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ABSTRACT ARTICLE HISTORY

The statistical behaviours of the density-weighted displacement speed Received 28 September 2023
and its curvature and strain rate dependence during head-on interaction Revised 11 December 2023
of statistically planar premixed flames have been analysed based on  Accepted 19 January 2024
Direct Numerical Simulations. The analysis has been conducted within KEYWORDS

turbulent boundary layers featuring inert walls, under both isothermal Density-weighted
and adiabatic wall boundary conditions. The flame quenches due to displacement speed; head-
heat loss when it reaches close to the wall in the case of isothermal wall on flame-wall interaction;

boundary condition. By contrast, the flame can propagate all the way to premixed flame; turbulent
the wall before extinguishing due to the consumption of reactantsinthe ~ boundary layer; direct
case of adiabatic wall boundary conditions. Thus, the effects of thermal numerical simulations
expansion, quantified by dilatation rate, and flame normal acceleration

during flame-wall interaction in the case of the isothermal wall are

weaker than that in the case of the adiabatic wall case due to flame

quenching. This gives rise to significant differences in the curvature and

strain rate dependences of the reactive scalar gradient magnitude,

which affects the statistical behaviours of the reaction and normal

diffusion components of density-weighted displacement speed includ-

ing their mean values, widths of their probability density functions, and

their local strain rate and curvature dependences. It has been found that

the interaction of near-wall vortical structures with flame surface

increases the range of curvature variation during head-on interaction,

which acts to widen the probability density function of the density-

weighted displacement speed. This trend is relatively stronger for the

isothermal wall boundary condition because of the larger variation of

the reaction rate component of the density-weighted displacement

speed due to local flame quenching, which also acts to widen the

range of the density-weighted displacement speed variation in compar-

ison to that in the case of adiabatic wall boundary conditions. Although

the qualitative nature of curvature, strain rate, and stretch rate depen-

dences of the density-weighted displacement speed remain unaffected

by the wall boundary condition, the strength of the correlation changes

with the progress of head-on interaction. It has been found that the

negative correlation between the density-weighted displacement speed

and flame curvature weakens with the progress of head-on interaction,

which gives rise to a reduction in the strength of the correlation

between the density-weighted displacement speed and flame stretch
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rate. Similarly, the correlation between the tangential strain rate and the
density-weighted displacement speed weakens with the progress of
head-on interaction. Detailed physical explanations are provided for
these behaviours, and their modeling implications are indicated.

Introduction

The speed with which a premixed flame surface propagates normally to itself with respect to
an initially coincident material surface is known as the displacement speed S;. Several
previous studies (e.g., Echekki and Chen 1996, 1999; Peters et al. 1998; Chakraborty and
Cant 2004, 2005, 2006; Chakraborty 2007; Chen and Im 1998, 2000; Han and Huh 2008;
Chakraborty, Klein, and Cant 2011; Chakraborty et al. 2011; Nivarti and Cant 2019; Herbert
et al. 2020; Ozel-Erol, Klein, and Chakraborty 2021; Keil et al. 2021a, 2021b; Chakraborty
et al. 2022 and references therein) concentrated on the statistics of displacement speed S; of
turbulent premixed flames along with their strain rate and curvature dependencies because
of their importance in level-set (Peters 2000) and Flame Surface Density (Chakraborty and
Cant 2007, 2009; Hawkes and Cant 2001) based methodologies of turbulent premixed
combustion modelling. The previous analyses (e.g., Gran, Echekki, and Chen 1996;
Echekki and Chen 1996, 1999; Peters et al. 1998; Chakraborty and Cant 2004, 2005, 2006;
Chakraborty 2007; Ozel-Erol, Klein, and Chakraborty 2021; Keil et al. 2021a, 2021b)
revealed that the displacement speed shows mostly positive values within turbulent flames
but a finite probability of negative values are obtained in the thin reaction zones regime
(Peters 2000). Moreover, for premixed turbulent flames with a Lewis number close to unity,
displacement speed, and curvature are found to be strongly negatively correlated, whereas
a weak positive correlation is obtained between the displacement speed and tangential strain
rate (Chakraborty and Cant 2004, 2006; Chakraborty 2007; Keil et al. 2021a,2021b). These
correlations are affected by Lewis number (e.g., Chakraborty and Cant 2005, 2006; Han and
Huh 2008; Ozel-Erol, Klein, and Chakraborty 2021) with the correlations weakening with
increasing turbulence intensity (Chakraborty, Klein, and Cant 2011, 2022; Herbert et al.
2020; Nivarti and Cant 2019). The tangential strain rate and curvature dependences of
displacement speed are found to be non-linear, and this behaviour arises principally due to
the correlations of reactive scalar gradient and chemical reaction rate with strain rate and
curvature (Chakraborty and Cant 2004, 2005, 2006; Chakraborty 2007; Chakraborty, Klein,
and Cant 2011; Ozel-Erol, Klein, and Chakraborty 2021; Keil et al. 2021a, 2021b), which in
turn affect the reaction and normal diffusion components of displacement speed. Moreover,
strain rate and curvature correlations with displacement speed give rise to a highly non-
linear stretch rate dependence of displacement speed (Chakraborty et al. 2022; Chen and Im
1998, 2000; Herbert et al. 2020). All of these findings have been obtained for combustion
processes occurring without the influence of boundary layers and flame-wall interac-
tion (FWT).

Modern combustors are made smaller in size to increase power density and also to
make them compatible with electrical powertrains, and thus FWI occurs more readily in
these small-sized combustors than in conventional combustors. The statistical behaviour
of the flame displacement speed S; is determined by the imbalance between the chemical
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reaction rate and molecular diffusion rate, and also by the reactive scalar gradient
magnitude (Echekki and Chen 1996, 1999; Peters et al. 1998; Chakraborty and Cant
2004, 2005, 2006; Chakraborty 2007; Chakraborty, Klein, and Cant 2007, 2011b; Han and
Huh 2008; Nivarti and Cant 2019; Ozel-Erol, Klein, and Chakraborty 2021; Keil et al.
2021a, 2021b). It has been demonstrated by Ahmed, Chakraborty, and Klein (2021c,
2021b) that the molecular diffusion rate and reactive scalar gradient are affected by the
shear rate induced by the wall and the thermal boundary condition prevailing there.
Therefore, a thorough understanding of displacement speed statistics is essential for the
purpose of extending the existing modelling methodologies to address FWT accurately in
Reynolds Averaged Navier-Stokes (RANS)/Large Eddy Simulations (LES) approaches.
However, displacement statistics are rarely addressed in the case of FWI and recent
analyses by Ahmed et al (2020, 2021a) reported the mean behaviours of displacement
speed and its components in oblique FWT of a V-shaped flame and flashback in turbulent
channel flows. The flame normal in a mean sense is at an angle with the wall-normal
direction in the configuration analyzed by Ahmed et al (2020, 2021a), whereas displace-
ment speed statistics are yet to be analysed in turbulent boundary layers for the head-on
interaction (HOI) configuration, which is an unsteady configuration where the flame and
wall-normal vectors are aligned with each other. The relative alignment of the flame
normal vector with the wall normal vector can significantly alter the strain rate effects
experienced by the flame (Ahmed, Chakraborty, and Klein 2023). Thus, the strain rate
(and therefore stretch rate) effects experienced by the flame in the head-on interaction
configuration are expected to be different from the oblique flame-wall interaction
analysed by Ahmed, Chakraborty, and Klein (2021c). Note that only the mean behaviours
of displacement speed and its components were reported by Ahmed, Chakraborty, and
Klein (2021c), and the wall effects on local strain rate and curvature dependences of
displacement speed at different stages of FWI during HOI within turbulent boundary
layers are yet to be reported in the existing literature. It is expected that the mean
behaviour of displacement speed and its local strain rate and curvature dependence are
affected by the presence of the wall during HOI. The curvature and strain rate depen-
dencies of displacement speed during FWI are essential for extending the FSD and level-
set methodologies for FWI. However, the effects of wall boundary conditions on flame
displacement speed statistics are yet to be analysed in detail.

