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Abstract

Three-dimensional direct numerical simulations of V-flames interacting with chemically
inert walls in a fully developed turbulent channel flow have been performed under adi-
abatic and isothermal wall boundary conditions using single-step chemistry. These simula-
tions are representative of stoichiometric methane-air mixture at unity Lewis number under
atmospheric conditions. The turbulence in the non-reacting channel is representative of the
friction velocity based Reynolds number Re, = 110. Differences in the statistical behav-
iours of the mean values of progress variable, temperature, and density have been reported
for different wall boundary conditions. It is found that the mean location of the oblique
flame interacting with the wall is affected by the choice of the wall boundary condition
used. The influence of these differences on the flame dynamics is investigated by analysing
the statistical behaviours of the surface density function (SDF) and the strain rates, which
govern the evolution of the SDF. The mean variation of the SDF and the flame displace-
ment speed are strongly affected by the wall boundary condition within the viscous sub-
layer region of the boundary layer. The behaviours of the normal and tangential strain rates
are found to be influenced by not only the differences in the wall boundary conditions, but
also by the distance from the wall. The differences in the displacement speed statistics for
different wall boundary conditions and wall distance affect the behaviours of the normal
strain rate arising due to flame propagation and curvature stretch. The changes in the SDF
behaviour in the near wall region have been explained in terms of the statistics of effective
normal strain rate experienced by the progress variable iso-surfaces under different wall
boundary conditions and wall normal distances.
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1 Introduction

Flame-wall interaction (FWI) occurs in many engineering devices (e.g. spark ignition (SI)
engines, gas turbines and micro-combustors), and modelling these phenomena remains
challenging. During these events combustion is strongly influenced by the presence of
walls, which may lead to flame quenching in the case of wall heat loss. The flame also has
a significant effect on the flow near the wall as well as on the heat flux to the wall (Alshaa-
lan and Rutland 2002). Consequently, the turbulence structure is altered by the presence of
walls and the interaction of flame elements with walls leads to modifications of the under-
lying combustion processes (Alshaalan and Rutland 1998). In practice, limited information
is available regarding the behaviour of turbulence and combustion processes during FWI in
fully developed boundary layers.

Several experimental and numerical studies have focused on the issues related to FWI in
different flame/flow configurations. Head-on quenching of premixed turbulent flames under
isotropic turbulence conditions has been investigated in a two dimensional direct numeri-
cal simulation (DNS) by Poinsot et al. (1993), and extensively in three dimensional DNS
studies by Chakraborty and co-workers (Ahmed et al. 2018; Lai and Chakraborty 2016a,
b; Lai et al. 2017a, 2018a, b; Sellmann et al. 2017) for both unity and non-unity Lewis
numbers. In these simulations there is no mean flow and the flame propagates towards the
wall and is eventually quenched in the vicinity of the cold wall. A major drawback of these
simulations is that the turbulence decays rapidly during the FWI process and cannot be eas-
ily quantified. These simulations still provide important physical insights into quenching
distances and the influence of chemistry in FWI. The limitations related to the quantifica-
tion of turbulence in FWI can be overcome by investigating fully developed turbulence in
boundary layers. Such DNS studies have been performed by Bruneaux et al. (1996, 1997)
in a constant density turbulent channel flow and this work has been extended by Alshaa-
lan and Rutland (1998, 2002) by performing a V-flame simulation in a turbulent channel-
Couette flow. These simulations demonstrate that the near-wall structures have a strong
influence on the flame when it is in the vicinity of the wall. On the one hand, the flame
is pushed towards the wall by turbulent structures leading to higher wall heat fluxes and
localised flame quenching. On the other hand, these vortical structures transport unburned
fluid away from the wall and carry it into the burned gases, consequently creating pockets
of fresh gases in the burnt gas regions. More recently, FWI has been investigated in turbu-
lent channel flow using DNS by Gruber et al. (2010) in the case of a V-flame, and by Gru-
ber et al. (2012, 2018), Kitano et al. (2015) and Ahmed et al. (2019) in the case of turbulent
boundary layer flashback. Statistically planar turbulent premixed flames impinging on a flat
inert wall at different temperatures have been investigated by Zhao et al. (2018a, b, 2019).
These studies have shown that the flame front has a strong influence on the approaching
turbulence and at the same time the turbulence significantly affects the flame structure.
Recent experimental findings for V-flames interacting with cold walls (Jainski et al. 2017a,
b, 2018) and transient head-on quenching (Rimann et al. 2017) have confirmed the DNS
findings on the influence of the flame on turbulence and vice verca.

Current modelling approaches (i.e. Reynolds averaged Navier—Stokes (RANS) or large
eddy simulation (LES) techniques) used to simulate industrial scale combustors cannot
accurately account for the influence of the boundary layer on flame dynamics involved in
FWI. In turbulent premixed flames, the unclosed mean/filtered reaction rate is often closed
using the gradient of the reaction progress variable (c) and relies on the generalised flame
surface density (FSD) (Boger et al. 1998) or scalar dissipation rate (SDR) (Borghi and
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Dutoya 1979) modelling. Consequently, the statistical behaviour of the modulus of the
reaction progress variable gradient |Vc|, usually referred to as the surface density func-
tion (SDF), is of fundamental importance in the modelling of turbulent premixed flames
(Kollmann and Chen 1998). A transport equation for SDF has been derived by Pope (1988)
and Candel and Poinsot (1990) which demonstrates the roles of tangential strain rate and
curvature in the evolution of | V¢|. Further analysis on the transport of |V¢| based on a two-
dimensional DNS has been performed by Kollmann and Chen (1998) who also analysed
pocket formation in premixed flames. More recently, the strain rate and curvature depend-
ence of the different terms of the SDF transport equation have been investigated for dif-
ferent turbulence conditions (Chakraborty and Cant 2005a; Kim and Pitsch 2007), fuels
(Chakraborty et al. 2008, 2018), global Lewis numbers (Chakraborty and Klein 2008) and
mean flame radii (Chakraborty and Klein 2009). The issues related to the relative align-
ment of V¢ with the local principal strain rates have been investigated in several previous
studies (Ahmed et al. 2014; Chakraborty and Swaminathan 2007; Kim and Pitsch 2007).
These investigations demonstrate that V¢ preferentially aligns with the most extensive prin-
cipal strain rate when flame normal strain due to thermal expansion dominates over the
straining induced by turbulent fluid motion. Whereas, a preferential alignment of V¢ with
the most compressive principal strain rate is obtained when turbulent straining is stronger
than the flame-induced strain rate. The influences of normal and tangential strain rates aris-
ing from the non-material nature (i.e. flame normal motion) of the flame surface on the
evolution of the SDF have been demonstrated in previous studies (Cifuentes et al. 2014;
Dopazo and Cifuentes 2016; Dopazo et al. 2015, 2016), and these strain rates induced by
flame propagation have been termed as additional strain rates.

Until recently, most numerical investigations of the SDF transport and its strain rate
dependence have been performed on canonical configurations (i.e. flames interacting with
isotropic decaying turbulence). Some attempts have been made to understand the influence
of mean shear on the behaviour of the SDF in the case of Bunsen flames (Sankaran et al.
2007), turbulent jet flames under high Karlovitz numbers (Wang et al. 2017) and temporally
evolving slot jet premixed flames (Chaudhuri et al. 2017). It has been found by Sankaran
et al. (2007) that in the case of Bunsen flames, the flame thickens in the mean sense which
is in contradiction to the earlier findings from a canonical configuration (Hawkes and Chen
2006). The statistical behaviour of the strain rate induced by flame propagation in the case
of high Karlovitz number jet flames (Wang et al. 2017) has been found to be in contra-
diction with the earlier results obtained from flames interacting with decaying turbulence
(Dopazo et al. 2015). The SDF statistics in the case of a turbulent bluff body burner have
been found to be significantly affected by the downstream distance away from the bluff
body due to variations in the hydrodynamic tangential strain rate (Sandeep et al. 2018). In
this spirit, a DNS database of statistically stationary V-flames in a fully developed turbu-
lent channel flow under both isothermal and adiabatic inert wall boundary conditions has
been interrogated to extract statistical information regarding the behaviour of SDF and the
terms of the SDF transport equation. Such analysis under both isothermal and adiabatic
wall boundary conditions, to the best of our knowledge, has never been reported in the
literature. The flames considered in the current work are representative of stoichiometric
methane-air premixed combustion under low Mach and unity Lewis number conditions.
The main objectives of this work are:
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1. To demonstrate the mean behaviour of the displacement speed S, and the relative impor-
tances of its reaction, normal and tangential diffusion components in the near wall region
in the case of oblique FWI.

