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ABSTRACT
The flame-wall interaction in a quasi-steady configuration, where a statistically planar premixed flame
is pushed by the inflow of unburned reactants and stabilises at a distance away from the wall, has been
analysed for different fuel Lewis numbers and inlet turbulence intensities. The extent of flame-wall
interaction has been found to increase with increasing inlet turbulence intensity and increasing fuel
Lewis number 𝐿𝑒𝐹 due to the greater extent of flame wrinkling and smaller flame stabilisation distance
from the wall, respectively. The increasing trend of turbulent flame speed with decreasing fuel Lewis
number and increasing inlet turbulence intensity act to increase the wall heat flux magnitude. However,
the quenching distance remains comparable to the quenching distance predicted by one-dimensional
conventional head-on quenching simulations. It has been found that the wall Stanton number and the
skin friction coefficient are of the same order of magnitude, but the Reynolds-Colburn analogy does not
remain strictly valid in the case of flame-wall interaction in this configuration. For a given value of bulk
mean inlet velocity to laminar burning velocity ratio, the flames with smaller 𝐿𝑒𝐹 stabilise further away
from the wall due to their higher turbulent flame speed and thus the flame-wall interaction events are
less frequent for small values of 𝐿𝑒𝐹 . The drops in temperature and reaction rate magnitude lead to
reductions in the values of dilatation rate, normal strain rate, and flame displacement speed in the flame
quenching zone; with the increased likelihood of finding negative values for these quantities in the nearwall region. The decrease in displacement speed with decreasing wall-normal distance leads to
predominantly positive normal strain rates induced by flame propagation in the quenching zone. These
behaviours act to reduce the magnitude of the reaction progress variable gradient in the quenching zone,
which has implications on the behaviours of the Flame Surface Density and scalar dissipation rate in
the near-wall region.
Keywords: Flame-wall interaction, wall heat flux magnitude, quenching distance, strain rate, Direct
Numerical Simulations
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1. INTRODUCTION
The combustors in automotive engines and gas turbines are increasingly made smaller in sizes than
previous versions in order to increase energy-density and in the interest of compact design. This, in
turn, increases the possibility of flame-wall interaction (FWI), which may lead to local flame quenching
as a result of heat loss through the cold walls. FWI plays a key role in the formation of pollutants, flame
stability, and efficiency of the combustion process. In FWI, the scale separation of wall-bounded
turbulence in addition to the near-wall physics in the quenching zone (which is typically of the order of
10 − 100𝜇𝑚) is not well understood and needs to be addressed. Moreover, flame elements approaching
the walls increase the heat flux experienced by the wall, which determines the possibility of flame
quenching and the lifespan of combustors. The thin quenching layer and flame thickness need to be
resolved in Direct Numerical Simulations (DNS), which significantly increase the resolution
requirements of such simulations more than non-reacting wall-bounded turbulent flows. The necessity
of limiting greenhouse gas emissions has increased the importance of alternative high hydrogen content
(HHC) fuels (e.g., hydrogen, syngas, hydrogen-blended hydrocarbon mixtures). However, the presence
of hydrogen in the fuel mixture induces differential diffusion of heat and mass, which is often
characterised by Lewis number 𝐿𝑒 (i.e., ratio of thermal diffusivity to mass diffusivity). In spite of the
increasing importance of HHC fuels, the influence of the fuel Lewis number on FWI is yet to be
analysed in detail (Lai and Chakraborty, 2016a).
The recent advancements in high-performance computing provide the opportunity to analyse the
effects of fuel Lewis number on FWI using DNS. Poinsot et al. (1993) used two-dimensional (2D) DNS
to analyse head-on quenching (HOQ) of turbulent premixed flames where the mean direction of flame
propagation was normal to the wall. Poinsot et al. (1993) also quantified the maximum wall heat flux
magnitude and the flame quenching distance based on 2D HOQ simulation results. These values were
recently confirmed by Lai and Chakraborty (2016a,b) using 3D DNS of HOQ of statistically planar
turbulent premixed flames. Three-dimensional DNS of turbulent premixed flames propagating in the
direction of a wall in a constant-density channel was carried out by Bruneaux et al. (1997), and this
analysis revealed significant differences in the statistical behaviours of the reactive scalar gradient due
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to the presence of the wall. However, the variable density effects arising from heat release of the flames
were not accounted for in these calculations. Alshaalan and Rutland (1998) used 3D simple chemistry
DNS to analyse FWI for a V-shaped turbulent premixed flame in a channel flow configuration and used
the data to analyse the near-wall behaviours of the turbulent scalar flux and mean reaction rate. They
also revealed that the probability density functions (PDFs) of the reaction progress variable cannot be
approximated by a bi-modal distribution in the near-wall region. A V-shaped flame was also analysed
by Gruber et al. (2010) in a fully developed channel flow where the flame thickness was shown to
increase in the near-wall region. The flame structure in the case of boundary layer flashback in a
turbulent channel flow for hydrogen-air mixtures has been analysed by Gruber et al. (2012) using
detailed chemistry DNS data. They revealed that the adverse pressure gradient ahead of flame can lead
to localised flow reversal and the flame may exhibit attributes of Darrieus-Landau type instability in
the near-wall region. Recently, Ahmed et al. (2019) investigated the turbulent kinetic energy transport
characteristics in the near-wall region for boundary layer flashback for a hydrogen-rich premixed flame
in a turbulent channel flow configuration.
The influences of global Lewis number 𝐿𝑒 on wall heat flux and quenching distance have been
investigated by Lai and Chakraborty (2016a,b) for both laminar and turbulent HOQ of statistically
planar premixed flames. This DNS data was subsequently utilised to propose modifications to the
existing mean reaction rate 𝜔̇̅ closure based on the scalar dissipation rate (SDR) in the near-wall region.
The relative orientation of the mean direction of flame propagation with respect to the wall has been
shown to affect the quenching distance by Lai et al. (2019) using 3D DNS data for oblique wall
quenching (OWQ) of turbulent premixed V-flame. Recently, Lai et al. (2018) conducted threedimensional DNS of HOQ of turbulent methane-air premixed flames for both simple and detailed
chemical mechanisms and revealed both qualitative and quantitative agreements in terms of nondimensional wall heat flux and quenching distance between simple chemistry and detailed chemistry
DNS results. Moreover, the near-wall modifications to both Flame Surface Density (FSD) and SDR
based mean reaction rate closures based on simple chemistry (Lai et al., 2016a,b; Sellmann et al., 2017)
have been found to be valid even for detailed chemistry DNS (Lai et al., 2018). A subsequent analysis
by Ahmed et al. (2018) also revealed qualitative similarities for the near-wall vorticity and strain rate
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statistics between simple and detailed chemistry DNS data for HOQ of statistically planar turbulent
premixed flames. However, the heat release rate vanishes at the cold wall in the case of simple chemistry
DNS, whereas non-zero heat release rate is obtained at the wall for detailed chemistry simulations due
to reactions involving HO2 and H2 O2 ; which can take place at low-temperatures, and this also has
implications on the oxidation rate of CO in the near-wall region (Lai et al., 2018, Popp et al., 1997).
Most of the DNS analyses on FWI did not focus on the effects of fuel Lewis number in a statistically
stationary configuration, which is similar to the one analysed by Zhao et al. (2018) where an impinging
flow stream interacts with an isothermal wall in a statistically stationary state. It is worth noting that
Mann et al. (2014) indicated that FWI in a statistically stationary state could be different from the
unsteady FWI events. Thus, it is necessary to assess if the fuel Lewis number effects in a statistically
stationary configuration are qualitatively similar to those observed in the unsteady turbulent HOQ
configuration (Lai and Chakraborty, 2016a,b). A thorough understanding of the FWI physics for
turbulent premixed combustion is necessary for the design of the next generation combustors, which
are expected to run on a range of fuels with different Lewis numbers, 𝐿𝑒𝐹 . Despite the vast literature
available on the influences of Lewis number on different aspects of flame-turbulence interaction in the
absence of walls (Chakraborty and Cant, 2005, 2006, 2009, 2011; Chakraborty and Klein, 2008; Dopazo
et al., 2017, 2018; Haworth and Poinsot, 1992; Han and Huh, 2008; Rutland and Trouvé, 1993; Trouvé
and Poinsot, 1994), relatively little effort has been directed towards the analysis of the fuel Lewis
number 𝐿𝑒𝐹 effects on statistically stationary premixed turbulent flames impinging on isothermal inert
walls. The current analysis addresses this gap in the existing literature.
In the present work, DNS of statistically planar flames impinging on inert walls have been performed
to analyse the influences of non-unity fuel Lewis number 𝐿𝑒𝐹 on different aspects of FWI. The main
objectives of the present analysis are:
•