In an attempt to fill the aforementioned gaps in the existing literature, the displacement
speed statistics during FWI will be addressed in this analysis by using a three-dimensional
Direct Numerical Simulations (DNS) database of HOI of statistically planar flames propa-
gating across turbulent boundary layers (Ahmed, Chakraborty, and Klein 2021b, 2023; Ghai
et al. 2022). Two different wall boundary conditions, namely, isothermal, and adiabatic
walls, have been considered in this analysis to investigate the influence of wall boundary
conditions on displacement speed statistics at different stages of FWTI. It is worth noting that
isothermal and adiabatic wall conditions are among the most commonly used boundary
conditions in FWTI analyses (Ahmed, Chakraborty, and Klein 2021b, 2023; Ghai et al. 2022).
Isothermal and adiabatic boundary conditions are extreme limiting situations and the
thermal wall boundary condition for combustor walls in engineering applications remains
somewhere between these two limiting conditions. Thus, a comparison between isothermal
and adiabatic walls helps to distinguish and understand the effects of heat transfer through
the wall boundary on the flame propagation statistics during HOI of premixed flames
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within turbulent boundary layers. A similar approach was adopted in several previous
analyses (Ahmed, Chakraborty, and Klein 2021b, 2023; Ghai et al. 2022) to analyse different
aspects of flame-wall interaction.

Note that HOI across a turbulent boundary layer is an unsteady event and thus the
displacement speed statistics will be presented at time instants when the flame is at different
distances from the wall and therefore at different stages of FWI. Thus, the main objectives of
the present analysis are:

(a) to analyse the statistical behaviour of displacement speed and its curvature and strain
rate dependences at different stages of FWI,

(b) to demonstrate and explain the influence of wall boundary conditions on the aspects
described in (a).

The rest of the paper is organised in the following manner. The mathematical background
and numerical implementation pertaining to this analysis are presented in the next two
sections of this paper. Section 4 deals with the discussion of the results and in the last section
the main findings are summarised, and conclusions are drawn.

Mathematical background

In premixed flames, a reaction progress variable ¢ can be defined based on a suitable major
species mass fraction Y as: ¢ = (Yo — Y) /(Yo — Yo ) with subscripts 0 and oo referring to
values in unburned gas and fully burned products, respectively. The reaction progress
variable is defined based on the fuel mass fraction in the current analysis. The transport
equation of ¢ takes the following form:

p(9c/0t + udc/dx;) = w+ V - (pDVc) (1)

Here, p, u;, D, and w are gas density, the j™ component of fluid velocity, progress variable
diffusivity, and reaction rate of the progress variable, respectively. Equation 1 can be written
in the kinematic form for a given c-isosurface in the following manner:

[0c/0t + u;0c/Oxj] = S4|Vel (2)

where S; is the displacement speed, which can be expressed in the following manner
(Echekki and Chen 1996, 1999; Peters et al. 1998):

Si=[w+V-(pDV0)|/p|Vc| =S, + S, + S (3)

Here, S,, S, and S; are the reaction, normal diffusion, and tangential diffusion components
of displacement speed, which are given as (Echekki and Chen 1999; Peters et al. 1998):

S, =w/p|Vel;S, =N-V- (pDKT -Ve)/p|Ve|andS, = —2Dx;, (4)

where N = —V¢/|V¢| is the flame normal vector and «,, = 0.5V - N is the local flame
curvature. According to the current convention, the flame normal vector points towards the
reactants and the flame surface convex (concave) towards the reactants has a positive
(negative) curvature. In this respect, it is worthwhile to define the tangential strain rate
ar acting on a given c-isosurface as (Poinsot and Veynante, 2005):
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ar = (6,] — N,Nj)auz/ﬁxj (5)

Here, u; is the ih component of fluid velocity. Both ar and «,, determine the stretch rate K
affecting the flame surface (Chen and Im 1998, 2000; Poinsot and Veynante, 2005):

K =ar + 2S;x,, (6)

It can be seen from Equations 3 and 4 that the gas density p affects the displacement speed
and its components, and thus, it is worthwhile to consider the density-weighted displace-
ment speed S = pSy/p, and its components: S; = pS,/p,, Si = pSa/p,y» and S; = pS;/p,
where p, is the unburned gas density. Moreover, S plays a key role in terms of modelling
turbulent premixed combustion (Chakraborty and Cant 2007, 2009; Peters 2000). Thus, the
statistics of S} and its strain rate, curvature, and stretch rate dependences will be presented
in Section 4 at different stages of HOI of statistically planar flames across turbulent
boundary layers using DNS data.

Numerical implementation

The simulations used for this analysis have been carried out using a well-known code called
SENGA+ (Jenkins and Cant 1999), which employs a 10"-order central-difference scheme
for approximating the spatial gradients for the internal grid points, but the order of
accuracy gradually reduces to a one-sided second order scheme for the non-periodic
boundaries. The time advancement is accounted for by a low storage third-order Runge-
Kutta scheme (Wray 1990). A single-step irreversible Arrhenius-type chemical reaction for
stoichiometric methane-air combustion (unit mass of Fuel + s unit mass of Oxidiser =» (1
+s) unit mass of Products, where s = 4.0 is the stoichiometric oxidiser-fuel mass ratio for
methane-air mixture) is considered for the current analysis. The unburned gas temperature
T is considered to be 730 K (because unburned gas is often preheated in spark ignition
engines and gas turbines). This yields a heat release rate parameter of
7= (T — To)/To = 2.3, which is consistent with previous DNS analyses of FWI
(Alshaalan and Rutland 1998, 2002; Gruber et al. 2010, 2012; Kitano et al. 2015). The
Lewis number of all the species is taken to be unity for the sake of simplicity, and standard
values are considered for the Prandtl number Pr and the ratio of specific heat, y
(ie, Pr=0.7,y = 1.4).