2. To investigate the statistics of normal and tangential strain rates on the evolutions of
the magnitude of the gradient of reaction progress variable | Vc| (also known as SDF),
which have implications on the modelling of FWI in fully developed boundary layers
for isothermal and adiabatic wall boundary conditions.

The paper is organized as follows. In the next two sections the mathematical background
for the current analysis and the details for the DNS data are provided. This is followed by
the results, and the conclusions are summarized in the final section.

2 Mathematical Background

The reactive field is usually expressed in terms of the reaction progress variable as:

Ve, = Yp)
c=E ——,
(YFR _ YF ) (l)

P

where Y is the fuel mass fraction and the subscripts R and P indicate the respective values
of the fuel in the unburned and fully burned gases. The transport equation for the reaction
progress variable is given by:

%+ ui—i oci +w 2
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where p is the density, u; is the velocity component in the jth direction, a. is the diffusivity
of the progress variable and @, is the chemical reaction rate. Equation (2) can be expressed
in the kinematic form for a given c iso-surface as:

dc dc
E+de_xj =8,|Vc|, 3)

where S, is the displacement speed and is defined as (Echekki and Chen 1996):

w.+ V- (pa.Vc
5, = 2tV loecVe) @
pIVel

Note that in Eq. (4) the displacement speed is affected by a reaction diffusion balance
@, + V- (pa,Vc), density p, and the SDF |Vc|. As the displacement speed depends on the
interaction between the molecular diffusion rate and the reaction rate, it is useful to express
displacement speed in terms of three different components as S; =S, + S, +S,. The
expressions for the reaction component S,, normal diffusion component S, and the tangen-
tial diffusion contribution S, of displacement speed are given by Echekki and Chen (1999):
@, N -V(pa.N - Vc)

T Ve T pIVe]

, S, = 2a,K,, 5)
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where k,, =0.5V-N is the arithmetic mean of two principal flame curvatures and
N = —=Vc¢/|Vc| is the flame normal vector. According to these definitions a flame sur-
face element with a positive (negative) curvature remains convex (concave) towards the
reactants.

The transport equation for |Vc| can be written as (Chakraborty and Cant 2005a; Kim
and Pitsch 2007; Sankaran et al. 2007):

ove| , 2(IVel) | (SN, Vel )

=ar|Ve| -
ot 0x7 ax]

+2S,x,,|Vel, (6)

where a; = (5,.j — N,-Nj)(aui / 0xj) is the tangential strain rate. Using the chain rule on both
sides of Eq. (6) yields (Chakraborty et al. 2018):

0|Vc| 0|Vl S,
: = —ay|Ve| - N.—24 |V
oV e = manIVel =N IVl 7
or — =-ay,
|Ve| dt N

where V7 = (u; + S,N)) is the jth component of propagation velocity of a given ¢ isosur-
face, ay = N;N;0u;/0x; is the flame normal strain rate and a;/ is the effective normal strain
rate that influences the evolution of |Vc¢|. It is evident from Eq. (7) that an increase in aij,f
leads to an increase in the normal distance between c isosurfaces, which consequently
leads to a decrease in |Vc|. In this regard, it is also useful to consider the evolution of the
flame surface area, A (Dopazo et al. 2015; Dopazo and Cifuentes 2016; Candel and Poinsot

1990; Pope 1988):

1 dA ou; i

KE =aT+2SdK'm= (éij—NiNj)$+2Sde=a; . (8)

7

In Eq. (8), 25,k,, is an additional contribution to the tangential strain rate due to flame
propagation and aeTff is the effective tangential strain rate (Dopazo et al. 2015; Dopazo and
Cifuentes 2016). The quantities a;ﬁ and 25k, are alternatively referred to as stretch rate
and curvature stretch, respectively (Candel and Poinsot 1990; Pope 1988). Note that there
are different definitions for stretch rate available in the literature (de Goey and ten Thije
Boonkkamp 1997), but a detailed comparison of these definitions is beyond the scope of

the current work and the expression in Eq. (8) will be used in the following sections.

3 Direct Numerical Simulation Data

A well-known three-dimensional compressible DNS code SENGA+ (Jenkins and Cant
1999) has been used to simulate the oblique flame—wall interaction of a V-flame with
inert isothermal and adiabatic walls in a fully developed turbulent channel flow. This con-
figuration is similar to the one used in earlier works of Alshaalan and Rutland (1998),
Alshaalan and Rutland (2002) and Gruber et al. (2010) on FWI under isothermal wall
boundary conditions. The code employs high-order finite-difference (10th order for inter-
nal points and gradually decreasing to 2nd order at the non-periodic boundaries) and
Runge—Kutta (3rd order explicit) schemes for spatial differentiation and time advance-
ment, respectively. The governing equations of mass, momentum, energy, and species
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mass fractions are solved in a non-dimensional form and a single-step irreversible reaction
(Fuel + s Oxidiser — (1 + s)Products) (where s is the oxidiser-fuel ratio by mass) is used
for the purpose of computational economy. This treatment for chemical reaction has been
employed in several previous studies involving head-on quenching simulations of premixed
turbulent flames under isotropic turbulence conditions (Poinsot et al. 1993; Sellmann et al.
2017; Lai and Chakraborty 2016a, b; Ahmed et al. 2018; Lai et al. 2017a, 2018a, b), head-
on quenching in a turbulent channel flow without density change across the flame (Bru-
neaux et al. 1996) and a V-flame configuration (Alshaalan and Rutland 1998, 2002). It has
also been demonstrated in previous studies that the inclusion of a detailed chemical mecha-
nism along with variable transport properties does not alter the underlying flame dynam-
ics (including the reaction progress variable gradient statistics which is the focus of this
work) (Lai et al. 2018a) or the behaviour of flame—turbulence interaction in the presence
of inert isothermal walls (Ahmed et al. 2018) in spite of some differences in heat release
rate behaviour in the near-wall region between simple and detailed chemistry simulations.
This is reflected in the increased CO and HO, production in the vicinity of the wall based
on detailed chemistry DNS data but it does not affect the statistics related to wall heat flux
magnitude and flame quenching distance, which have been found to be in agreement with
the corresponding values obtained from simple chemistry DNS data (Lai et al. 2018a). The
models proposed for the FSD and SDR based on simple chemistry DNS data are shown to
be valid for detailed chemistry DNS data in the case of FWI (Lai et al. 2018a). Further-
more, the wall heat flux and wall Peclet number obtained from simple chemistry DNS have
been found to be in good agreement with experimental findings (Jarosinski 1986; Vosen
et al. 1985; Huang et al. 1988). In fact, it has been shown in the past clearly and without
any doubt that displacement speed statistics from simple chemistry (e.g. Chakraborty 2007;
Chakraborty and Cant 2004, 20054, b) and detailed chemistry DNS (e.g. Echekki and Chen
1996, 1999) are qualitatively similar. The same is true for the statistics of the reactive sca-
lar gradient obtained from simple chemistry (Chakraborty and Cant 2005a; Chakraborty
and Klein 2008; Chakraborty et al. 2013; Dopazo and Cifuentes 2016) and detailed chem-
istry (Chakraborty et al. 2008, 2013; Wang et al. 2017) DNS data. It has been found that
models developed based on simple chemistry data (e.g. Lai and Chakraborty 2016b; Sell-
mann et al. 2017; Gao et al. 2014) perform equally well in the context of detailed chemistry
and transport (Lai et al. 2018a; Gao et al. 2016). The fluid-dynamical aspects of flame—wall
interaction based on simple chemistry DNS data of Alshaalan and Rutland (1998), Alshaa-
lan and Rutland (2002) have been found to be consistent with detailed chemistry results of
Gruber et al. (2010). In the recent experimental results of Jainski et al. (2017a), it has been
shown that the models developed by using single-step chemistry DNS are able to represent
global features of the near-wall FSD profiles obtained in experiments. The focus of the pre-
sent work is neither ignition nor emissions but on fundamental flame—turbulence interac-
tion in wall-bounded flows and this can be captured at least in a qualitative sense with the
help of single-step chemistry.