To analyse the influences of fuel Lewis numbers 𝐿𝑒𝐹 on near-wall flame and flow dynamics
under different inlet turbulence intensities for premixed flames impinging on isothermal inert cold
walls.
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•

To analyse the statistical behaviours of the wall heat flux magnitude, flame quenching distance,
relative flame-wall orientation, wall shear stress, and reactive scalar gradient magnitude in the
near-wall region for different values of fuel Lewis number 𝐿𝑒𝐹 and inlet turbulence intensities
𝑢′ /𝑆𝐿 .

•

To provide physical reasoning for the observed findings and indicate their modelling
implications.

It is worth noting that this configuration was analysed only in a handful of studies (Zhao et al.,
2018a,b, 2019) in the past and these analyses were conducted for unity Lewis number conditions but
the effects of fuel Lewis number has never been analysed in this configuration and the current analysis
is the first attempt to address these issues in the case of FWI.
The rest of the paper is organised as follows. In section 2, the problem set up is explained where the
mathematical background and numerical implementation pertaining to the current analysis are
presented. In section 3, the results from the simulations are presented along with their physical
explanations, and the final section contains the conclusions drawn from this analysis.

Figure 1. Schematic diagram of the computational domain for the impinging statistically planar
turbulent premixed flame configuration.

2. MATHEMATICAL BACKGROUND AND NUMERICAL IMPLEMENTATION
The schematic diagram of the simulation domain is shown in Fig. 1. In this configuration, the flame is
pushed by the inflow of fresh reactants and eventually gets stabilised at some distance away from the
wall, which is determined by the inflow mass flux (or the incoming flow speed), the fuel consumption
rate (or the turbulent flame speed), and the wall boundary condition. This configuration is statistically
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stationary and was used previously for FWI analysis by Zhao et al. (2018a). In this work, the influence
of different fuel Lewis numbers, 𝐿𝑒𝐹 on FWI has been analysed by using 3D DNS. The reaction
progress variable is defined in this analysis in terms of fuel mass fraction, 𝑌𝐹 , as:
𝑐=

𝑌𝐹,𝑢 − 𝑌𝐹
𝑌𝐹,𝑢 − 𝑌𝐹,𝑏

(1)