Several previous studies demonstrated that the statistics of reactive scalar gradient
(Chakraborty and Klein 2008; Chakraborty et al. 2008; Lai and Chakraborty 2016; Lai,
Klein, and Chakraborty 2018), displacement speed (Peters et al. 1998; Echekki and Chen
1999; Keil et al. 2021a, 2021b; Chakraborty and Cant 2004; Chakraborty 2007), maximum
wall heat flux magnitude (Lai and Chakraborty 2016; Lai et al. 2022; Lai, Klein, and
Chakraborty 2018), and the flame quenching distance (Lai and Chakraborty 2016; Lai
et al. 2022; Lai, Klein, and Chakraborty 2018) from simple chemistry are in good agreement
with the corresponding results obtained from detailed chemistry. Moreover, a number of
previous studies utilised single-step chemistry for head-on quenching simulations of pre-
mixed turbulent flames under initially isotropic turbulence conditions (Poinsot et al 1993;
Ahmed et al. 2018; Lai and Chakraborty 2016; Sellmann et al. 2017), head-on quenching in
a turbulent channel flow (Bruneaux et al. 1996), and also in a V-flame configuration
(Alshaalan and Rutland 1998, 2002). It has been found that the inclusion of a detailed
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chemical mechanism with variable transport properties does not affect flame dynamics (Lai
et al. 2022; Lai, Klein, and Chakraborty 2018) or the behaviour of flame-turbulence
interaction in the presence of inert isothermal walls (Ahmed et al. 2018). The previously
proposed closures for the Flame Surface Density (FSD) and scalar dissipation rate (SDR)
based on simple chemistry DNS data are found to be valid for detailed chemistry DNS data
in the case of FWT (Lai et al. 2022; Lai, Klein, and Chakraborty 2018), and wall heat flux and
wall Peclet number obtained from simple chemistry DNS are found to be in good agreement
with experimental findings (Huang, Vosen, and Greif 1988; Jarosinski 1986; Vosen, Greif,
and Westbrook 1985). The fluid-dynamical aspects of oblique-wall quenching of turbulent
V-shaped premixed flames based on simple chemistry DNS data (Alshaalan and Rutland
1998, 2002) are consistent with detailed chemistry results (Gruber et al. 2010).

Recent analyses by Keil et al. (2021a, 2021b) revealed that the flame displacement speed
statistics and its curvature and strain rate dependence obtained from single-step chemistry
DNS data are found to be qualitatively similar to those obtained from the corresponding
detailed chemistry DNS data. The quantitative differences in displacement statistics
between single-step and detailed chemistry DNS are comparable to the uncertainties
associated with different choices of reaction progress variables. Based on the body of
aforementioned evidence, it can reasonably be expected that the simplification of chemistry
is unlikely to affect the qualitative nature of the conclusions of this analysis.

The configuration, which has been employed for this analysis, considers a turbulent
boundary layer on top of a chemically inert wall, and the initial flow condition is specified
using a non-reacting fully developed turbulent channel flow solution corresponding to
Re; = pyur nrh/p, = 110 where y, is the unburned gas viscosity and 4 is the channel half
height. It was recently reported that qualitative behaviour of mean values of displacement
speed and its components during FWI within turbulent boundary layers does not change
due to the variation of Re, (Kai et al. 2022).

The schematic diagram of the configuration is shown in Figure 1. The simulation domain
size of 10.69h x 1.33h x 4h is discretised by an equidistant grid 1920 x 240 x 720, which
ensures at least 8 grid points within the thermal flame thickness
(Sm = (Tad — To)/max |VT|L for SL/”T,NR = 0.7 with SL, Ur NR = / |TW.NR|/P and Tw,NR
are the unstretched laminar burning velocity, friction velocity, and wall shear stress for
the non-reacting channel flow, respectively. The longitudinal integral length scale L;; and
root-mean-square turbulent velocity #' remain of the order of h and u, yg, respectively, for

[ Outflow 1

B Wall

Figure 1. Schematic diagram of the simulation configuration.
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the channel flow with Re; = 110 (Ahmed et al. 2021). This leads to a Damkohler number

Da = Ly;S;/u/8y, of 15.80 and a Karlovitz number Ka = (u’/SL)3/2(L11/6th)_1/2 of 0.36
away from the wall, which suggests that the flame is expected to show the attributes of the
corrugated flamelets regime combustion (Peters 2000) at early times. For these simulations,
periodic boundary conditions are imposed for the streamwise (i.e., x—direction) and
spanwise (i.e., z—direction) directions and the mean pressure gradient (ie.,
—0p/ox = puf’NR /h where p is the pressure) is imposed in the streamwise flow direction.
Further information can be found in Ahmed, Chakraborty, and Klein (2021b, 2021c)
regarding the validation of the non-reacting channel flow simulation, which is not repeated
here for the sake of brevity. In the wall-normal direction (i.e., y-direction), a no-slip
boundary condition is implemented at y = 0, and the temperature is imposed (i.e.,
T,, = Tj) for isothermal wall boundary conditions. For the adiabatic wall boundary condi-
tion, a Neumann boundary condition, given by 0T /0y = 0 is specified at the wall. At
y/h = 1.33, the boundary is taken to be partially non-reflecting. The wave amplitude
variation L; for the acoustic wave that enters into the computational domain through the
outflow boundary is specified as L; = K(p — p~) where p is the pressure, p., is the intended
mean thermodynamic pressure, and K is a constant which is defined as
K= 0(1 - Mﬂfnax)ﬂ/Ldomam (Haworth and Poinsot 1992) with a, Liomain, Mamax, and o
being the acoustic speed, simulation domain length in the direction of the outflow bound-
ary, the maximum Mach number in the flow, and a relaxation parameter, respectively.
Setting the relaxation parameter o to zero leads to a perfectly non-reflecting condition but
this leads to mean pressure drift (Poinsot and Lele, 1992). On the other side, a large value of
o allows strong reflections from the outlet boundary. In the current analysis, the relaxation
parameter o is chosen to be 0.25 following the recommendation by Poinsot and Lele (1992),
which offers a compromise between artificial wave reflection from the boundary and
maintaining the desired mean pressure in the form of a partially non-reflecting boundary.

A steady freely propagating 1D laminar flame simulation is interpolated to the 3D grid in
such a manner that ¢ = 0.5 is obtained at y/h &~ 0.85 so that the reactant side of the flame
faces the wall, and the product side of the flame faces towards the outflow side of the
boundary in the y—direction. The simulations have been continued for 2.0 flow-through
times which amounts to 21.30¢; where t; = 8;,/S; is the chemical timescale. The flames
interact with the wall within this simulation duration, but the turbulent boundary layer does
not evolve significantly during the simulation (Ahmed, Chakraborty, and Klein 2021b,
2021¢; Ghai et al. 2022).