The current simulations are representative of a stoichiometric methane-air mix-
ture under atmospheric conditions, hence standard values of the Zeldovich number
p.=T,(T,y—Tr)/ Ta2 ", (where T, is the activation temperature, T}, is the reactant tempera-
ture and T, is the adiabatic flame temperature), Prandtl number Pr, and ratio of specific
heats y (i.e., f, = 6.0, Pr=0.7, and y = 1.4) are used where the Lewis numbers of all
the species are taken to be unity. It has recently been shown in a DNS study of statisti-
cally planar methane-air flames with detailed chemistry and transport (Aspden et al. 2016)
that the global Lewis number remains close to unity and the leading-order response of the
flame speed to turbulence is primarily driven by the global Lewis number even under very
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intense turbulence conditions which justifies the use of unity Lewis number in this work.
The heat release parameter © = (7, — Ty)/Ty is taken to be 2.3 for the V-flames consid-
ered here, which corresponds to preheating of reactants to a temperature of 7 = 730 K.
This value of T and the resulting 7 is consistent with the earlier detailed chemistry DNS
of FWI in the case of a V-flame in a turbulent channel flow (Gruber et al. 2010), turbulent
boundary layer flashback (Ahmed et al. 2019; Gruber et al. 2012; Kitano et al. 2015) and
single-step chemistry V-flame DNS with FWI (Alshaalan and Rutland 1998, 2002) and
without FWI (Dunstan et al. 2010).

An auxiliary DNS of inert fully developed turbulent-plane channel flow driven by
a stream-wise constant pressure gradient is used to generate the initial conditions and
the inflow data for the reacting flow simulation. It can be shown by an overall momen-
tum balance that the pressure gradient is directly related to the shear stress (z,, = puf) as
—0p/ox = puf /h, where u, = 1/|z,|/p is the friction velocity, 7,, = udu/dy|,_ is the wall
shear stress, / is the channel half height, p is the pressure and y is the dynamic viscosity
of the fluid. The bulk Reynolds number Re, = pu,2h/u for this simulation is 3285, where
u, =1/2h /02h udy, and the wall friction based Reynolds number Re, = pu h/u is 110. It
is ensured that the minimum non-dimensional distance to the wall y* = pu,y/u, where y is
the distance from the wall, is at most y* = 0.6 and the region y* < 1 has at least two grid
points to ensure appropriate resolution of the boundary layer as recommended by Moser
et al. (1999). The domain size for this channel is 10.694 X 24 X 4h and 1920 X 360 X 720
equidistant grid points are used to discretise the computational domain.

Two different V-flame simulations have been performed in this work, one with adiabatic
walls and the other with isothermal walls. The V-flame simulations are performed by plac-
ing a flame holder in a fully developed channel flow at y* = 55 from the bottom wall (i.e.
y = 0.5h) with an approximate radius of Ry, ~ 0.25,, (where 6, = (T,, — Tg) /max|VT|,
with the subscript L representing the laminar flame quantities) and the centre r,, positioned
at 0.834 from the inlet of the channel, which ensures that the flame interacts with the bot-
tom wall at a reasonable distance and also that the viscous boundary layer is not influenced
by the flame holder and any effects seen in the boundary layer downstream of the flame
holder are due to thermal expansion arising from chemical reaction. At the flame holder,
the species, temperature and velocity distributions are imposed using a presumed Gaussian
function following Dunstan et al. (2010). The Gaussian weighting function is defined in
terms of the radial distance from r; as:

ﬂ] , 9)

g(r) = Aexp[ 7
where the constants A and ¢ have been adjusted to produce the desired value of Rg,.
The sink or source terms appearing in the governing equations are evaluated by using
S, = gr)(u; —uy) and S, = g(r)(Y, — Y, p) for a =1... N —1, where Y, p is the burned
gas value of the species mass fraction at equilibrium and u,, is the initial mean velocity.
The flame holder can be considered to represent a catalytic wire aligned in the periodic
direction, but the intention is not to create the conditions representative of an actual flame
holder, and only to stabilise the flame in the least numerically intrusive manner. Conse-
quently, the formation of boundary layer on the flame holder and the effects of shear gen-
erated turbulence due to the flame holder are not considered in this analysis. The imple-
mentation of the flame holder has been validated by carrying out simulations without FWI
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Fig. 1 V-flames for adiabatic (top) and isothermal (bottom) wall boundary conditions. The isosurface col-
oured in red represents ¢ = 0.5. The instantaneous normalised vorticity magnitude Q is shown on the x—y
plane. The grey surface denotes the bottom wall

for the parameters considered by Dunstan et al. (2010) and comparing the turbulent flame
speed downstream of the flame holder (results not shown here).

The velocity fluctuations introduced at the inflow of the reacting channel are obtained
by temporal sampling of the temporally evolving turbulence at a fixed streamwise location
in the auxiliary non-reacting simulation. Note that the time step chosen for the non-react-
ing simulation, while the data is being sampled, is the same as that of the reacting flow
simulation. The set-up for the V-flame calculation is shown in Fig. 1, where the progress
variable is defined in terms of the fuel mass fraction (see Eq. 1). Navier—Stokes character-
istic boundary conditions (NSCBC) (Yoo and Im 2007) are used in the x and y directions.
The boundary conditions are inflow with specified species mass fractions, density and
velocity components at x = 0 and partially non-reflecting outflow at x = 10.69% planes;
no slip conditions are imposed for velocity at the walls (i.e. y = 0 and y = 2k), while the
temperature boundary condition is specified using zero gradient/ homogeneous Neumann
boundary conditions (i.e. 9T/0y|,_¢ o y=py = 0) in the case of adiabatic walls and Dir-
ichelet (i.e. T,,,; = Ty) conditions are used for the case with isothermal walls. The bounda-
ries in z direction are treated as periodic. The walls are assumed to be inert and imperme-
able, hence normal mass flux for all species is set to zero at the walls. The flame speed to
friction velocity ratio S; /u, = 0.7 and the laminar flame thermal thickness §,, is resolved
using approximately 8 grid points. The simulations have been performed for approximately
3 flow through times and the data has been sampled after 1 flow through time once the
initial transience have decayed. Note that under the current flow conditions 1 flow through
time is enough to obtain a statistically stationary solution for the mean turbulent kinetic
energy statistics. The instantaneous flame structures represented by the ¢ = 0.5 isosurface
for the two cases considered in this work along with the normalised vorticity magnitude
Q= \/m X h/u, (where w; is the component of vorticity) are shown in Fig. 1. The influ-
ence of the walls on € and the existence of wall ejections due to the introduction of the
fully developed boundary layer at the inflow are clearly visible in both cases.
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In the post-processing of the DNS data, the Reynolds averaged quantities (denoted by
1), Favre averaged quantities (denoted by 7= pA/p), correlations involving Reynolds
fluctuations (denoted by A’ = A — 1) and Favre fluctuations (denoted by A” = 1 — 7) have
been evaluated by time averaging and subsequently using spatial averaging in the periodic
directions, where A refers to a general quantity. The statistics related to the displacement
speed, SDF and the strain rates which influence the evolution of SDF have been evaluated
at a given value of the progress variable and then ensemble averaged using samples from
different time instants. A similar technique has been used in several previous analyses of
freely propagating statistically planar turbulent premixed flames (e.g. Boger et al. 1998;
Chakraborty 2007). Note that in the post-processing of displacement speed, SDF and the
strain rates which affect the evolution of SDF have been sampled on a given x — z plane in
terms of y/h values as y* in the case of the reacting channel varies with axial distance due
to velocity acceleration caused by thermal expansion effects. The data has been analysed at
y/h = 0.005 and y/h = 0.18 locations corresponding to y* = 0.6 and y* = 20 respectively.
These y* values have been evaluated based on the friction velocity for the corresponding
non-reacting channel flow configuration. ~