where the subscripts 𝑢 and 𝑏 refer to the values in unburned and fully burned gases, respectively.
Accordingly, 𝑐 monotonically increases from zero in the unburned gas to unity in the fully burned gas.
It is worth noting that this monotonicity might not be preserved if the reaction progress variable is
defined based on fuel mass fraction for fuels (e.g., hydrogen in HHC fuels) with Lewis numbers 𝐿𝑒𝐹
much smaller than unity (i.e., 𝐿𝑒𝐹 ≪ 1.0) but this problem is not applicable for the range of 𝐿𝑒𝐹
considered here (i.e., 𝐿𝑒𝐹 = 0.8 − 1.2). It is possible to define 𝑐 based on oxidiser mass fraction for
cases with 𝐿𝑒𝐹 ≪ 1.0. The results presented in this paper do not change qualitatively if the reaction
progress variable is defined based on the oxidiser mass fraction as the lowest 𝐿𝑒𝐹 considered in this
analysis is 0.8 (i.e., 𝐿𝑒𝐹 = 0.8), but this will not be the case for 𝐿𝑒𝐹 ≪ 1.0.
A well-known 3D fully compressible code SENGA+ (Jenkins and Cant, 1999) has been used for the
simulations. This code employs a 10th order central difference scheme for the spatial discretisation for
internal grid points with the order of finite difference scheme gradually decreasing to a one-sided 2nd
order scheme at the non-periodic boundary nodes. The time marching is performed using a low storage
3rd order explicit Runge-Kutta scheme (Wray, 1990). A single step Arrhenius-type chemical mechanism
(1 unit mass of Fuel+ 𝑠 unit mass of Oxidiser = (1 + 𝑠) unit mass of Products with 𝑠 being the
stoichiometric mass ratio of oxidiser to fuel) is used in the current work for computational economy as
well as allowing for the effects of the fuel Lewis number to be studied independently of other parameters
following several previous analyses (Chakraborty and Cant, 2005, 2006, 2009, 2011; Chakraborty and
Klein, 2008; Dopazo et al., 2017, 2018; Haworth and Poinsot, 1992; Han and Huh, 2008; Rutland and
Trouvé, 1993; Trouvé and Poinsot, 1994). It is worthwhile to indicate that the premixed flame
quenching in the vicinity of an isothermal wall is principally driven by heat transfer and not by chemical
mechanisms. Most existing DNS analyses in the literature on FWI (Ahmed et al., 2018; Poinsot et al.,
1993; Bruneaux et al., 1997; Lai and Chakraborty, 2016a-d; Lai et al., 2017a-d; 2018, 2019; Sellmann
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et al., 2017; Zhao et al., 2018a,b, 2019) used a single step simple chemical mechanism and the same
approach has been adopted here. Furthermore, the normalised values of wall heat flux and quenching
distance obtained from single-step chemistry calculations for HOQ of premixed flames are found to be
in good agreement with experimental findings (Huang et al., 1986; Jarosinsky, 1986; Vosen et al.,
1984). Consequently, it is expected that the present findings will at least be qualitatively valid in the
context of detailed chemistry-based analysis. This has recently been confirmed by Lai et al. (2018) who
demonstrated that the statistics of wall heat flux magnitude and flame quenching distance obtained from
simple chemistry simulations for HOQ of statistically planar turbulent premixed flames remain in good
agreement (at least in a qualitative sense but mostly also in a quantitative sense) with the corresponding
detailed chemistry simulation results.
In the current simulations, the turbulent velocity field at the inlet has been specified by scanning a
frozen homogeneous isotropic field of turbulent fluctuations according to the Batchelor-Townsend
energy spectrum (Batchelor and Townsend, 1948); following a pseudo-spectral method proposed by
Rogallo (1981) at three different inlet turbulence intensities of 𝑢′ /𝑆𝐿 = 1.0, 2.0, and 3.0 for all the
values of 𝐿𝑒𝐹 considered. The velocity components, species mass fractions, and density are specified at
the inlet plane and the internal energy is evaluated using the well-known Navier-Stokes Characteristic
Boundary Conditions (NSCBC) technique for inlet boundary condition (Poinsot and Lele, 1992; Yoo
et al., 2005). The no-slip condition is enforced at the inert isothermal wall surface. The wall temperature
is taken to be the unburned gas temperature (i.e., 𝑇𝑤 = 𝑇𝑢 ). The wall-normal mass flux is taken to be
zero. Following the improved NSCBC formulation of Yoo et al. (2005), partially non-reflecting outflow
boundaries have been specified in the 𝑥2 − direction. The boundaries are taken to be periodic in the
𝑥3 − direction.
The computational domain is taken to be of size 37.51𝛿𝑍 × 52.60𝛿𝑍 × 37.51𝛿𝑍 , which is discretised
using a uniform Cartesian mesh of 180 × 252 × 180 where 𝛿𝑍 = 𝛼 𝑇,𝑢 /𝑆𝐿 is the Zel’dovich flame
thickness with 𝑆𝐿 and 𝛼 𝑇,𝑢 being the unstretched laminar burning velocity and the thermal diffusivity
of the unburned gas, respectively. The grid spacing ensures that thermal flame thickness, 𝛿𝑡ℎ = (𝑇𝑎𝑑 −
𝑇𝑢 )/max|∇𝑇̂|𝐿 , (where 𝑇𝑎𝑑 , 𝑇𝑢 and 𝑇̂ being the adiabatic, unburnt gas, and instantaneous temperatures,
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respectively) is resolved by 10 grid points for all cases considered here. This level of grid resolution
also ensures that the minimum non-dimensional distance to the wall 𝑦 + = 𝜌𝑢𝜏 𝑥1 /𝜇 (where 𝑢𝜏 is the
friction velocity defined as uτ = √|τwall |/𝜌 with 𝜏𝑤 being the wall shear stress) is below 𝑦 + = 0.5
and the region 𝑦 + < 1 has at least two grid points to ensure appropriate resolution. The differences
between laminar burning velocity 𝑆𝐿 and thermal flame thickness 𝛿𝑡ℎ for meshes with 5 and 10 (10 and
15) grid points within 𝛿𝑡ℎ turned out to be less than 0.5% (0.1%) and accordingly 10 grid points within
𝛿𝑡ℎ is considered to be sufficient for the present analysis following the recommendation by Poinsot and
Veynante (2005).
For the present analysis, three different 𝐿𝑒𝐹 values (i.e., 𝐿𝑒𝐹 = 0.8, 1.0 and 1.2) have been chosen.
2
Standard values for the Zel’dovich number, 𝛽 = 𝑇𝑎𝑐 (𝑇𝑎𝑑 − 𝑇𝑢 )⁄𝑇𝑎𝑑
= 6.0 (where 𝑇𝑎𝑐 is the activation

temperature), Prandtl number, 𝑃𝑟 = 0.7, and ratio of specific heats, γ = 1.4, were used in all the
simulations and the oxidiser Lewis number, 𝐿𝑒𝑂 , has been considered to be unity. The air-fuel mixture
chosen in this study is representative of the stoichiometric methane-air mixture. The heat release
parameter for all cases is set to be 𝜏 = (𝑇𝑎𝑑 − 𝑇𝑢 )⁄𝑇𝑢 = 3.0. Table 1 summarises the simulation
parameters at the inlet for each value of 𝐿𝑒𝐹 . The Kolmogorov length scale, 𝜂, is approximately 5.5,
3.3, and 2.4 times the grid spacing for inlet turbulence intensities of 𝑢′ ⁄𝑆𝐿 = 1.0, 2.0 and 3.0,
respectively. The integral length scale to laminar thermal flame thickness ratio (i.e., 𝑙𝑡 /𝛿𝑡ℎ = 2.5), and
the bulk inlet velocity to laminar burning velocity ratio (i.e., 𝑈𝑏𝑢𝑙𝑘 /𝑆𝐿 = 6.0), have been taken to be
the same for all the cases. The Karlovitz and Damköhler numbers based on inlet values of 𝑢′ /𝑆𝐿 and
𝑙𝑡 /𝛿𝑡ℎ are defined as 𝐾𝑎 = (𝑢′ ⁄𝑆𝐿 )1.5 (𝑙𝑡 ⁄𝛿𝑡ℎ )−0.5 and 𝐷𝑎 = (𝑙𝑡 ⁄𝑢′ )(𝑆𝐿 ⁄𝛿𝑡ℎ ), respectively.