Results and discussion
Global features of head-on interaction (HOI)

The instantaneous views of the 8 = (T — Ty)/(T.g — To) = 0.8 isosurfaces at different
time instants are shown in Figure 2 for HOI within turbulent boundary layer for both
isothermal and adiabatic wall boundary conditions. The time instants shown in Figure 2
are representative of the situations (i) when the flame is away from the wall (e.g.,
t/ty = 3.99), (ii) it starts to interact with the wall (e.g., t/t; = 10.92) and (iii) it is at
the advanced stage of flame quenching (e.g., t/t; = 14.70). The displacement speed
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t/tf — 399 t/tf =5 1092 t/tf == 1470

Adiabatic

Isothermal

Figure 2. Temporal evolution of nondimensional temperature 8 = 0.8 isosurface for adiabatic (top) and
isothermal (bottom) walls. The time instants correspond to t/t; = 3.99, 10.92, and 14.70 (left to right).

statistics for the time instants when the flame is away from the wall (e.g., t/t; = 3.99)
are qualitatively similar to the findings from previous analyses without walls so
a comparison of displacement speed statistics at different time instants in the HOI
configuration provides insights into the wall effects on displacement speed statistics
during FWI.

The choices of 0 = 0.8 and ¢ = 0.8 are driven by the fact that the maximum chemical
reaction for the freely propagating laminar premixed flame is obtained for approximately these
values of 8 and ¢ for the current thermochemistry and thus the ¢ = 0.8 isosurface will
henceforth be considered as the flame surface in this paper. In the case of the adiabatic wall
boundary condition, the flame does not quench but eventually extinguishes due to the con-
sumption of reactants when it reaches the wall, which can be seen from the increasingly
disappearing 6 = 0.8 isosurface in Figure 2 for this boundary condition. By contrast, in the
case of the isothermal boundary condition the flame quenches due to heat loss at the wall when
it reaches close to the wall and the unburned reactants from the vicinity of the wall diffuse to the
regions away from the wall, whereas the burned products away from the wall diffuse towards
the wall. Thus, a continuous 8 = 0.8 isosurface is obtained due to the thermal boundary layer
on the isothermal wall. As a consequence of diffusion of burned (unburned) gas towards (away
from) the wall, the value of ¢ increases at the wall (i.e., y = 0) with the progress of HOI for the
isothermal wall boundary condition and this trend is particularly visible at the advanced stages
of HOI (e.g, t/t; = 14.70). The chemical reaction can progress at the wall in the case of
adiabatic boundary condition and the eventual consumption of the reactants at the wall in this
case also increases ¢ at the wall (i.e., y = 0) with the progress of HOI. The differences in near-
wall behaviour of w between isothermal and adiabatic wall boundary conditions are reflected in
the statistics of §); and its components, which will be discussed next.

Statistical behaviour of reaction-diffusion imbalance

It can be appreciated from Equations 3 and 4 that the statistical behaviours of w, V - (pDVc)
and |V¢| affect the statistics of S);. The variations of the mean values of w, V- (pDVc),

N-V (pDKI - Vc), and —2pDx;,,| V| conditional upon c for different time instants are shown
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Figure 3. Variations of the mean values of {Ww (), V- (oDVc) (), N-V pDKI . Vc? (), —2pDkp|Vc| (),
W+ V- (pDV<) (), poSt|Ve| (+ 4) } X 6t /poS. conditional upon ¢ at t/t; = 3.99 (top), 10.92 (middle),
and 14.70 (bottom) for adiabatic and isothermal walls. The corresponding quantities for unstretched
laminar flames are shown by gray color and corresponding style.

in Figure 3 for both isothermal and adiabatic boundary conditions. The corresponding
variations in the unstretched laminar premixed flame are also shown in Figure 3. It can be
seen from Figure 3 that the variations of mean values of w, V - (pDVc), N - V(pDﬁ - Vo),
and —2pDx,,|Vc¢| conditional upon ¢ for isothermal and adiabatic boundary conditions
remain identical to each other and almost equal to the corresponding variations in the
unstretched laminar premixed flame when the flame remains away from the wall (e.g.,
t/ty = 3.99). Figure 3 shows that the mean value of w assumes negligible values towards the
unburned gas side but assumes the maximum value close to ¢ = 0.8. The mean values of
V. (pDVc) and N - V(pDﬁ - Vc) assume positive values towards the unburned gas side of
the flame front but they become negative on the burned gas side. Moreover, the mean values
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of V- (pDVc) = N - V(pDN - Vc) — 2pDk,,|Vc| and N -V (pDN - Vc) are found to be
almost equal to each other for the time instants when the flames are away from the wall
(e.g., t/ty = 3.99), which suggests that the mean contribution of —2pDx,,|V¢| is negligible.
This behaviour is a result of the negligible mean value of x,, for statistically planar flames,
which also leads to small values of the mean contribution of —2pDk,,|V¢|. The contribution
of —2pDk,|Vc| is identically zero for planar unstretched laminar premixed flames, and
thus, V - (pDVc) and N - V(pDKI - Vc) remain identical in this case. It can further be seen
from Figure 3 that the mean value of [w + V - (pDVc¢)| = pS4|V¢| remains close to the mean
value of p,S;|Vc| for the turbulent flames when the flame is away from the wall (e.g.,
t/tr =3.99) and [w+ V- (pDVc)] = pS4|Vc| is identical to p,S;|Vc| in the unstretched
laminar premixed flame. The mean behaviours of w, V- (pDVc), N - V(pDF] -Ve),
—2pDx,|Ve|, [W+V - (pDVc)], and pS,|Vc| are found to be consistent with previous
findings without the influence of walls (Chakraborty 2007; Chakraborty and Cant 2004,
2005, 2006).

Figure 3 indicates that the mean behaviour of W is not significantly affected by the
presence of the wall in the case of adiabatic boundary condition but the mean value of w
drops with time in the isothermal wall case, as the flame starts to quench due to heat loss
through the wall. Moreover, the mean value of |V¢| decreases with the progress of flame-
wall interaction in the case of isothermal wall boundary condition, but this tendency
remains negligible for the case with adiabatic wall boundary (see Figure 3). The detailed
explanation for this behaviour has been provided elsewhere (Ahmed, Chakraborty, and
Klein 2021¢; Kai et al. 2022) and thus will not be repeated here. The drop in the value of |V¢|
gives rise to a decrease in the magnitude of the mean values of

N- V(pDNI -Vc) = —0(pD|Vc|) /On with the progress of flame quenching in the case of

isothermal walls. The magnitude of the mean value of N - V(pDKT - V) also marginally
decreases with time as the FWI progresses in the case of adiabatic wall boundary condition,
but this trend is weaker than that in the case of isothermal wall boundary condition. Because
of the wall-induced vortical motion, the probability of obtaining negative x,, becomes
higher than finding positive «,, values when the flame reaches close to the wall and therefore
the mean value of —2pDx,,|Vc| becomes positive at advanced stages of HOI (e.g.,
t/t; = 14.70) in the case of adiabatic boundary condition. This marginally increases the
magnitude of the positive contribution of V- (pDVc) = N - V(pDKT - Ve) — 2pDx,| Vel
towards the unburned gas side and acts to decrease the negative contribution of
V. (pDVc) towards the burned gas side. As a result, the mean value of
[w+ V- (pDVc)] = pS4|Vc| increases with the progress of HOI in the adiabatic wall case.