In this configuration, both turbulent kinetic energy k and dissipation rate € remain func-
tions of wall normal distance. For example, turbulent kinetic energy decreases, whereas its
dissipation rate increases as the wall is approached. The integral length scale based on €
and k can be defined as k' /€ and the root-mean-square velocity as (2k/3)%. In the case of
wall bounded flows both the integral length scale and the root-mean-square velocity based
on the aforementioned definitions decay close to the wall. This implies that Damkohler
and Karlovitz numbers (i.e. Da and Ka) can be estimated using turbulent Kinetic energy k
and its dissipation rate € in the following manner: Da = kS, /€5,, and Ka = 50‘5521'5 / Sz‘s.
According to these relations Da decreases as the wall is approached and vanishes at the
wall. By contrast, Ka increases towards the wall and assumes the highest value at the wall
in the channel flow configuration. However, the integral length scale based on two-point
correlations becomes large as the wall is approached for low Re, boundary layers (Ahmed
et al. 2020). This indicates that when the length scale based on two-point correlations is
used the Damkohler number assumes infinitely large values, whereas vanishingly small
values of Karlovitz number are obtained at the wall. Thus, in this configuration the value
of Damkohler number (or Karlovitz number) at a given y* or y/h location cannot be evalu-
ated in an unambiguous manner. However, in the current flow configuration away from the
wall the values for Damkohler number remain high (i.e. Da >> 1) and Karlovitz number
remains small (i.e. Ka << 1). Thus the flame nominally belongs to the corrugated flamelets
regime away from the wall.

4 Results and Discussion
4.1 Mean Flow Behaviour
The non-reacting auxiliary channel flow simulation has been compared with the results

of Tsukahara et al. (2005)" at Re_. =110 and an excellent agreement has been obtained
as shown in Fig. 2. It is useful to quantify the flame quenching distance 4, to establish

! Database available online at: https://www.rs.tus.ac.jp/t2lab/db/.
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Fig.2 Mean velocity (u™ = u/u,) and Reynolds stresses in the auxiliary channel flow simulation compared
with the earlier DNS of Tsukahara et al. (2005)

the accuracy of the simulation with the isothermal wall boundary conditions. In this case
a quenching Peclet number Pe, = 6,/6, is used (6, = azg/S, is the Zeldovich flame
thickness, where ayy, is the unburned gas thermal diffusivity). Here 6, is taken to be the
minimum wall-normal distance of the non-dimensional temperature 7 = 0.75 isosur-
face (i.e. the value of the temperature isosurface at which the maximum heat release rate
is obtained for an unstrained laminar flame for the present thermo-chemistry), where
T = (T - Tg)/(T,; — Ty) is the non-dimensional temperature and 7" is the local dimen-
sional temperature at a given point. The minimum Peclet number Pe,, which represents
the minimum wall normal distance of the flame signifying the flame quenching distance,
under isothermal wall conditions is found to be 2.02 which is close to the laminar head-
on quenching value of 2.19 and is consistent with earlier studies (Lai and Chakraborty
2016b; Lai et al. 2017b). In the case of fully developed channel flows, as used in this work,
the boundary layer extends to the centre of the channel (Pope 2000). Usually the viscous
sub-layer region is demarcated by the region showing u* = y* behaviour (Pope 2000). For
the present flow configuration, the viscous sub-layer region extends up to approximately
y/h = 0.045, which correspond to about y* = 5 and can be approximated by the u*-vs-y*
plot in Fig. 2.

Figure 3 shows the Favre averaged progress variable distributions for the two V-flame
cases investigated. It can be seen that the flame interacts with the wall further upstream in
the case of adiabatic wall conditions while the flame tends to interact with the wall further
downstream in the case of an isothermal wall boundary condition. This behaviour of the
flame originates due to the differences in the temperature boundary condition at the wall
and consequently due to the differences in the reaction rate values at the wall in the two
cases investigated. In order to explore this further the data has been extracted at x/h = 7 as
denoted by the dashed line in Fig. 3.

The behaviours of the mean values of density, and Favre mean values of streamwise
velocity, progress variable and non-dimensional temperature are shown in Fig. 4 for the
two cases at x/h = 7 for the sake of conciseness. Note that some quantitative differences
for the mean quantities are observed between different x/h sampling locations in the region
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Fig.3 Contours of the Favre
mean progress variable ¢ for the

V-flames under adiabatic (top)
and isothermal (bottom) wall
conditions. The dashed vertical
line represents the location where
the data is extracted for the line
plots of mean and Favre mean
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gress variable and Favre mean non-dimensional temperature at x/h = 7. Here u g and py are the non-react-

ing friction velocity at Re, = 110 and unburned gas density, respectively
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Fig.5 Variations of the mean profiles of |Vc| X é,, conditioned upon c at different distances away from the
wall. The lines with symbols represent the laminar V-flame results

where the flame—wall interaction takes place, but qualitatively the results remain similar, as
reported for x/h = 7. It can be seen from Fig. 4 that the behaviours of mean values of den-
sity, and Favre mean values of progress variable and temperature are significantly different
for the regions between y/h = 0to y/h = 0.5 and the region beyond y/h = 0.5. Differences
in the mean values of density, and Favre mean values of progress variable and temperature
near the bottom wall region (between y/h = 0 and y/h = 0.5) can be noticed between the
two cases, while the Favre mean stream wise velocity is unaffected by the change in the
wall boundary condition. Note that the decoupling between the progress variable and tem-
perature in the isothermal case originates due to quenching as a result of the heat loss at
the isothermal walls and this behaviour has implications on how the flame surface evolves
under different wall boundary conditions. The decoupling between the progress variable
and temperature in the case of isothermal walls is consistent with several previous DNS
(Lai and Chakraborty 2016b; Lai et al. 2018b; Ahmed et al. 2018; Alshaalan and Rut-
land 1998, 2002; Gruber et al. 2010) and experimental investigations (Jainski et al. 2017b,
2018). It is worth noting that boundary conditions for species mass fraction and temper-
ature are different at the isothermal wall. The species mass fraction follows a Neumann
boundary condition, whereas a Dirichlet boundary condition is specified for temperature.
As a result of flame quenching, the unburned reactants diffuse from the near-wall region
and their mass fraction drops at the wall, which leads to an increase in c. This behaviour
has been reported in several previous analyses on flame—wall interaction involving both
simple (Lai and Chakraborty 2016a, b; Lai et al. 2017a; Sellmann et al. 2017) and detailed
(Lai et al. 2018a) chemical mechanisms. Moreover, this behaviour was also reported in pre-
vious DNS investigations on V-flame—wall interaction in the case of single-step chemistry
by Alshaalan and Rutland (1998, 2002) and detailed chemistry by Gruber et al. (2010).
This trend is also shown in the recent experimental results of Jainski et al. (2017b, 2018).

4.2 Mean Behaviour of SDF and Flame Thickness

Figure 5 shows the values of |Vc| X 6, conditioned on c¢ at different y/h locations. Note
that the peak mean value of |Vc| X §,, indicates a tendency towards flame thinning (> 1)
or thickening (< 1) in the mean sense when compared with the freely propagating lami-
nar flame. In both cases the mean peak value of |Vc| X 6,, increases (thinner flame) as the
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Fig.6 Profiles of the mean values of V - u, ay and a; (normalised by 6,,/S;) conditioned upon c at different
distances away from the wall. The lines with symbols represent the laminar V-flame results

distance for the wall increases. The results from the turbulent V-flame simulations have
also been compared with 2-D V-flames interacting with a fully developed laminar bound-
ary layer in a channel flow configuration with adiabatic and isothermal wall boundary con-
ditions. The non-reacting laminar channel flow has the same centreline mean axial velocity
as that of the non-reacting turbulent channel flow simulations. At y/h = 0.005, the peak
mean value of |Vc| X 6, decreases under both wall boundary conditions in both laminar
and turbulent conditions (i.e. the flame becomes thicker), with isothermal walls having the
lowest peak mean value of |Vc| X 6, between the two wall boundary conditions. Note that
in the case of adiabatic walls at y/h = 0.005 the flame thickness increases more towards
the product side of the flame as shown in Fig. 5. Furthermore, smaller peak mean values of
the SDF for laminar flames than the corresponding peak mean values for turbulent flames
are observed for both wall boundary conditions used in this work. This implies that the tur-
bulent boundary layer tends to promote high values of the SDF.