Table 1. Inlet parameters for all cases considered here. Each case is assigned a keyword code for future
reference.
Case

L08U1

L08U2

L08U3

L10U1

L10U2

L10U3

L12U1

L12U2

L12U3

𝑳𝒆𝑭

0.8

0.8

0.8

1.0

1.0

1.0

1.2

1.2

1.2

𝒖′ /𝑺𝑳

1.0

2.0

3.0

1.0

2.0

3.0

1.0

2.0

3.0

𝑲𝒂

0.6

1.8

3.3

0.6

1.8

3.3

0.6

1.8

3.3

𝑫𝒂

2.5

1.3

0.8

2.5

1.3

0.8

2.5

1.3

0.8
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The flame quenching during FWI is characterised in terms of the normalised wall heat flux magnitude,
Φ𝑤 and the quenching Peclet number, 𝑃𝑒𝑄 , with the subscript 𝑤 denoting the quantities calculated at
the wall (i.e., at 𝑥1 = 𝐿𝑥1 with 𝐿𝑥1 being the domain length in the 𝑥1 − direction). The normalised wall
heat flux magnitude, Φ𝑤 = 𝑞𝑤 /𝐹, is defined as the ratio of the wall heat flux magnitude, 𝑞𝑤 =
|−𝜆 𝜕𝑇̂⁄𝜕𝑥1 |𝑤 , to the flame power, 𝐹 = 𝜌𝑢 𝑆𝐿 𝑐𝑃,𝑢 (𝑇𝑎𝑑 − 𝑇𝑢 ), where 𝜆 and 𝜌𝑢 are the thermal
conductivity and the unburned gas density, respectively. The wall-normal distance 𝛿 normalised by the
Zel’dovich flame thickness 𝛿𝑍 is defined as the Peclet number 𝑃𝑒 = 𝛿/𝛿𝑍 in the context of FWI analysis
(Poinsot and Veynante, 2005; Poinsot et al., 1993; Bruneaux et al., 1997; Lai and Chakraborty, 2016ad, Lai et al., 2017a-d, 2018, 2019; Zhao et al., 2018a,b, 2019). The flame-wall distance where the flame
quenching phenomenon takes place due to the inert cold wall can be characterised by the quenching
Peclet number, 𝑃𝑒𝑄 = 𝛿𝑄 /𝛿𝑍 .
In order to understand the effects of 𝐿𝑒𝐹 on Φ𝑤 and 𝑃𝑒𝑄 , laminar one-dimensional (1D) simulations
of the conventional HOQ configuration (i.e., where the flame propagates towards an inert cold
isothermal wall) have been carried out for 𝐿𝑒𝐹 = 0.8, 1.0, and 1.2. The non-dimensional wall-normal
distance of the non-dimensional temperature, 𝑇 = (𝑇̂ − 𝑇𝑢 )⁄(𝑇𝑎𝑑 − 𝑇𝑢 ) = 0.75, isosurface is used for
the purpose of evaluating Peclet number, 𝑃𝑒. For the present thermo-chemistry, the maximum heat
release rate for the laminar unstretched premixed flame takes place close to 𝑇 = 0.75 and accordingly,
this isosurface has been considered for the evaluation of Peclet number 𝑃𝑒 following several previous
analyses (Poinsot et al., 1993). The temporal evolutions of Φ𝑤 and 𝑃𝑒 for 1D laminar HOQ cases have
been shown elsewhere (Lai and Chakraborty, 2016a), and thus is not repeated here. The maximum value
of Φ𝑤 takes place at the time of flame quenching when the minimum value of 𝑃𝑒 is obtained because
the maximum value of non-dimensional heat flux magnitude Φ𝑤,𝑚𝑎𝑥 scales with the inverse of the
minimum Peclet number 𝑃𝑒𝑚𝑖𝑛 (i.e., Φ𝑤,𝑚𝑎𝑥 ~1/𝑃𝑒𝑚𝑖𝑛 ). Following flame quenching, thermal
diffusion makes the 𝑇 = 0.75 isosurface move away from the wall, which is reflected in the increasing
trend of 𝑃𝑒 and the decreasing trend of Φ𝑤 with time. The values of the normalised maximum wall heat
flux magnitude Φ𝑤,𝑚𝑎𝑥 , and the minimum Peclet number 𝑃𝑒𝑚𝑖𝑛 for HOQ at different values of 𝐿𝑒𝐹 are
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reported in Table 2. It can be seen from Table 2 that Φ𝑤,𝑚𝑎𝑥 increases, whereas 𝑃𝑒𝑚𝑖𝑛 decreases with
increasing 𝐿𝑒𝐹 , which is consistent with previous findings (Lai and Chakraborty, 2016a). The thermal
diffusion rate is greater than the rate of diffusion of unburned fuel from the vicinity of the wall in the
𝐿𝑒𝐹 = 1.2 flame, consequently, the isotherms can get closer to the wall leading to higher wall heat flux
magnitude before quenching than in the 𝐿𝑒𝐹 = 1.0 flame. This, in turn, gives rise to a smaller (greater)
value of 𝑃𝑒𝑚𝑖𝑛 (Φ𝑤,𝑚𝑎𝑥 ) in the 𝐿𝑒𝐹 = 1.2 case than in the 𝐿𝑒𝐹 = 1.0 case. By contrast, thermal
diffusion rate is weaker than the rate of diffusion of unburned fuel from the vicinity of the wall in the
𝐿𝑒𝐹 = 0.8 case, which results in the isotherms remaining further away from the wall which leads to
smaller wall heat flux magnitude before quenching than in the 𝐿𝑒𝐹 = 1.0 flame. This results in a smaller
(greater) value of 𝑃𝑒𝑚𝑖𝑛 (Φ𝑤,𝑚𝑎𝑥 ) in the 𝐿𝑒𝐹 = 0.8 case than in the 𝐿𝑒𝐹 = 1.0 flame.