Probability density functions (PDFs) of $*4/S, and its components

The probability density functions (PDFs) of S)/S; and its components (i.e., S} /S, S /S,
and S} /S) for the ¢ = 0.8 isosurface at different stages of HOI are shown in Figure 4 for
both isothermal and adiabatic wall boundary conditions. It can be seen from Figure 4 that S,
assumes predominantly positive values, as expected, when the flame remains away from the
wall (e.g., t/tf = 3.99) and thus is not affected by its presence. This is consistent with the
previously obtained behaviour of the displacement speed in the corrugated flamelets regime
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Figure 4. PDFs of S;;/S, and its components (i, S;/S;, S;/S., and S; /S;) for the ¢ = 0.8 isosurface for
adiabatic (dashed line) and isothermal (solid line) wall conditions at t/t, = 3.99(blue), 10.92(red), 14.70(green).

(Chakraborty 2007). However, the width of the PDF of S,/S; increases with the progress of
HOL Att/ tr = 14.70, when the flame has interacted with the wall, the occurrence of higher
positive values of S;/S; has a greater probability in the adiabatic wall case than in the
isothermal wall boundary condition. To explain this behaviour, it is instructive to examine
the PDFs of S; /Sy, S} /S, and S} /S;. It can be seen from Figure 4 that S} /S;, = —2Dx,,/S;.
peaks at the zero value and exhibits an equal likelihood of positive and negative values for
both isothermal and adiabatic boundary conditions at early times (e.g., t/tf = 3.99) when
the flame remains away from the wall. This is a consequence of the statistically planar nature
of the flames considered here. However, the width of S;/S; PDFs increases with the
progress of FWI, as the near-wall vortical structures tend to wrinkle the flames more as
they come close to the wall. Moreover, the probability of finding positive values of S} /S; is
greater than that for negative values for the adiabatic wall case when the flame is close to the
wall (e.g., t/t; = 14.70), which is consistent with positive mean values of —2pDx,,|V¢|
during advanced stages of HOI (see Figure 3). The components S'/S; and S/S; assume
positive and predominantly negative values, respectively, at the flame surface, which is
consistent with previous analyses (Chakraborty 2007, Ozel-Erol et al 2022; Chakraborty and
Cant 2004, 2005; Echekki and Chen 1996, 1999; Peters et al. 1998). It can also be seen from
Figure 4 that the probability of high positive values of S? /S; in the isothermal wall boundary
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condition dramatically decreases with the progress of HOI and at later times (e.g.,
t/ty = 14.70) a sharp peak of the S} /S; PDF is obtained at S;/S; = 0, which is indicative
of the flame quenching as a result of wall heat loss. The normal diffusion component S, /Sy,

can alternatively be written as: S} = —N - V(pD|Vc|)/p,|Vc|, which suggests that the
statistical behaviour of |V¢| affects the distribution of Sf. It has been demonstrated else-
where (Ahmed, Chakraborty, and Klein 2021c¢) that |V¢| assumes small values in the near-
wall region and interested readers are referred to Ahmed, Chakraborty, and Klein (2021c¢)
where detailed physical explanations were provided.

It is important to note that |V¢| is identically zero in the purely unburned and fully burned
gases. Thus, the quantity ‘ﬁ . V(|VCD‘ scales as |K7 : V(|Vc|)|~ max(|Vcl|) /8, where ¢ is the
flame front thickness which can be taken to scale as: max(|Vc|)~1/8 (Sankaran et al. 2007).
This suggests |ﬁ - V(|Vel)|~ max (|Ve|)?, which acts to decrease Sz |, as the HOI progresses
with time. The combination of a decrease in the magnitudes of positive S¥/S; and negative
S! /Sy acts to reduce the mean value of S;/S;, with the progress of HOI for the isothermal wall
case which can be substantiated by Table 1 where the mean values of §’;/S; and its components
for the ¢ = 0.8 isosurface during the evolution of HOI are reported. For the adiabatic case, the
increase in positive S; /S; with the progress of HOI gives rise to a mean value of S);/S; greater
than unity, as the decrease in the values of |V¢| is negligible and w values remain comparable at
different stages of HOIL Moreover, the increased width of S;/S; PDF owing to the flame
wrinkling induced by near-wall vortical motion acts to increase the width of S);/S; PDF with
the progress of HOI for both thermal boundary conditions. This can be substantiated by the
standard deviations of S’;/S; at different stages of HOI in Table 1. The flame quenching in the
isothermal wall case gives rise to greater variations of S; and S; on the flame surface than that in
the adiabatic wall boundary condition. This gives rise to wider PDFs of Sy, /S; in the
isothermal wall case than in the case of the adiabatic wall, and this can be verified from the
greater standard deviations of S}, ,,/S; = (S} 4 S;)/S;, in the isothermal case in Table 1. This
also contributes to the wider S;/S; PDFs in the isothermal wall case than that in the case of the
adiabatic wall.

Local curvature and tangential strain rate dependence of in the case of HOI

In order to understand the local curvature «, and tangential strain rate
ar = (8; — NiN;) Ou;/ Ox; dependences of S, it is worth investigating the statistical variations
of |V¢| in response to «,,, and ar and interrelation between ar and «,,. The joint PDF contours

Table 1. The mean values (MV) and the standard deviations (SD) of S;/S, and its components on ¢ = 0.8
isosurface with the progress of HOI for adiabatic (AW) and isothermal (IW) walls.

Sa/Su St/ Sp/Su S /S Sten/St

t/t Mv SD Mv SD Mv SD Mv SD Mv SD

AW 3.99 0.957 0.188 —0.002 0.149 -1.506 0.036 2.468 0.060 0.959 0.093
10.92 1.107 0.613 0.045 0.309 —-1.473 0.150 2.535 0.290 1.062 0.425
14.70 1.700 1.050 0.332 0.466 -1316 0.247 2.692 0.493 1.376 0.722
W 3.99 0.957 0.188 —0.002 0.149 -1.509 0.036 2.468 0.060 0.959 0.093
10.92 1.055 0.561 0.031 0.310 —-1.465 0.178 2.488 0.306 1.023 0.377
14.70 0.837 1.174 0.363 1.009 -0.263 1.097 0.803 0.985 0.564 0.857
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Figure 5. Contours of joint PDF between ar x 64/S, and kny X 6y for the ¢ = 0.8 isosurface at
t/tr = 3.99(top), 10.92(middle), 14.70(bottom) for adiabatic and isothermal walls.