4.3 Mean Behaviour of Dilatation and Aerodynamic Strain Rates
The changes in the flame thickness at different wall distances can be explained by Eqgs.

(6)—(8), which provide a means to understand the specific contributions from the statistical
behaviours of S, ay and a; to the SDF and its evolution. The mean values of dilatation rate
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V - u, normal strain rate ay and the tangential strain rate a, conditioned upon ¢ are shown
at different y/h locations within and outside the viscous sub-layer in Fig. 6. At y/h = 0.005
in the viscous sub-layer region, the magnitudes of the mean values of V - u remain smaller
than that of a; and ay under the two wall boundary conditions considered. This trend
changes at y/h = 0.18 outside the viscous sub-layer region and the mean values of V - u
assume greater values in comparison to that of a; and ay, while the contribution from a;
decreases. Due to the differences in the wall boundary conditions between the two cases
the mean values of V - u at y/h = 0.005 for adiabatic walls are higher than the ones found
in the case of isothermal walls. The dilatation rate V - u assumes mostly positive values in
the case of premixed flames due to heat release and this effect is attenuated in the viscous
sub-layer region under adiabatic walls due to constriction of the velocity gradient in the
wall normal direction and under isothermal walls due to the heat loss through the cold wall.
The mean value of ay remains positive outside the viscous sub-layer region at y/h = 0.18
for all the cases, whereas inside the viscous sub-layer it assumes negative values for the
turbulent cases, as shown in Fig. 6. In the case of laminar flow, the variation of normal
strain rate a, conditional upon ¢ away from the wall is qualitatively similar to that under
turbulent flow conditions.

The strain rate ay can be expressed as ay = (¢,c08%6, + €;4c08*0; + ¢,cos6,), where
e, €5 and e, are the most extensive, intermediate and most compressive principal strain
rates respectively, and 8, 65 and 6, are the angles between Ve and the eigenvectors associ-
ated with e,, ¢; and e, respectively. It is well known that V¢ aligns with the eigenvector
associated with e, when the strain rate due to flame normal acceleration dominates over
turbulent straining, and this is highly probable for flames with high Damkoéhler number (i.e.
Da > 1) (Kim and Pitsch 2007; Ahmed et al. 2014; Chakraborty and Swaminathan 2007).
By contrast, V¢ preferentially aligns with the eigenvector associated with e, when turbu-
lent strain rate overcomes the strain rate arising from flame normal acceleration, which is
highly probable for Da < 1 (Kim and Pitsch 2007; Ahmed et al. 2014; Chakraborty and
Swaminathan 2007).

In the current case, Da remains greater than unity throughout the flame away from
the wall, as Re, for the channel flow is low resulting in a large integral length scale and
low velocity fluctuations (Ahmed et al. 2020) when compared with 6, and S;, and this
gives rise to preferential alignment between Vc and the eigenvector in the principal direc-
tion corresponding to e, away from the wall for both isothermal and adiabatic boundary
conditions. This can be substantiated from higher mean values of e,cos?, than that of
eycoszé’y at y/h = 0.18 in Fig. 7 where the profiles of the mean values of e,cos?6,, eﬂcoszeﬂ
and eycoszé’y conditional upon ¢ are shown at y/h = 0.005 and 0.18. However, the strain
rate arising from flame normal acceleration remains low in the viscous sub-layer region
(e.g. y/h = 0.005) for turbulent conditions due to the low temperature at the wall under
isothermal conditions and due to the constriction of the velocity gradients in the wall
normal direction under both adiabatic and isothermal wall boundary conditions. This
consequently leads to Vc aligning with the eigenvector associated with e, giving rise to
negative mean values of ay in the near-wall region under turbulent conditions as shown
in Fig. 6, and this can be substantiated from higher mean values of 6700529}, than that
of e,cos?8, at y/h = 0.005 in Fig. 7. In contrast, under the laminar conditions V¢ aligns
with the eigenvector associated with e, and consequently a, assumes positive values at
all locations for isothermal boundary conditions and only in the unburned gas side (e.g.
¢ <0.2) in the case of adiabatic boundary condition. In order to explain this behav-
iour the contours of ¢ in the near-wall region for both adiabatic and isothermal bound-
ary conditions are shown in Fig. 8. In purely 2D flow the normal strain rate ay is given
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Fig.8 Contours of the progress variable ¢ in the near wall region for the laminar V-flames under adiabatic
(top) and isothermal (bottom) wall conditions

by ay = N?0u;/0x; + N\N,ou, /0x, + N;Nyou,/0x, + N2ou,/ox,. In the laminar
V-flame case with isothermal boundary condition, the contours of ¢ almost obliquely
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intersect the wall without much bending (see Fig. 8). Under these conditions, Nfaul /0x,
and N|N,du, /ox, remain positive (because ou, /0x, is positive for thermal expansion and
Ou, /0x, is positive in the laminar boundary layer with N, N, being positive) and dominant
to yield positive values of ay in the case of laminar V-flame, which can be seen from the
higher values of e,cos?8, than eycoszé’y in the near wall region (e.g. y/h = 0.005 in Fig. 7).
In the case of laminar adiabatic boundary condition, the contours of ¢ < 0.2 remain mostly
straight and intersect the wall without much bending towards the unburned gas side (see
Fig. 7) and therefore the normal strain rate ay and its components e,cos>6, and eycoszﬁy
behave qualitatively similarly to the isothermal wall condition due to the aforementioned
reasons. However, the contours of ¢ become significantly curved before intersecting with
the wall for ¢ > 0.2 in the case of laminar V-flame under adiabatic wall condition and this
leads to negative values of ay (i.e. du, /dx, and N|N, can be negative for curved ¢ con-
tours). The flame normal acceleration towards the wall across the curved flame elements
in the adiabatic laminar V-flame case induces a compressive strain rate in the near-wall
region because of the impenetrable nature of the wall. These mechanisms are reflected
in the higher values of e},coszey than e,cos?6, in the region corresponding to ¢ > 0.2 for
y/h = 0.005 in the case of laminar V-flame with adiabatic walls. From the expression in
Eq. (6) it can be deduced that in turbulent flames in the regions outside the viscous sub-
layer, the normal flow strain has a net flame thickening effect whereas inside the viscous
sub-layer region it has a flame thinning effect. In the case of laminar flames, in the vis-
cous sub-layer region, the normal flow strain has a net flame thinning effect for the adi-
abatic wall boundary condition and a net thickening effect for isothermal wall boundary
conditions.

The influence of the velocity gradients on the flame surface area can be determined
by examining the behaviour of a;. The mean value of a; = V - u —ay is determined by
the relative magnitudes and signs of V -u and a,. In the viscous sub-layer region (e.g.
y/h = 0.005) under turbulent conditions the large negative mean value of a, and a small
mean positive value of V - u leads to a large positive mean value of a; for both wall bound-
ary conditions. Whereas, under laminar conditions for isothermal walls the large positive
values of ay and V -u =0 lead to large negative values of a;. In the case of adiabatic
walls, under laminar conditions, the value of a, varies from negative at the front of the
flame to positive at the rear of the flame. This is due to the small positive values of V - u
and large variations of a, across the flame. According to Eq. (8) this implies that under
turbulent conditions the aerodynamic tangential strain acts to increase flame surface area
in the viscous sub-layer region. Outside the viscous sub-layer (e.g. y/h = 0.18) the mean
values of V - u and a, remain close to each other thus yielding a small positive mean value
of a; in both cases. This can be established further by examining the instantaneous ¢ = 0.5
isosurface for the bottom branch of the flame as shown in Figs. 9, 10 and 11. The dilatation
rate V - u = a; + ay is vanishingly small close to the wall in the isothermal case due to the
heat loss at the wall. By contrast, in the case of the adiabatic wall, V - u remains non-zero
but very small in the vicinity of the wall due do the constriction of the velocity gradients in
the wall normal direction. It can be seen in Figs. 9, 10 and 11 that both flames curve in the
upstream direction in the near wall region, but the adiabatic case tends to curve more than
the isothermal case, which explains the variation of a; and a, statistics between the two
cases in the near wall region.
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Fig. 9 Bottom half of the instantaneous turbulent flames represented by ¢ = 0.5 isosurface coloured by V - u
(normalised by 6,/S; ) for adiabatic (top) and isothermal (bottom) walls