Figure 2. Temporal variation of the normalised spatially-averaged kinetic energy 𝑘/𝑆𝐿2 at 𝑥1 = 0.6𝐿𝑥1
̅ 𝑤 and
for (a) 𝑥2 = 0.18𝐿𝑥1 , and (b) 𝑥2 = 0.50𝐿𝑥2 , (c) the normalised mean wall heat flux magnitude, Φ
̅̅̅̅𝑐=0.75 conditioned on the 𝑐 = 0.75 isosurface, after 𝑡 = 4.0𝑡𝑡𝑝 for all
(d) the mean Peclet number 𝑃𝑒
fuel Lewis numbers (i.e., 𝐿𝑒𝐹 = 0.8, 1.0, 1.2) considered here for the inlet turbulence intensity of
𝑢′ /𝑆𝐿 = 3.0. Time averaged values of all terms are shown with horizontal dashed lines with the
corresponding colours.
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Table 2. Values of the normalised maximum wall heat flux magnitude, Φ𝑤,𝑚𝑎𝑥 , and the minimum
quenching distances, 𝑃𝑒𝑚𝑖𝑛 , for the different values of 𝐿𝑒𝐹 from 1D laminar HOQ calculations.
Case

1D-L08

1D-L10

1D-L12

𝚽𝒘,𝒎𝒂𝒙

0.330

0.347

0.353

𝑷𝒆𝒎𝒊𝒏

3.39

3.23

3.20

In this analysis, all the simulations have been carried out for at least 4 through-pass times (i.e.,
𝑡𝑠𝑖𝑚 ≥ 4𝐿𝑥1 /𝑈𝑏𝑢𝑙𝑘 , where 𝐿𝑥1 is the domain length in the 𝑥1 − direction) by which a statistically quasisteady state has been achieved. The impingement of a turbulent premixed flame on the wall is
representative of a counter-flow like configuration (Zhao et al., 2018a,b, 2019). In this configuration,
the flame stagnates at a certain distance away from the wall, which is determined by the thermal wall
boundary condition, rate of flame propagation into the upcoming unburned gas mixture, and the bulk
inflow velocity of the unburned gases. The turbulence level is sustained at its prescribed nominal value
on the inflow plane so that there is a statistically steady stream of reactants arriving at the flame, thus,
sustaining combustion and preventing the flame from becoming fully extinct. The temporal evolutions
of the normalised kinetic energy 𝑢𝑖 𝑢𝑖 /2𝑆𝐿2 averaged in the spanwise 𝑥3 direction (i.e., 𝑘/𝑆𝐿2 =
2
̂
𝑢̂/2𝑆
𝑖 𝑢𝑖
𝐿 where 𝑄 is the spanwise averaged value) at 𝑥2 = 0.18𝐿𝑥1 , and 𝑥2 = 0.50𝐿𝑥2 for a distance

𝑥1 = 0.6𝐿𝑥1 are exemplarily shown in Figs. 2a and 2b, respectively. Additionally, for the inlet
turbulence intensity of 𝑢′ ⁄𝑆𝐿 = 3.0 shows that 𝑘 ⁄𝑆𝐿2 oscillates around its averaged value, indicating a
satisfactory statistically stationary state has been achieved after about 4.0 through-pass times (i.e., 𝑡 =
4.0𝐿𝑥 /𝑈𝑚𝑒𝑎𝑛 = 4.0𝑡𝑡𝑝 ) in this particular configuration. The temporal evolutions of spatially averaged
̅ 𝑤 and the normalised wall-normal distance of the 𝑐 =
values of normalised wall heat flux magnitude, Φ
̅̅̅𝑐=0.75 = 𝑋̅𝑐=0.75 /𝛿𝑍 with 𝑋̅𝑐=0.75 being the mean wall-normal distance) are
0.75 isosurface (i.e., ̅𝑃𝑒
shown in Figs. 2c and 2d, respectively for the inlet turbulence intensity of 𝑢′ ⁄𝑆𝐿 = 3.0. Figures 2c and
̅ 𝑤 and ̅𝑃𝑒
̅̅̅𝑐=0.75 oscillate around their respective time-averaged values for
2d also demonstrate that Φ
𝑡 ≥ 4.0𝐿𝑥 /𝑈𝑚𝑒𝑎𝑛 for all cases considered here. The temporal evolutions of 𝑘 ⁄𝑆𝐿2 in Figs. 2a and 2b are
representative of the quasi-steady state of the underlying fluid dynamics in this current flow
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̅ 𝑤 in Fig. 3
configuration. The temporal evolution of the normalised mean wall heat flux magnitude, Φ
indicates the FWI reached a quasi-steady state when the statistics were extracted. In a similar manner,
̅̅̅̅𝑐=0.75 conditioned on the 𝑐 = 0.75 isosurface
the temporal evolution of the mean Peclet number 𝑃𝑒
demonstrates that the mean position of the flame brush does not change appreciably with time. These
aspects are of fundamental importance for FWI in the flow configuration analysed in this paper and,
thus, these statistics have been shown for substantiating the quasi-steady state as done by Zhao et al.
(2018a) in the past.

3. RESULTS & DISCUSSION
3.1 Global features of flame-wall interaction
The time-averaged values of the mean non-dimensional wall-normal distance of the 𝑐 = 0.75 isosurface
̅̅̅̅𝑐=0.75 ) are presented in Table 3. The 𝑐 = 0.75 isosurface stabilises away from the wall for small
(i.e., 𝑃𝑒
values of 𝑢′ /𝑆𝐿 (e.g., 𝑢′ ⁄𝑆𝐿 = 1.0) in the 𝐿𝑒𝐹 = 0.8 case and, thus, the interaction of the 𝑐 = 0.75
isosurface with the wall remains limited. Therefore, instantaneous views of the 𝑐 = 0.9 isosurfaces
coloured by the local non-dimensional temperature, 𝑇, are exemplarily shown in Fig. 3 for all the fuel
Lewis numbers (i.e., 𝐿𝑒𝐹 = 0.8, 1.0 and 1.2) and all inlet turbulence intensities (i.e., 𝑢′ /𝑆𝐿 = 1.0, 2.0
and 3.0) considered in this study once the quasi-steady state is achieved. For low turbulence intensity,
as for cases with 𝑢′ /𝑆𝐿 = 1.0 at the inflow, the isosurfaces of 𝑐 are weakly wrinkled and a limited extent
of interaction between the 𝑐 = 0.9 isosurface and wall was observed. However, it can be seen from Fig.
3 that 𝑇 assumes smaller values in the regions of 𝑐 = 0.9 isosurface, which are closer to the wall due to
heat loss even for the inlet turbulence intensity of 𝑢′ /𝑆𝐿 = 1.0. The value of 𝑐 increases towards the
wall in the current flow configuration (see Fig. 1). Thus, the effects of wall heat loss on the isosurfaces
of 𝑐 > 0.9 are more prominent than the isosurfaces shown in Fig. 3 due to their smaller distances from
the wall. For example, the isosurfaces of 𝑐 ≥ 0.95 exhibit discontinuities (i.e., loss of flame surface)
for all cases considered here (not shown). The interaction between flame and wall surface becomes
stronger for higher turbulence intensities (e.g., 𝑢′ /𝑆𝐿 = 2.0 and 3.0) where the flame elements are
convected towards the wall more strongly by the turbulent fluid motion. Therefore, the 𝑐 = 0.9
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isosurfaces for inlet turbulence intensities of 𝑢′ /𝑆𝐿 = 2.0 and 3.0 show discontinuities due to local
quenching as a result of wall heat loss when the flame elements reach close to the wall. This tendency
strengthens with increasing value of the inlet turbulence intensity 𝑢′ /𝑆𝐿 and fuel Lewis number 𝐿𝑒𝐹
̅̅̅̅𝑐=0.75 values listed in Table 3).
(see 𝑃𝑒
Table 3. Time-averaged values of the mean non-dimensional wall-normal distance of the 𝑐 = 0.75
̅̅̅̅𝑐=0.75 ).
isosurface (i.e., 𝑃𝑒
Case