between ar and «,, for the ¢ = 0.8 isosurface at different stages of HOI are shown in Figure 5
for both isothermal and adiabatic wall boundary conditions and the corresponding correlation
coefficients are listed in Table 2. It can be seen from Figure 5 that the correlation between ar
and k,, remains negative for both cases but the correlation weakens as the flames approach the
wall. The negative correlation between ar and «,, is consistent with several previous analyses
without walls (Renou et al. 1998; Haworth and Poinsot 1992; Chakraborty and Cant 2004,
2005; Chakraborty 2007; Ozel-Erol et al 2022). The negative correlation between ar and «,,
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Figure 6. Contours of joint PDF between |Vc| X 6y and ar x 6/S, for the ¢ = 0.8 isosurface at
t/tr = 3.99(top), 10.92(middle), 14.70(bottom) for adiabatic and isothermal walls.

arises principally due to thermal expansion but these effects weaken in the vicinity of the wall
because the flame experiences strong fluid-dynamic straining due to the shear rate induced by
the wall which is largely independent of flame curvature. Moreover, in the case of isothermal
wall boundary conditions, the flame quenching due to wall heat loss weakens the effects of
thermal expansion in the vicinity of the wall which leads to a negligible correlation coefficient
between ar and «,, at t/tf = 14.70 (Table 2).
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The interrelation between ar and «,, also affects the strain rate and curvature depen-
dences of |V¢|. The contours of joint PDFs between |Vc¢| and ar for the ¢ = 0.8 isosurface at
different stages of HOI are shown in Figure 6 for both isothermal and adiabatic wall
boundary conditions. The corresponding correlations are provided in Table 2. It can be
seen from Figure 6 and Table 2 that |Vc¢| and ar are weakly positively correlated away from
the wall (e.g., t/tf = 3.99) and the correlation remains positive as the flame approaches the
flame for the isothermal wall case. The correlation between |Vc¢| and ar remains positive
when the flame is away from the wall in the adiabatic wall boundary case with a comparable
correlation strength as that in the isothermal wall case. In the case of adiabatic wall
boundary conditions, the correlation between |Vc¢| and ar becomes negative as time
progresses. In order to explain the aforementioned behaviour, it is worthwhile to consider
the following relation:

ar + a, = Ou;/Ox; (7)

where a, = N;N;Ou;/0x; is the normal strain rate. The PDFs of ar x 0m/S. and
Ou;/0x; X 8y,/Sy for the ¢ = 0.8 isosurface at different time instants are shown in
Figures 7 and 8, respectively. It can be seen from Figure 8 that the probability of high
positive values of Ou;/0x; decreases as the flame comes in the vicinity of the wall in the case
of isothermal wall boundary condition. For the isothermal wall boundary condition, flame
quenching in the vicinity of the wall gives rise to the weakening of thermal expansion, which
leads to a significant reduction in the probabilities of finding high positive values of Ju;/0x;
with a strong peak at zero value. The increased probability of finding negative curvatures at
later times in the case of adiabatic boundary conditions gives rise to an increased probability
of high dilatation rates due to the focusing of heat at the negatively curved zones. It is
important to appreciate that the magnitude of Ou;/0x; is principally determined by the
thermo-chemistry, whereas ar is principally determined by the background fluid motion
(i.e., turbulence).

1.5 T v

PDF

0 2
ar X 5th/SL

Figure 7. PDFs of ar x &4 /S, for the ¢ = 0.8 isosurface for adiabatic (dashed line) and isothermal (solid
line) wall conditions at t/t; = 3.99(blue), 10.92(red), 14.70(green).
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Figure 8. PDFs of (Ju;/0x;) x 6w /S, for the ¢ = 0.8 isosurface for adiabatic (dashed line) and isothermal
(solid line) wall conditions at t/t; = 3.99(blue), 10.92(red), 14.70(green).

As ar is representative of fluid-dynamic straining due to turbulence, an increase in ar in
comparison to du;/0x; gives rise to a decrease in a, when the flame remains away from the
wall (e.g., t/t; = 3.99). Under the action of the decreasing trend of a,, the isoscalar lines
tend to come close to each other, which acts to increase |V¢|, which has been shown earlier
for FWTI in fully developed channel flows by Ahmed et al (2020, 2021a). This gives rise to
a positive correlation between |Vc| and ar away from the wall, which is consistent with
several previous analyses (Chakraborty and Cant 2005; Chakraborty and Klein 2008;
Chakraborty, Klein, and Cant 2007). When the flame starts to quench in the case of
isothermal boundary condition, du;/0x; becomes small before assuming negligible values
when the flame is fully quenched. Under this condition, an increase in ar leads to a decrease
in ay, which acts to increase |Vc|. Thus, a positive correlation between |V¢| and ar is
observed at all stages for flame-wall interaction in the case of isothermal wall boundary
conditions.

In the case of adiabatic wall boundary condition, an increase in ar in the negatively
curved regions due to the negative correlation between ar and «,, (see Figure 5) is also
associated with the increased value of du;/0x; due to the focusing of diffusive heat flux. If
the increase in Ou;/0x; overcomes that of ar in the negatively curved regions when the
flame is close to the wall, an increase in ar also gives rise to an increase in ay, which acts to
decrease |Vc|. This leads to negative correlations between |V¢| and ar when the flame
comes close to the wall (e.g., t/tf = 10.92 and 14.70) in the case of adiabatic wall boundary
conditions.

The contours of joint PDFs between |Vc¢| and «,, for the ¢ = 0.8 isosurface at
different stages of HOI are shown in Figure 9 and the corresponding correlation
coefficients are listed in Table 2. It can be seen from Figure 9 that |V¢| and «,
remain weakly correlated at all stages of HOI in the isothermal wall boundary
conditions. However, the correlation becomes increasingly positive with the progress
of HOI in the case of adiabatic wall boundary condition. This is a consequence of
Ou;/Ox; overcoming ar in the negatively curved regions which gives rise to an
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Figure 9. Contours of joint PDF between |Vc| x 64 and kn x 8 for the ¢ = 0.8 isosurface at
t/tr = 3.99(top), 10.92(middle), 14.70(bottom) for adiabatic and isothermal walls.

increase in ay and therefore acts to decrease |Vc|. The combination of positive
correlation between |Vc| and ar and negative correlation between ar and «x,, gives
rise to the negatively correlating branch in the joint PDF between |V¢| and «,, when
the flame remains away from the wall. Due to the focusing of diffusive heat flux at
the negatively curved regions, the dilatation rate Ju;/0x; can locally assume higher
values than the tangential strain rate ar and induce extensive normal strain rate a,,
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which acts to reduce the magnitude of |V¢|. This gives rise to a positively correlating
branch between |V¢| and «,, in the negatively curved zones when the flame is away
from the wall. This behaviour is found to be consistent with several previous analyses
(Chakraborty and Cant 2004, 2005; Chakraborty, Klein, and Cant 2007; Chakraborty
and Klein 2008; Chakraborty et al. 2008; Keil et al. 2021a, 2021b).
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Figure 10. Contours of joint PDF between S*, /S, = (Sj‘ +S;)/SL and ar x 6y4/S, for the ¢ =0.8

r+n

isosurface at t/t; = 3.99(top), 10.92(middle), 14.70(bottom) for adiabatic and isothermal walls.
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Local curvature and tangential strain rate dependence of S*,; and its components in
the case of HOI