Fig. 10 Bottom half of the instantaneous turbulent flames represented by ¢ = 0.5 isosurface coloured by a;
(normalised by 6,,/S; ) for adiabatic (top) and isothermal (bottom) walls

4.4 Mean Behaviour of Displacement Speed

The behaviour of the flame in the near wall region is further investigated by analysing the
statistics of flame displacement speed and its components as expressed in Egs. (4)—(5).
The mean values of individual contributions of the components and the total displacement
speed for both laminar and turbulent conditions are shown in Fig. 12 for both wall bound-
ary conditions in the viscous sub-layer and the log-layer region of the boundary layer. The
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Fig. 11 Bottom half of the instantaneous turbulent flames represented by ¢ = 0.5 isosurface coloured by ay
(normalised by 6,,/S; ) for adiabatic (top) and isothermal (bottom) walls

mean values of S, and its constituent components are identical outside the viscous sub-
layer at y/h = 0.18 for adiabatic and isothermal walls under both laminar and turbulent
conditions and are consistent with the values obtained for the freely propagating flame in
the top part of the channel (i.e. the flame in the region y/h > 1). These results are also
consistent with the earlier findings from simple chemistry (Chakraborty 2007; Chakraborty
and Cant 2005a, b; Chakraborty and Klein 2008) and detailed chemistry DNS (Chen and
Im 1998; Echekki and Chen 1996, 1999; Peters et al. 1998) of statistically planar turbu-
lent premixed flames. Notable differences in the mean behaviour of S, and its components
can be seen between the two wall boundary conditions in the viscous sub-layer region at
y/h = 0.005. In the turbulent case with isothermal walls, the mean displacement speed in
the near wall region is driven by the diffusion processes (i.e. S, and S,) and the mean value
of S, is negative in some parts of the flame. This implies that the flame is retreating in
the burned gas due to the heat loss through the cold wall. In the case of adiabatic walls,
the mean value of S, remains positive and all the components of the displacement speed
play important roles in controlling the mean value of S,. It should be noted that the mean
value of S, is much lower for the flames with adiabatic walls at y/h = 0.005 when com-
pared with the values at y/h = 0.18. Furthermore, the mean values of S, tend to decrease
towards the product side of the flame and assume a plateau, which implies that the flame is
slowing down in the near wall region, because for a freely propagating flame S, increases
with reaction progress variable c. This can further be verified by examining the mean con-
tributions of the reaction rate (@,), tangential (—2pa,x,,|Vc|), normal (N - V(pa N - Vc¢))
and total diffusion rate (V - (pa.Vc)) in Eq. (2) conditioned upon ¢, which are shown in
Fig. 13 for both wall boundary conditions at the different wall distances. The approxi-
mate reaction-diffusion balance holds in all cases outside the viscous sub-layer region at
y/h = 0.18, but in the viscous sub-layer region (e.g. y/h = 0.005) the reaction rate is zero
for isothermal wall conditions. The diffusion rates do not vanish in the viscous sub-layer
region for cases with isothermal walls and exhibit small mean values close to the wall. By
contrast, the mean contributions of both reaction and diffusion processes remain significant
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Fig. 12 Profiles of the mean values of normalised displacement speed and the individual components con-
ditioned upon c. The lines with symbols represent the laminar V-flame results

in the viscous sub-layer region in cases with adiabatic walls. In both cases, outside the
viscous sub-layer (i.e. y/h = 0.18), the reaction-diffusion balance is almost identical to that
of a freely propagating laminar flame, while significant differences exist between the freely
propagating laminar flame and the V-flame results in the viscous sub-layer region.

It should be recognised here that the theory of stretched flames by the pioneering work
of Matalon and Matkowsky (1982) and Candel and Poinsot (1990) has been developed
based on simplified assumptions without referring to detailed chemistry and transport. The
displacement speed statistics from simple chemistry (e.g. Chakraborty 2007; Chakraborty
and Cant 2004, 2005b) and detailed chemistry DNS (e.g. Echekki and Chen 1996, 1999)
are qualitatively similar. The stretch rate dependence of displacement speed from sim-
ple chemistry DNS (Chakraborty et al. 2007) has been found to be qualitatively similar
to the detailed chemistry results by Chen and Im (1998). The value corresponding to the
maximum reaction rate at different wall normal locations can be seen from Fig. 13. In the
context of single step chemistry, the reaction rate is a function of ¢ and 7, thus this term
responds to heat loss and the inequality between ¢ and T in the vicinity of the wall, and this
behaviour can be seen for the isothermal wall case. The combustion conditions nominally
belong to the corrugated flamelets regime away from the wall for the cases considered
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Fig. 13 Profiles of the mean values of reaction rate and different components of the diffusion rate (normal-
ised by pg, S; and 6,,) conditioned upon c. The solid lines represent the respective V-flame cases and the
dashed lines represent the freely propagating laminar flame results. The lines with symbols represent the
laminar V-flame results

here and under such a condition (as shown later the mean stretch rate remains weak) it is
expected that the mean values of reaction rate and molecular diffusion rate conditional on ¢
will not change significantly.

4.5 Mean Behaviour of the Strain Rates Due to Flame Propagation

The changes in the behaviour of displacement speed have strong implications on the evo-
lution of the flame surface. This can be further investigated by examining Eq. (7). The
mean values of N;0S,/0x; normalised by &,,/S;, conditioned on c at different y/h locations
under both wall boundary conditions are shown in Fig. 14. The mean value of N;0S,/0x; is
dominated by N;d(S, + S,)/0dx;, while the effect of N;dS,/0x; is negligible outside the vis-
cous sub-layer region (e.g. y/h = 0.18) for both cases. This is consistent with the expected
behaviour in the corrugated flamelets regime combustion, which prevails away from the
wall, where the component arising from kinematic restoration (i.e. N;d(S, + S,,)/0x;) domi-
nates over the curvature contribution (i.e. N;0S,/0x;) of the additional strain rate induced by
flame propagation. In contrast, within the viscous sub-layer, there is a competition between
N;0(S, + S,)/0x; and N;0S, /0x; for cases with adiabatic walls, as the chemical reaction rate
is sustained at the wall. However, for isothermal wall boundaries under both laminar and
turbulent conditions, the mean N;d(S, + S,,)/0x; contributions to N;dS,/dx; are small in
comparison to that of N;dS, / 0x; due to the existence of the cold wall and a drop in the reac-
tion rate. In the case of laminar flame with isothermal walls N;0S,/0x; shows much smaller
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Fig. 14 Profiles of the mean values of N;0S,/dx;, N;d(S, +S,)/0x; and N;dS,/dx; (normalised by 6,/S;)
conditioned upon c. The lines with symbols represent the laminar V-flame results

magnitude than the corresponding mean values in the turbulent flame in the near wall
region (e.g. y/h = 0.005) as the contributions from kinematic restoration and curvature are
small in magnitude in the case of the laminar V-flame. This behaviour originates due to the
fact that at a given wall normal location the flame is at the same stage of quenching in the
2D laminar V-flame under isothermal wall boundary condition, whereas turbulent flame-
lets at a given wall normal distance show various extents of chemical activities (e.g. heat
release rate and thermal expansion) even under isothermal boundary condition as a result
of flame wrinkling under turbulent fluid motion. In both boundary conditions, under turbu-
lent conditions, within the viscous sub-layer N;0S,/dx; assumes higher mean values (and
the mean value is positive) when compared with those outside the viscous sub-layer region,
which promotes small values of |V¢| as evident from Fig. 5. Small negative mean values of
N;aS, / ox;aty /h = 0.18 can be observed for both boundary conditions which tends to pro-
mote high values of | Vc| and can be confirmed from Fig. 5 at y/h = 0.18.