L08U1

L08U2

L08U3

L10U1

L10U2

L10U3

L12U1

L12U2

L12U3

̅̅̅̅𝒄=𝟎.𝟕𝟓
𝑷𝒆

7.91

10.40

10.46

5.69

7.87

9.25

2.82

6.35

7.83

3. 2 Effects of fuel Lewis number 𝑳𝒆𝑭 on distribution of temperature and burning rate statistics
In the case of 𝐿𝑒𝐹 = 1.0 under low Mach number adiabatic conditions 𝑐 = 𝑇, whereas 𝑇 can vary on
a given 𝑐 isosurface for 𝐿𝑒𝐹 ≠ 1.0. The distributions of 𝑇 in the central 𝑥1 − 𝑥2 mid-plane are shown
in Fig. 4, which shows that the inequality between 𝑐 and 𝑇 exists in the near-wall region even for the
𝐿𝑒𝐹 = 1.0 case due to the differences in the boundary conditions between the species mass fraction and
temperature.1 The contours of 𝑇 flatten close to the wall due to dampening of turbulence in the nearwall region and is consistent with the previous findings (Lai et al., 2016a-d; Zhao et al., 2018a,b). The
contours of 𝑇 are more wrinkled in the 𝑥1 − 𝑥3 plane (i.e., the plane normal to the wall) due to the
interaction of the flame with the turbulence from the inflow plane. For all the cases 𝑇 decreases in the
vicinity of the cold wall due to wall heat loss. For 𝐿𝑒𝐹 < 1, fuel diffuses at a faster rate in the reaction
zone than the rate at which heat diffuses out for a positively stretched flame, which gives rise to the
simultaneous presence of high values of fuel concentration and temperature, promoting a faster
turbulent flame speed 𝑆𝑇 (evaluated as 𝑆𝑇 = − ∫𝑉 𝜔̇ 𝐹 𝑑𝑉/[𝜌0 𝐴𝑝 (𝑌𝐹,𝑢 − 𝑌𝐹,𝑏 )] where 𝐴𝑝 is the projected
flame surface area in the direction of mean flame propagation) than in the corresponding case with
𝐿𝑒𝐹 = 1.0. Just the opposite diffusion process in the 𝐿𝑒𝐹 = 1.2 cases leads to smaller values of 𝑆𝑇 than
in the corresponding 𝐿𝑒𝐹 = 1.0 case. This increasing trend of 𝑆𝑇 with decreasing 𝐿𝑒𝐹 can be confirmed
1

. It is worth noting that Fig. 4 shows the instantaneous distributions of non-dimensional temperature and for a
given realisation the flame is likely to be more biased towards one of the outlets than the other. It will be
inappropriate to find any physical reasons for this behaviour.
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from Table 4 where the time-averaged values of normalised turbulent flame speed 𝑆𝑇 /𝑆𝐿 (where
subscripts T and L are used for turbulent and laminar flames, respectively) are shown for all cases
considered here.
It can also be seen from Table 4 that 𝑆𝑇 /𝑆𝐿 increases with increasing inlet turbulence intensity 𝑢′ /𝑆𝐿
due to greater extent of flame wrinkling under stronger turbulent motion. Thus, flame wrinkles are more
probable to reach close to the wall and eventually quench due to heat loss for large inlet turbulence
intensities 𝑢′ /𝑆𝐿 . Accordingly, the effects of flame quenching are more prominent for higher values of
inlet turbulence intensity 𝑢′ /𝑆𝐿 (see Figs. 3 and 4). The unstretched laminar burning velocity 𝑆𝐿 is
evaluated as 𝑆𝐿 = − ∫𝑉 𝜔̇ 𝐹 𝑑𝑉/[𝜌0 𝐴𝑝 (𝑌𝐹,𝑢 − 𝑌𝐹,𝑏 )] using a 1D laminar flame solution. Thus, a value of
𝑆𝑇 ⁄𝑆𝐿 < 1.0 is indicative of the reduction of the integrated fuel reaction rate magnitude under turbulent
condition. It is possible for the turbulent flame curvature to affect the magnitude of 𝜔̇ 𝐹 on a given 𝑐isosurface for non-unity 𝐿𝑒𝐹 , but the variation of 𝜔̇ 𝐹 in response to changes in curvature of 𝑐 isosurfaces is not large enough for the range of 𝐿𝑒𝐹 values considered here to give rise to flame
quenching when the flame is away from the wall (see later where the distributions of |𝜔̇ 𝐹 | are shown).
The area generation under turbulence leads to the turbulent flame surface area normalised by its
laminar counterpart (i.e., 𝐴 𝑇 /𝐴𝐿 ) to be greater than unity, where the flame surface area is evaluated as
𝐴 = ∫𝑉 |∇𝑐|𝑑𝑉 . This area generation under turbulence leads to an augmentation of burning rate almost
in the same proportion for a globally adiabatic freely propagating statistically planar flame with 𝐿𝑒𝐹 =
1.0 because 𝜔̇ 𝐹 becomes a function of 𝑐 under these conditions (Chakraborty and Cant, 2005, 2011).
Thus, the combination 𝑆𝑇 ⁄𝑆𝐿 < 1.0 and 𝐴 𝑇 ⁄𝐴𝐿 ≥ 1.0 is indicative of the reduction of chemical
activities in the near-wall region for the unity Lewis number flame (e.g., LE10U1 case where
(𝑆𝑇 ⁄𝑆𝐿 )/(𝐴 𝑇 ⁄𝐴𝐿 ) = 0.97 and 𝐴 𝑇 ⁄𝐴𝐿 = 1.01). The high rate of burning for the locally-positively
stretched regions for globally adiabatic freely-propagating turbulent premixed flames with 𝐿𝑒𝐹 < 1
flames leads to (𝑆𝑇 ⁄𝑆𝐿 ) > (𝐴 𝑇 /𝐴𝐿 ) for (Chakraborty and Cant, 2005,2011). By contrast, the weak rate
of burning for the locally-positively stretched regions for globally adiabatic freely-propagating
turbulent premixed flames with 𝐿𝑒𝐹 > 1 flames leads to (𝑆𝑇 ⁄𝑆𝐿 ) < (𝐴 𝑇 /𝐴𝐿 ) (Chakraborty and Cant,
2005,2011). However, it has been found that for freely propagating flames with higher values of 𝑢′ /𝑆𝐿
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, with same values of 𝜏 (i.e., 𝜏 = 3.0), and comparable values of 𝑙𝑡 /𝛿𝑡ℎ (i.e., 𝑢′ ⁄𝑆𝐿 = 7.5 and 𝑙𝑡 /𝛿𝑡ℎ =
1.92) both (𝑆𝑇 ⁄𝑆𝐿 ) and (𝐴 𝑇 /𝐴𝐿 ) individually remain greater than unity but (𝑆𝑇 ⁄𝑆𝐿 )/(𝐴 𝑇 ⁄𝐴𝐿 ) > 1.0,
and (𝑆𝑇 ⁄𝑆𝐿 )/(𝐴 𝑇 ⁄𝐴𝐿 ) < 1.0 for 𝐿𝑒𝐹 = 0.8 and 1.2, respectively under quasi-stationary state (e.g.
𝑆𝑇 ⁄𝑆𝐿 = 2.69 and 1.82 and 𝐴 𝑇 ⁄𝐴𝐿 = 2.04 and 2.02 for 𝐿𝑒𝐹 = 0.8 and 1.2, respectively in Chakraborty
and Cant, 2005). Thus, it is possible to have (𝑆𝑇 ⁄𝑆𝐿 )/(𝐴 𝑇 ⁄𝐴𝐿 ) < 1.0 in the case of 𝐿𝑒𝐹 = 1.2 without
flame quenching but under that condition both 𝑆𝑇 ⁄𝑆𝐿 and 𝐴 𝑇 /𝐴𝐿 usually assume values greater than
unity (Chakraborty and Cant, 2011). However, in the LE12U1 case, the combination of 𝑆𝑇 ⁄𝑆𝐿 =
0.84 < 1.0 and 𝐴 𝑇 ⁄𝐴𝐿 = 1.07 indicates that the volume-integrated fuel reaction rate magnitude
decreases in comparison to the corresponding laminar flame in spite of flame area generation as a result
of turbulent flame wrinkling. Thus, the simultaneous occurrence of 𝑆𝑇 ⁄𝑆𝐿 < 1.0 and 𝐴 𝑇 ⁄𝐴𝐿 > 1.0 in
the LE12U1 case is indicative of the combined influences of turbulent stretching and local flame
quenching in the current configuration.
In this configuration for a given normalised bulk mean velocity 𝑈𝐵 /𝑆𝐿 , the flame surface is pushed
closer to the wall by the incoming flow for a smaller value of 𝑆𝑇 /𝑆𝐿 . Consequently, for 𝐿𝑒𝐹 = 1.2
(𝐿𝑒𝐹 = 0.8) cases which have the smallest (highest) turbulent flame speed for a given inlet turbulence
intensity, stabilise at the smallest (largest) mean wall-normal distance. This can be substantiated from.
̅𝑃𝑒
̅̅̅𝑐=0.75 present in Table 3.
Table 4. Time-averaged values of the normalised turbulent flame speed 𝑆𝑇 /𝑆𝐿 and normalised flame
surface area 𝐴 𝑇 /𝐴𝐿 for all cases considered here.
Case