The strain rate and curvature dependences of |Vc¢| affect the strain rate and curvature
dependences of S, =(Si+S;). The contours of joint PDFs between
Siin=(Si+S;) and ar for the ¢ =0.8 isosurface at different stages of HOI are
shown in Figure 10 for both isothermal and adiabatic wall boundary conditions
and the correlation coefficients are reported in Table 2. Both Table 2 and
Figure 10 indicate that S; , remains weakly correlated with ar when the flame is
away from the wall. For low Mach number flows, w for a given value of ¢ remains
independent of ar when the flame is away from the wall for unity Lewis number
conditions. Thus, the positive correlation between |V¢| and ar induces a negative
correlation between S¢ and ar according to Equation 4 when the flame is away from
the wall. The normal diffusion component of density-weighted displacement speed S,
can be scaled as N -V - (pDN - Vc)~(pD/p,|Vc|)8*c/dn>. As (pD/p,|Ve|)0*c/on? is
predominantly negative in the reaction zone (Chakraborty and Cant 2004, 2005;
Chakraborty 2007; Keil et al. 2021a, 2021b; Ozel-Erol et al 2022), the net effect of
positive correlation between |Vc| and ar induces a weak positive correlation between
S, and ar. This positive correlation between S}, and ar is partially nullified by the
negative correlation between S; and ar to yield a weak correlation between Sy, and
ar when the flame is away from the wall. The correlation coefficients between S; and
ar and between S; and ar remain close in magnitude but have opposite signs (except
for the adiabatic wall condition at t/t; = 14.70 but correlations remain weak) and
therefore the net correlation between S, ,
and 14.70) throughout FWI in this case.
Both positive and negative correlation branches in the joint PDF between |Vc¢| and «,,
(see Figure 9) give rise to two branches of comparable strength in the joint PDFs between
S; ., and x,, when the flame is away from the wall, which can be substantiated by Figure 11

where the contours of joint PDFs between S}

and ar remains weak (e.g., t/tf =10.92

v, and k,, for the ¢ = 0.8 isosurface at different
%

stages of HOI are shown. Figure 11 indeed shows a weak correlation between S;, |
when the flame is away from the wall (e.g., t/tf = 3.99), for both wall boundary conditions.

and x,,,,

%
r+n

correlation between ar and «,, leads to a weak negative correlation between S

The combination of a weak positive correlation between S*, and ar and the negative

%
r+n

the advanced stage of HOI for isothermal boundary condition (see Figure 11 and Table 2).
However, a significant negative correlation between S;_ , and ,, is obtained when the flame
is close to the adiabatic wall as a consequence of the combination of a stronger positive
correlation between S, and ar and a stronger negative correlation between ar and «,, than
in the isothermal wall case.

The component S; = —2pDk,,/p, is deterministically negatively correlated with «,,
with a correlation coefficient of —1.0 at all stages of HOI under both wall boundary
conditions. The combination of negative correlations between S; and «x, and

between ar and «, gives rise to a positive correlation between S; and ar when

and «,, at

the flame is away from the wall. However, the strength of the negative correlation
between ar and x, weakens with the progress of HOI, and thus, the positive
correlation strength between S} and ar also weakens with time. The combination
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Figure 11. Contours of joint PDF between Si, /S, = (Sf + S;“,)/SL and Kk, x 6y, for the ¢ = 0.8 isosur-
face at t/tr = 3.99(top), 10.92(middle), 14.70(bottom) for adiabatic and isothermal walls.

of positive correlations between S; and ar and mostly weak positive correlations
between S;,, and ar gives rise to a positive correlation between S} and ar at all
stages of HOI for both boundary conditions (see Table 2), which can be substan-
tiated by Figure 12 where the contours of joint PDFs between S and ar for the
¢ = 0.8 isosurface at different stages of HOI for both boundary conditions. The
correlation coefficient between S and ar (ie., corr(Sl’;,aT)) can be expressed as
(Chakraborty and Cant 2005):



COMBUSTION SCIENCE AND TECHNOLOGY . 2011

Adiabatic Wall Isothermal Wall
1.5}

0.5}

-04-02 0 0204 0.6 0.8 -0.4-02 0 020406 0.8
ar X 5th/SL ar X 5th/SL

t/t; = 10.92

t/ty = 14.70

ar X 0u/SL ar X 04/SL

Figure 12. Contours of joint PDF between S;/S; and ar x &4/, for the ¢ = 0.8 isosurface at
t/tr = 3.99(top), 10.92(middle), 14.70(bottom) for adiabatic and isothermal walls.

Corr(S;,,,,ar)SD(S:,,) + Corr(S;,ar)SD(S;)
$D(S;)

corr(Sjl,aT) = (8)
where corr(q1,qz) is the correlation coefficient between ¢; and ¢, and SD(q;) is the
standard deviation of g;. Equation 8 indicates that the relative magnitudes of SD(S}),
SD(S;,,), and SD(S;) along with Corr(S;,,,ar) and Corr(S;,ar) determine the corre-
lation strength between S’ and ar. Under both boundary conditions the value of
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t/tr = 3.99(top), 10.92(middle), 14.70(bottom) for adiabatic and isothermal walls.

corr(S:;,aT) decreases with the progress of HOI. The higher value of SD(S;;) at the
advanced stages of HOI (e.g., t/tf = 14.70) in the isothermal wall case acts to yield
a smaller value of corr(Sj,ar) than that in the case of adiabatic wall boundary
condition.

The deterministically negative correlation between S; and «,, with a correlation coeffi-
cient of —1.0 principally gives rise to the negative correlation between S’ and ,, at all times
for both wall boundary conditions. However, both positive and negative correlating
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branches between Sy, and «,, give rise to a negative correlation between S} and «,, with
a correlation coefficient significantly different from —1.0, which can be substantiated by
Figure 13 where the contours of joint PDFs between S} and «,, for the ¢ = 0.8 isosurface at
different stages of HOI are shown for both thermal boundary conditions. Following
Equation 8, the correlation coefficient between S; and x, (ie., corr(SZ,Km)) can be
expressed as (Chakraborty and Cant 2005):

Corr (S, km)SD(Sk,,) + Corr(S;, %) SD(S})

corr (S, km) = sD(s)) 9)

It has also been demonstrated earlier (see Figure 4) that both SD(S;,,,) and SD(S;) increase
with the progress of HOI, which affect the correlation between S} and «,,, as the relative
magnitudes of SD(S}), SD(S;, ), and SD(S; ), along with Corr(S;, . ) and Corr (S}, k),
determine the negative correlation strength between S} and «,,. It has been found that the
negative correlation between S} and «,, weakens with the progress of HOI (see Table 2).
This weakening of the negative correlation between S} and «,, is relatively stronger for the
isothermal boundary condition than in the adiabatic wall boundary condition (see Table 2).
The higher values of SD(S5) (i.e., wider PDF of S} in Figure 4) and SD(S;,,) in the
isothermal boundary condition at the advanced stages of HOI (e.g., t/t; = 14.70) act to
reduce the magnitude of the negative correlation coefficient Corr (S}, ) at later times
according to Equation 9.