Figure 15 shows the mean behaviour of the flame propagation effect associated with the
curvature stretch 25k, the last term in Eq. (6) and its constituent components for both
wall boundary conditions. Note that the mean values of 25,x,, and its components remain
weakly negative and very close to zero outside the viscous sub-layer region at y/h = 0.18
under both wall boundary conditions. The correlation between (S, +S,) and k,, and the
deterministic negative values of S,x,, = —4chfn are responsible for negative mean values
of 25,x,,. In the viscous sub-layer region for adiabatic wall conditions, both 2(S, + S,)x,,
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Fig. 15 Profiles of the mean values of 2S5,x,,, 2(S, + S,)k,, and 2S,k,, (normalised by 6,/S;) conditioned
upon c. The lines with symbols represent the laminar V-flame results

and 2S,x,, assume negative value towards the unburned gas side of the flame and progres-
sively diverge towards the trailing edge of the flame leading to a competition between
2(S, + S,)k,, and 2S,k,,. This is caused by the existence of the adiabatic wall boundary con-
dition which leads to no heat loss at the wall and consequently leading to reaction on the
wall surface. In contrast, 25,x,, and its components remain close to zero or negative under
isothermal wall conditions within the viscous sub-layer region due to the heat loss at the
wall which leads to quenching of the flame.

4.6 Mean Behaviour of Effective Normal and Tangential Strain Rates

The mean values of af\f? conditioned on ¢ for both wall boundary conditions at different y/h
locations are shown in Fig. 16. Under turbulent conditions with adiabatic walls in the vis-
cous sub-layer (e.g. y/h = 0.005), the mean effective normal strain rate assumes both posi-
tive and negative values within the flame-front, whereas in the turbulent case with isother-
mal walls, the mean value of aff remains positive throughout the flame at this location. A
comparison between Figs. 5 and 16 reveals that the negative mean aff in the case with adi-
abatic walls at y/h = 0.005 occurs at the same ¢ values where flame thinning is observed,
by contrast the positive mean af\,ﬁ occurs for ¢ values at which the flame thickens in both
cases. This is in contrast to the laminar conditions, where a;ﬁ is weakly negative or has zero

contributions. Outside the viscous sub-layer (e.g. y/h = 0.18) the mean value of af;]ﬁ for the
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Fig. 16 Profiles of mean values of af;/[/ and acTﬂ (normalised by 6,,/S;) conditioned upon c at different dis-
tances away from the wall. The lines with symbols represent the laminar V-flame results

turbulent cases remains weakly positive or very close to zero and a very small amount of
flame thinning can be observed at this location under both wall boundary conditions as
shown in Figs. 5 and 16. It is important to note that the statistical behaviour of the SDF
at a given wall normal distance in the laminar V-flame case under isothermal wall bound-
ary condition is fundamentally different from the corresponding turbulent flame case. At a
given wall normal distance the laminar V-flame case shows a unique value of reaction rate,
heat release and dilatation rate, whereas these values change in the homogeneous span-
wise direction for the turbulent V-flame case because flame elements show a range of c,
reaction rate and molecular diffusion rate values due to flame wrinkling. Therefore, even
though the near-wall dynamics of the SDF is expected to be driven by convection-diffusion
mechanisms in the isothermal case, due to flame quenching, these behaviours are different
between laminar and turbulent flame cases at a given wall normal distance because of the
differences in thermal expansion and molecular diffusion characteristics.

Figure 16 also shows the mean values of aT conditioned on ¢ for both wall bound-
ary conditions at different y/h locations. A positive (negatlve) value of a is indicative of
flame area generation (destruction). The mean value of aT remains close to zero outside
the viscous sub-layer (e.g. y/h = 0.18) for both wall boundary conditions. Within the vis-
cous sub- la er region (e.g. y/h = 0.005), for adiabatic wall boundary condition, the mean
value of a s negative at the front of the flame before assuming positive values for the
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Fig. 17 Isosurfaces of the progress variable ¢ = 0.5 for 0 < y* < 6 coloured by «,, X §,, in the region of
flame—wall interaction for case-A (top) and case-B (bottom)

rest of the flame under both laminar and turbulent conditions. In the case of isothermal
walls under both laminar and turbulent conditions, within the viscous sub-layer region, the
mean value of aeTﬁ remains mostly negative. This implies that the flame surface is generated
for adiabatic walls due to a non-zero reaction in the viscous sub-layer region, whereas the
flame is quenched by the isothermal cold wall leading to a much flatter flame and lower

flame surface area.

4.7 Modelling Implications

It can be seen from Fig. 12 that the mean values of S, in the turbulent cases decrease
in the viscous sub-layer region not only for isothermal wall boundary conditions due
to local flame quenching caused by wall heat loss, but also for adiabatic wall boundary
conditions. Although it is not shown here explicitly, similar qualitative conclusions can
be drawn for the density-weighted displacement speed pS,;. Furthermore, the mean value
of |Vc| also decreases in the viscous sub-layer region for both cases (see Fig. 5) due to
the mechanisms described earlier, although this tendency is particularly strong for the
case with isothermal walls due to flame quenching. This suggests that the mean value of
pS;|Ve| = o, + V- (pa,Vc) decreases in the near wall region for both wall boundary con-
ditions, which can be substantiated from Fig. 13. The flame quenching is responsible for
the small mean value of pS,;|Vc| = @, + V - (pa,.Vc) in the viscous sub-layer region in the
case of isothermal walls, whereas in the case with adiabatic walls, the profile of the normal
diffusion component N - V(pa N - Vc) changes in the viscous sub-layer region in compari-
son to that for the freely-propagating planar laminar premixed flame (as shown in Fig. 13)
as a result of the zero wall-normal gradient of c¢. Furthermore, the interaction of the flame
elements with near wall vortical structures stretch the flame elements in such a manner in
the case with adiabatic walls that a predominance of positive curvature (i.e. flame element
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Fig. 18 Profiles of the mean reaction rates from DNS of turbulent V-flames (left) evaluated from X (middle)
and €, (right) at x/h = 7. The vertical dotted line for EL, plot on the left shows the mean reaction rate at the
same value of ¢ for the top branch of the flame as the value of ¢ at the bottom wall for the case with adiaba-
tic wall boundary conditions. Case-A and Case-B imply the turbulent V-flame simulations with adiabatic
and isothermal wall boundary conditions respectively

convex to the reactants) is observed at y/h = 0.005 (or y* = 0.6), which leads to a negative
mean value of the tangential diffusion rate (—2pa_ k,,|Vc|) at this location. The predomi-
nance of positive curvature in the viscous sub-layer region can be confirmed by Fig. 17
which shows the ¢ = 0.5 isosurface between y* of 0 and 6 coloured by «,, X §,, for both
cases. The changes in the statistical behaviours of N - V(pa N - V¢) and —2pe_ k,,|Vc| in
the viscous sub-layer region, when compared with those in the freely-propagating flames,
lead to the reduction in pS,|Vc|at y* = 0.6 in the case with adiabatic walls.

On Reynolds averaging pS,|Vc| one obtains (pS,),Z,,, = @, (as V - (pa,Vc) << @
the context of Reynolds Averaged Navier—Stokes (RANS) simulations) where %, = |Vc¢|
is the generalised FSD and (Q), = Q|Vc¢|/Z,,, is the surface-averaging operation for a
general quantity Q (Boger et al. 1998; Trouvé and Poinsot 1994). The decreasing trend of
pS,| Vel in the vicinity of the wall suggests that @, is expected to decrease in the near-wall
region for the case with adiabatic walls, whereas @, vanishes at the wall in the case with
isothermal walls due to flame quenching caused by the cold wall. This can be substanti-
ated from Fig. 18 which reveals that the mean reaction rate away from the bottom wall at
x/h =7 is almost identical in both wall boundary conditions, but a significant difference
can be observed between the two cases near the bottom wall. In the case with adiabatic
walls, a significant reduction in the mean reaction rate can be seen near the bottom wall
but the mean reaction rate remains non-zero, while in the case with isothermal walls the
reaction rate goes to zero at the wall. In the case with adiabatic walls, one obtains ¢ = 0.62
and @, X 8,,/ppS; = 0.05 at the wall, whereas for the flame branch in the top half of the
channel (i.e. y/h > 1) one obtains @, X 6,,/pgS; = 0.13 for T = 0.62. This behaviour has
implications on the mean reaction rate closure in the viscous sub-layer region of the flow.

