ¼ III and IV for the non-reacting
flow at all times and when the flame is away from the wall
(t=tf ¼ 3:99). Moreover, with the advance of head-on interaction,
the contribution of T3h ia assumes positive values close to the wall for
a ¼ I and II due to the diffusion contribution l=qð Þr2X

� �
a and this

trend can also be discerned for a ¼ III and IV but it is much weaker
than for a ¼ I and II. Moreover, the transport behavior of
T1h ia; T2h ia; T4h ia; and T5h ia for a ¼ III and IV are found to be

qualitatively similar to the corresponding terms in the transport equa-
tion ofX.

V. CONCLUSIONS

The statistical behaviors of mean enstrophy and its evolution during
head-on interaction of premixed flames propagating toward a chemically
inert flat wall across the turbulent boundary layer have been analyzed
using DNS data for both isothermal and adiabatic thermal wall boundary
conditions for a friction velocity-based Reynolds number of Res ¼ 110.
It has been found that the mean enstrophy distribution within turbulent
boundary layer is significantly affected by the thermal expansion induced
by the heat release due to combustion. The contributions of vortex-
stretching and viscous dissipation are found to be leading order source
and sink, respectively, to the mean enstrophy transport under both react-
ing and non-reacting conditions. It has been found that the dilatation
rate and baroclinic torque contributions arising from thermal expansion
play important roles in addition to the leading order contributions of the
vortex-stretching and viscous dissipation terms in the enstrophy trans-
port equation in the case of premixed flame-wall interaction. The magni-
tudes of the leading order contributors to the enstrophy transport
decrease with time as head-on interaction progresses for both wall
boundary conditions. The overall sink contributions to the enstrophy
transport dominate over the source contributions leading to a drop in
the mean enstrophy with time due to the progress of head-on interaction.
The dilatation contribution in the vicinity of the wall is affected by the
thermal boundary condition, which, in turn, affects the near-wall distri-
bution of enstrophy. Therefore, enstrophy distribution within the turbu-
lent boundary layer changes significantly during flame-wall interaction,
which is reflected in the modification of the relative proportion of the
coherent structures in the reacting flow turbulent boundary layer in com-
parison to the corresponding non-reacting flow. It has been demon-
strated that the distribution of coherent structures within the boundary
layer is significantly altered due to the presence of the flame, which may
have a significant influence on the distribution and modeling of
Reynolds stresses in reacting flow turbulent boundary layer when com-
pared to that in the corresponding non-reacting flow boundary layer.
Thus, the turbulence modeling of non-reacting flows (e.g., modeling of
Reynolds stresses) might not be valid during flame-wall interaction
within turbulent boundary layers.

The statistics of mean enstrophy and the terms of its transport
equation reveal that the flow structure in the reacting flow turbulent
boundary layer is fundamentally different from the non-reacting flow
turbulent boundary layer. The dilatation rate arising from heat release
in premixed turbulent combustion acts to decrease the enstrophy mag-
nitude, and this trend strengthens with the progress of flame-wall
interaction. The thermal wall boundary condition influences the dila-
tation contribution in the vicinity of the wall, which in turn affect the
near-wall distribution of enstrophy. The enstrophy distribution within
the turbulent boundary layer changes significantly during the head-on
interaction, which modifies the relative proportion of the coherent
structures in the reacting flow turbulent boundary layer in comparison
to the corresponding non-reacting flow. This further suggests that the
modeling of Reynolds stresses qu001u

00
2 needs to be modified for the

simulation of flame-wall interaction in turbulent boundary layers,
which is beyond the scope of this analysis but will form the basis of
future investigations. Moreover, the current simple chemistry analysis
focuses on the fluid-dynamical aspects of head-on interaction of
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premixed flames in turbulent boundary layers and thus the findings of
this analysis need to be confirmed in the presence of detailed chemis-
try although the vorticity dynamics obtained from simple chemistry
DNS10,15 has been found to be qualitatively similar to the correspond-
ing detailed chemistry DNS results.18,56 The effects of Res and Lewis
number on the enstrophy statistics in premixed flame-wall interaction
in turbulent boundary layers need to be investigated further and will
form the platform for future investigations.
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APPENDIX: COMPARISONWITH PREVIOUS DNS AND
EXPERIMENTAL RESULTS