L08U1

L08U2

L08U3

L10U1

L10U2

L10U3

L12U1

L12U2

L12U3

𝑺𝑻 /𝑺𝑳

1.07

1.35

1.40

0.98

1.12

1.20

0.84

1.00

1.04

𝑨𝑻 /𝑨𝑳

1.00

1.24

1.40

1.01

1.32

1.43

1.07

1.27

1.46

The combination of strong focussing of fuel and weak defocussing of heat gives rise to the
simultaneous presence of high-temperature and high fuel concentration leading to high values of
|𝜔̇ 𝐹 | × 𝛿𝑍 /𝜌𝑢 𝑆𝐿 (therefore, also high values of 𝑇) at the elements of the 𝑐-isosurfaces, which are convex
to the reactants in the 𝐿𝑒𝐹 = 0.8 cases (see the insets in Fig. 5). By contrast, the combination of weak
focussing of heat and strong defocussing of fuel gives rise to small values of |𝜔̇ 𝐹 | × 𝛿𝑍 /𝜌𝑢 𝑆𝐿 (therefore,
also small values of 𝑇) at the 𝑐-isosurface elements that are concave to the reactants in the 𝐿𝑒𝐹 = 0.8
16

cases. Just the opposite mechanisms in the 𝐿𝑒𝐹 = 1.2 cases lead to small (large) values of
|𝜔̇ 𝐹 | × 𝛿𝑍 /𝜌𝑢 𝑆𝐿 where the 𝑐-isosurface is convex (concave) towards the reactants (see the insets in Fig.
5). This behaviour is consistent with several previous analyses (Chakraborty and Cant, 2005, 2009; Lai
and Chakraborty, 2016a; Rutland and Trouvé, 1993). The regions of the 𝑐-isosurfaces, which are highly
concavely curved towards the reactants, reach close to the wall in this configuration. Hence, these
regions with small values of |𝜔̇ 𝐹 | × 𝛿𝑍 /𝜌𝑢 𝑆𝐿 and 𝑇 are not supported in the 𝐿𝑒𝐹 = 0.8 cases due to
wall heat loss, whereas in the 𝐿𝑒𝐹 = 1.2 cases these regions are associated with high values of
|𝜔̇ 𝐹 | × 𝛿𝑍 /𝜌𝑢 𝑆𝐿 and 𝑇. Consequently, the flames with 𝐿𝑒𝐹 = 1.2 can counter the effects of wall heat
loss and reach closer to the wall than in the 𝐿𝑒𝐹 = 0.8 and 1.0 cases before quenching.
𝑳𝒆𝑭 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟏. 𝟐

𝒖′ /𝑺𝑳 = 𝟑. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟎. 𝟖

Figure 3. Instantaneous realisation of the reaction progress variable, 𝑐 = 0.9 isosurface coloured by the
non-dimensional temperature, 𝑇, for all fuel Lewis numbers (i.e., 𝐿𝑒𝐹 = 0.8, 1.0, 1.2) and all inlet
turbulence intensities (i.e., 𝑢′ /𝑆𝐿 = 1.0, 2.0, 3.0) considered here.
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𝑳𝒆𝑭 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟏. 𝟐