Finally, the contours of joint PDFs between S; and stretch rate K = ar + 2(p,/p) Sim
for the ¢ = 0.8 isosurface at different stages of HOI shown for both thermal boundary
conditions are shown in Figure 14, which indicates a non-linear K dependence of S} in
agreement with previous analyses (Chen and Im 1998, Chen and Im, 2000; Chakraborty,
Klein, and Cant 2007; Herbert et al. 2020; Chakraborty et al. 2022) for positive values of S;.
The contours of the joint PDFs shown in Figure 14 suggest that the stage of HOI alters the
non-linear nature of K dependence of S’ and weakens the strength of the correlation (see
Table 2). The weakening of curvature dependence of S’ with the progress of HOI (see
Table 2) weakens the non-linear stretch rate dependence of S, which can be substantiated
by the contours of joint PDFs between S} and K in Figure 14.

Modelling implications

Using Equation. 3, it is possible to obtain the following relation (Boger et al. 1998; Trouvé
and Poinsot 1994):

w+ V- (pDVc) = po@szgen (10)

where gand (q), = q|Vc|/ Zeen are the Reynolds averaged/LES filtered and surface averaged/
filtered values of g, respectively (Boger et al. 1998; Trouvé and Poinsot 1994), as appro-
priate. Figures 5, 6, 12, 13 and 14 indicate that both S and |V¢| are affected by local
variations of ar, «,,, and K, which suggest that it is not possible to consider a constant value

of (S;)S for the closure of w + V - (pDVc). Furthermore, it was demonstrated elsewhere

(Chakraborty and Cant 2007, 2009) that the closure of (52)5 is not only needed for the
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Figure 14. Contours of joint PDF between S)/S; and K x &x/S, for the ¢ = 0.8 isosurface at
t/tr = 3.99(top), 10.92(middle), 14.70(bottom) for adiabatic and isothermal walls.

closure of w + V - (pDVc) but also for the modelling of the unclosed terms in the transport
equation of X, especially for the curvature stretch contribution (i.e., 2(Sgkm ) Zeen) to the
ESD transport equation (Chakraborty and Cant 2007, 2009). The findings of the current
analysis suggest that ar and «,, dependences of S need to be captured accurately to model
the progress of HOI with time and also to account for the effects of thermal wall boundary
conditions. It was demonstrated by Ghai et al. (2022) that the closure of Ww in flame-wall
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interaction in turbulent boundary layers is closely related to the wall heat transfer rate for
isothermal wall boundary conditions and thus it will be necessary to have a high-fidelity

model of (82)5’ which includes local strain rate and curvature dependences, in the frame-

work hybrid RANS/LES modeling of FWI in turbulent boundary layers to have accurate
predictions of mean burning rate and wall heat transfer rate.

Conclusions

Three-dimensional DNS data of head-on interaction (HOI) of statistically planar premixed
flames with a chemically inert wall across a turbulent boundary layer have been considered
to investigate the statistics of density-weighted displacement speed S and its components
for both isothermal and adiabatic wall boundary conditions. The PDFs of S have been
found to widen with the progress of HOI Dependencies of displacement speed to flame
curvature and tangential strain rate are significantly affected by the presence of the wall and
the type of thermal wall boundary condition. The increased variance of the tangential
diffusion component of displacement speed S; with the progress of HOI has been found
to contribute to the widening of S; PDFs with the progress of HOI. This widening of S,
PDFs is more prevalent in the case of isothermal wall boundary conditions than in the
adiabatic wall case. The interaction between near-wall vortical structures and the flame
surface can give rise to increased flame wrinkling when the flame comes in the vicinity of
the wall for both thermal wall boundary conditions. This is reflected in the increased range
of curvature «,, variation with the progress of FWI, which is reflected in the widening of
S; = —2pDk,,/p, PDFs. The thermal boundary condition directly affects the statistical
behaviour of the reaction component of S (i.e., S;) because the flame quenches when it
comes close to the wall due to heat loss in the case of the isothermal wall, whereas the flame
eventually extinguishes once all the reactants are consumed. As a result of this, the
variations of both reaction rate w and the magnitude of reaction progress variable gradient
|Vc| are responsible for the distribution of S} in the case of the isothermal wall, whereas the
variation of S} in the case of the adiabatic wall occurs due to |V¢| variation. Thus, the PDF of
S; in the case of the isothermal boundary condition is wider than that in the case of the
adiabatic wall boundary condition. This also contributes to the wider PDF of the combined
reaction and normal diffusion component of S} (i.e., S;, , = S; + S;,) and density-weighted
displacement speed S in the case of the isothermal wall than that in the case of the adiabatic
boundary condition.

The flame quenching in the case of the isothermal wall weakens the effects of dilatation
rate and flame normal acceleration in comparison to those in the case of adiabatic wall
boundary conditions. These effects are responsible for the differences in strain rate and
curvature dependences of |Vc| and the interrelation between ar and «,, for different
boundary conditions during HOI. These aspects also give rise to quantitative differences
in the correlations of S, and S} with tangential strain rate ar and flame curvature «,, for
different wall boundary conditions. It has been found that the negative correlation coeffi-
cient between S and flame curvature «,, decreases with the progress of HOI and the
widening of S7,  PDFs contributes to it for both wall boundary conditions. Similarly, the

%
r+n

correlation coefficient between S and ar also decreases with the progress of HOI for both
thermal boundary conditions. The weakening of x,, dependence of S}; with the progress of
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HOI also gives rise to the weakening of stretch rate dependence of the density-weighted
displacement speed.

The current analysis indicated that the curvature and strain rate dependencies need to be
accounted for in the modeling of the surface-averaged/filtered density-weighted displace-
ment speed (Sj;)s in such a manner that the change in correlation strengths with strain rate
and curvature based on local conditions of HOI and wall boundary conditions can be
accurately captured in RANS/LES modeling.

It was reported by Kai et al. (2022) that the qualitative behaviour of mean values of
displacement speed and its components across the flame front does not change due to the
variation of Re; in FWI within turbulent boundary layers but further analyses based on
detailed chemistry at higher values of Re, will be necessary for quantitative predictions and
deeper understanding despite previous analyses by Keil et al. (2021a, 2021b) and Lai, Klein,
and Chakraborty (2018, 2022) demonstrated that the displacement speed and the global
features of FWI, respectively, can be captured, at least in the qualitative sense, with the help
of single-step chemistry for methane-air flames. However, further analyses based on
detailed chemistry at higher values of Re, will be necessary for quantitative predictions
and deeper understanding.
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