Figure 20 shows the variation of q~e=2lu � �2u=u
4
s;NR with the

normalized wall normal distance yþ for the non-reacting case at
t=tf ¼ 3:99, which are also compared to previous DNS results of fully
developed turbulent channel flow solution6 at Res ¼ 145 and experi-
mental measurements54 of flow over a flat plate for Res ¼ 890. It can
be seen from Fig. 20 that the distribution of q~e=2lu � �2u=u

4
s;NR for

the non-reacting flow case considered here remains in good quantita-
tive agreement with DNS results by Gorski et al.6 and also in good
qualitative agreement with experimental measurements of Balint
et al.65 The quantitative differences between the present simulation
results and previous findings6,65 can be attributed to the differences in
Res values. It can further be seen from Fig. 20 that q~e=2l remains in
good agreement with x0

ix
0
i=2. Moreover, xix i=2 > x0

ix
0
i=2 is

obtained close to the wall (i.e., yþ < 30). However, the contribution of
x ix i=2 drops significantly away from the wall and x0

ix
0
i=2 becomes

the dominant contributor to X (i.e., X � x0
ix

0
i=2) for y

þ > 30.
Gorski et al.6 presented the variations of the following fluctuat-

ing components of TI based on their DNS data and compared them
with respect to the experimental results by Balint et al.:65

FIG. 20. Variations of q~e=2lu � �2u=u
4
s;NR , ½x ix i=2� � �2u=u

4
s;NR and ½x0

ix
0
i =2�

��2u=u
4
s;NR with yþ for the non-reacting case at t=tf ¼ 3:99: Experimental mea-

surements of q~e=2lu � �2u=u
4
s;NR from Balint et al.54 and DNS predictions of

Gorski et al.6 are also shown here along with the present DNS predictions.

FIG. 21. Variations of Tf
1 � �3u=u

6
s;NR with yþ for the non-reacting case at

t=tf ¼ 3:99:
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Tf
1 ¼ x0

ix
0
k

@ui

@xk
þ x0

i
@u0i
@xk

xk þ x0
ixk

@u0i
@xk

; (A1)

�Df
v ¼ �Dv þ �

@ ~xi

@xj

@ ~xi

@xj
¼ ��

@x0
i

@xj

@x0
i

@xj
: (A2)

The variations of the terms Tf
1 � �3u=u

6
s;NR and ð�Df

vÞ � �3u= u6s;NR
with yþ for the non-reacting case at t=tf ¼ 3:99 are presented in
Figs. 21 and 22, respectively, along with the DNS results of Gorski
et al.6 and experimental measurements by Balint et al.65 The present
non-reacting flow results remain in good agreement with the DNS
results of Gorski et al.6 The qualitative agreement with experimental
measurements by Balint et al.65 remains satisfactory but some quan-
titative mismatch is not surprising because the reported experimen-
tal data54 corresponds to Res ¼ 890.

Moreover, the overprediction of the magnitudes of Tf
1 � �3u=

u6s;NR and ð�Df
vÞ � �3u=u

6
s;NR of the present non-reacting case in

comparison to the experimental measurements by Balint et al.65 is
similar to the DNS results by Gorski et al.6 It is worth noting that
Df
v was not directly measured by Balint et al.65 The estimation of Df

v

was found as the residual of all the other directly measured terms in
the balance equation. Therefore, it accumulates all the experimental
errors, which thus may contribute to the quantitative disagreement
between the DNS results and experimental estimations of Df

v .
Although the results for the non-reacting flow case at t=tf ¼ 3:99
are shown in Figs. 20–22, these variations remain qualitatively simi-
lar at other time instants considered in this paper, which are not
here for the sake of brevity.
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