Often (pS,), is approximated as (pS,), = ppS; (Boger et al. 1998; Hawkes and
Cant 2001) and thus the FSD based reaction rate closure takes the form @, = PRSLZ gen
in the context of RANS, whereas @, can alternatively be closed via the scalar dissipa-
tion rate €. = pa,Vc-Ve/p—a.Ve- VE in the following manner o, = 2pe,/(2C,, — 1)
(Bray 1979; Chakraborty et al. 2011), where C,, is a thermo-chemical parameter which
takes a value of (.78 for the present thermo-chemistry. It can be seen from Fig. 18 that
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in both cases pgS;Z,,, and 2pe,/(2C,, — 1) decrease at the bottom wall, but higher val-
ues of 2pe,/(2C,, — 1) can be seen in the vicinity of the wall for the case with adiaba-
tic walls when compared with the case with isothermal walls. It should be noted here
that the mean reaction rate closures based on FSD (i.e. @, = PRSI Zge) and SDR (ie.
®,. = 2p€./(2C,, — 1)) are able to capture the mean reaction rate @,. trends in the case with
adiabatic walls but predict a non-zero mean reaction rate at the wall for the case with iso-
thermal walls. These closures need to be modified for isothermal conditions considered
in this work, as the existing closures in the literature lead to high reaction rate predic-
tions in the near wall regions due to high ppS; %, and pe, values near the bottom wall as
shown in Fig. 18. Although the discrepancy between @, and pgS, %, (or between @, and
2pe./(2C,, — 1)) in the case with adiabatic walls is much smaller than in the case with
isothermal walls, there are still differences between @, and pgS 1 Zgen (OF between @, and
2pe, /(2C,, — 1)) in the viscous sub-layer region for the case with adiabatic walls. This sug-
gests that both FSD and SDR based reaction rate closures need modification in the vicinity
of the wall even in the case of adiabatic wall boundary conditions. Near wall modifications
to the FSD based mean reaction rate closures have been proposed for wall-induced flame
quenching in the past under constant density conditions in the case of turbulent channel
flow (Bruneaux et al. 1997) and under variable density conditions in the case of turbulent
head-on quenching (Sellmann et al. 2017), but the discrepancy between @, and PRSLZ gen
for adiabatic wall boundary conditions in the near wall region suggests that the FSD based
mean reaction rate closure without flame quenching also needs modification in the viscous
sub-layer region and the approximation (pS;), = pS; may not be valid in the viscous sub-
layer region. Note that the approximation (pS,), = pgS; holds reasonably well away from
the wall for weakly stretched flames such as the ones considered in this work, and this can
be verified by the good agreement between @, from the DNS and pS 12 ¢en When the flame
is away from the wall i.e. in the region y/h > 0.5. Furthermore, the mean reaction rate clo-
sure for SDR (i.e. @, = 2p€./(2C,, — 1)) is not flame speed dependant and is also shown
to be inadequate in the near-wall region for the isothermal and adiabatic wall boundary
conditions. Although near-wall modifications to the SDR based mean reaction rate closure
have been proposed earlier for head-on quenching under isothermal wall boundary condi-
tion (Lai and Chakraborty 2016b), these will not be valid for flows with boundary layers
and adiabatic wall boundary conditions. The expression 2pe./(2C,, — 1) does not account
for the behaviour of the alternation of reaction-diffusion balance explicitly in the viscous
sub-layer region under adiabatic wall boundary condition. Hence, it is perhaps expected
that the conventional SDR based mean reaction rate closure may not be adequate in the vis-
cous sub-layer region of the reacting flow boundary layer. Furthermore, in reality, the real
temperature at the wall will probably lie somewhere in between isothermal and adiabatic
conditions which should be considered as limiting cases and probably strongly depends
on the specific application. It should be recognised here that in a LES calculation of wall
bounded flows the y* value is usually of the order of 0.6, as shown in many previous
investigations for non-reacting (Afgan et al. 2011; Ahmed et al. 2020; Flageul et al. 2019;
Hinterberger et al. 2008) and reacting flows (Endres and Sattelmayer 2018; Han and Mor-
gans 2015; Heinrich et al. 2018). Furthermore, similar techniques have been employed in
the case of RANS calculations when using the low Reynolds number models (Ahmed and
Prosser 2016; Klein et al. 2015; Launder and Sharma 1974). In the case when the value
of y* is considerably higher than 1, the near wall physics needs to be accounted for by the
wall functions or the so called near wall treatment of turbulence and combustion. Near wall
modelling of @, using X, and €, for both isothermal and adiabatic wall boundary condi-
tions is beyond the scope of the current work but will form part of the future investigations.
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5 Summary and Conclusions

Direct numerical simulations (DNS) for two different turbulent V-flames interacting with
chemically inert walls in a fully developed turbulent channel flow have been performed
at a friction velocity based Reynolds number Re, = 110 under adiabatic and isothermal
wall boundary conditions. Mean quantities such as density, axial velocity, temperature and
progress variable have been investigated. It is found that the location at which the oblique
flame—wall interaction occurs is affected by the choice of the wall boundary condition. In
order to investigate the aforementioned behaviour further the mean behaviours of the sur-
face density function (SDF) (|Vc|) and the strain rates affecting the | Vc| transport have been
analysed. The behaviour of SDF is significantly affected by the changes in the wall bound-
ary conditions within the viscous sub-layer region. It is found that the dilatation rate effects
weaken in the viscous sub-layer region in the case with adiabatic wall boundary condition
due to the constriction of the velocity gradients in the wall normal direction and also due
to the existence of the cold wall in the case of isothermal wall boundary condition. Con-
sequently the alignment of V¢ with the most extensive (compressive) principal strain rate
strengthens (weakens) as the distance from the wall increases. This leads to the differences
in the behaviour of normal and tangential strain rates inside and outside of the viscous
sub-layer region. The mean behaviours of displacement speed have also been investigated
and it is found that in both cases the mean displacement speed decreases in the viscous
sub-layer region, but remains positive in the case of adiabatic wall boundary condition,
whereas in the case of isothermal wall boundary condition the mean displacement speed
has been found to be negative in some parts of the flame. This consequently leads to dif-
ferences in the normal strain rate arising from flame propagation and the curvature stretch
under different wall boundary conditions. It should be noted here that the underlying tur-
bulence and the choice of the wall boundary condition (i.e. adiabatic or isothermal) have
significant influences on the flame dynamics in the viscous sub-layer region, but outside
the viscous sub-layer region these statistics are not significantly affected. The sensitivity of
the statistics of SDF to the choice of the wall boundary conditions and the distance from
the wall suggests that the sub-models of the flame surface density or scalar dissipation rate
transport need to accurately capture the respective behaviours of the unclosed terms under
these conditions.

It can be seen from the transport equation for the SDF that this quantity depends mainly
on the statistics of fluid velocity/vorticity, scalar gradient and displacement speed. Previ-
ous studies have demonstrated that the displacement speed statistics from simple chemistry
(Chakraborty and Cant 2004, 2005b; Chakraborty 2007; Chakraborty et al. 2007, 2011)
and detailed chemistry (Echekki and Chen 1996, 1999; Peters et al. 1998; Chen and Im
1998) DNS are qualitatively similar. The same is true for the statistics of the reactive sca-
lar gradient obtained from simple chemistry (Chakraborty and Cant 2005b; Chakraborty
and Klein 2008, 2009; Chakraborty et al. 2013) and detailed chemistry DNS studies
(Chakraborty et al. 2008, 2013, 2019). Moreover, it has previously been shown that several
models developed based on simple chemistry data (Gao et al. 2014; Lai and Chakraborty
2016b) have been found to perform equally well in the context of detailed chemistry and
transport in a priori (Lai et al. 2018a; Gao et al. 2016) and a posteriori (Ahmed and Prosser
2016, 2018) assessments. Thus, it can be expected that the findings of this work will at
least be qualitatively valid in the presence of detailed chemistry and transport. However, in
the presence of detailed chemistry, different choices of reaction progress variable may give
rise to different statistical behaviours of the corresponding SDF (Chakraborty et al. 2018)
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in the vicinity of the wall. It should be recognised here that the effects due to the variation
of Lewis number, variations in the wall temperature and high Reynolds number will play
a role in determining the SDF statistics during FWI. This along with the utilisation of the
near wall SDF statistics to improve the FSD and SDR based reaction rate closures in the
vicinity of the wall will form the basis of future investigations.
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