𝒖′ /𝑺𝑳 = 𝟑. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟎. 𝟖

Figure 4. Contours of the instantaneous realisation of the non-dimensional temperature, 𝑇,
superimposed with isolines of the reaction progress variable, 𝑐, on the 𝑥1 − 𝑥2 plane for all fuel Lewis
numbers (i.e., 𝐿𝑒𝐹 = 0.8, 1.0, 1.2) and all inlet turbulence intensities (i.e., 𝑢′ /𝑆𝐿 = 1.0, 2.0, 3.0)
considered here. Here, the corresponding 𝑐 = 0.1, 0.5 and 0.9 levels are shown in white dashed lines.
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𝑳𝒆𝑭 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟏. 𝟐

𝒖′ /𝑺𝑳 = 𝟑. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟎. 𝟖

Figure 5. Contours of the instantaneous realisation of the normalised fuel reaction rate magnitude,
|𝜔̇ 𝐹 | × 𝛿𝑍 /𝜌0 𝑆𝐿 , superimposed with isolines of the reaction progress variable, 𝑐, on the 𝑥1 − 𝑥2 for all
fuel Lewis numbers (i.e., 𝐿𝑒𝐹 = 0.8, 1.0, 1.2) and all inlet turbulence intensities (i.e., 𝑢′ /𝑆𝐿 =
1.0, 2.0, 3.0) considered here. Here, the corresponding 𝑐 = 0.1, 0.5 and 0.9 levels are shown in white
dashed lines.
3. 3 Effects of fuel Lewis number 𝑳𝒆𝑭 on flame orientation, wall heat flux and quenching distance
The flame elements interacting with the wall can be divided into the head-on and entrained parts based
on flame orientation, as they have different physical behaviours (Poinsot et al., 1993; Zhao et al.,
2018a,b). Figure 6 shows the PDFs between the relative orientation, cos 𝜃, where 𝜃 is the angle between
the flame normal vector, 𝒏 = −∇𝑐/|∇𝑐| (which points towards the reactants side), and the wall-normal
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vector, 𝑵 in the reaction progress variable range given by 0.01 ≤ 𝑐 ≤ 0.99. These PDFs provide an
insight into the part of the flame, which interacts with the wall surface, i.e., whether it is the head-on
part, where 𝒏 ⋅ 𝑵 > 0, or the entrained part, where 𝒏 ⋅ 𝑵 < 0. Figure 6 shows that for low inlet
turbulence intensities, the PDFs of cos 𝜃 exhibit predominantly positive values and they peak close to
unity (i.e., cos 𝜃 = 1.0) implying that the interaction of the flame with the wall surface is mostly headon. The probability of the flame interacting with the entrained part increases (see Fig. 6c) with
increasing inlet turbulence intensity. The probability of finding entrained flame elements increases with
increasing frequency of FWI events, which can potentially give rise to unburned/partially burned
pockets from the locally quenched/low-temperature pockets. As the extent of FWI is the highest in the
𝐿𝑒𝐹 = 1.2 cases, the probability of finding the head-on part is found to be the highest in the 𝐿𝑒𝐹 = 0.8
cases for all turbulence intensities.

𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟑.

⃗ , and the wall-normal,
Figure 6. The PDF of the relative orientation, cos 𝜃, between the flame-normal, 𝒏
⃗𝑵
⃗ , for all fuel Lewis numbers (i.e., 𝐿𝑒𝐹 = 0.8, 1.0, 1.2) and all inlet turbulence intensities (i.e., 𝑢′ /𝑆𝐿 =
1.0, 2.0, 3.0) considered here.

With the above knowledge of FWI morphology in this configuration, it is worth considering the
effects of 𝐿𝑒𝐹 on the thickness of the layer over which the wall effects are felt by the flame. To
demonstrate this, the joint PDFs between non-dimensional temperature on the 𝑐 = 0.75 isosurface (i.e.,
𝑇𝑐=0.75 ) and its normalised wall-normal distance (i.e., 𝛿𝑐=0.75 /𝛿𝑍 ) are shown in Fig. 7. The mean values
of the non-dimensional temperature 𝑇𝑐=0.75 conditioned upon 𝛿𝑐=0.75 /𝛿𝑍 are shown by black dashed
lines. The joint PDFs in Fig. 7 show that the spread of 𝑇𝑐=0.75 remains small away from the wall for the
𝐿𝑒𝐹 = 1.0 cases suggesting that 𝑇𝑐=0.75 is equal to 𝑐 = 0.75 where the flame is not influenced by the
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wall but 𝑇𝑐=0.75 decreases with decreasing wall-normal distance to the 𝑐 = 0.75 isosurface. It is worth
noting that the equality between 𝑐 and 𝑇 does not necessarily hold (i.e., 𝑇𝑐=0.75 ≠ 0.75) in the 𝐿𝑒𝐹 =
0.8 and 1.2 cases even when the flame is away from the wall. In all cases, 𝑇𝑐=0.75 drops from 0.75 when
a threshold distance 𝛿𝑐=0.75 = 𝛿𝐼 from the wall is reached for the 𝑐 = 0.75 isosurface, where 𝛿𝐼 is
defined as the influence zone thickness (Zhao et al., 2018). The temperature of the 𝑐 = 0.75 isosurface
starts to decrease within the influence zone and the wall-normal distance 𝛿𝐼 corresponding to 𝑇𝑐=0.75 ≈
0.7125 (i.e., 95% of 0.75) is considered to be the distance of the influence zone (i.e., the region where
the flame first is affected by the presence of the wall) in this analysis. The normalised influence zone
thickness 𝛿𝐼 /𝛿𝑍 is shown by vertical red lines in Fig. 7 and also in the relevant subsequent figures. For
a distance, 𝛿𝑄 termed as the quenching zone thickness, which is closer to the wall than the influence
zone (i.e., 𝛿𝑐=0.75 = 𝛿𝑄 < 𝛿𝐼 ), the non-dimensional temperature 𝑇𝑐=0.75 drops linearly to 0 (i.e., the
wall temperature) and |𝜔̇ 𝐹 |𝑐=0.75 × 𝛿𝑍 /𝜌0 𝑆𝐿 vanishes in this region (not shown here). The normalised
quenching zone thickness 𝛿𝑄 /𝛿𝑍 is shown by the vertical array of red circles in Fig. 7 and also in the
relevant subsequent figures. However, no vertical array of red circles are shown in the 𝐿𝑒𝐹 = 0.8 and
1.0 cases for the inlet turbulence intensities of 𝑢′ ⁄𝑆𝐿 = 1.0 and 2.0 because the flames in these cases
only exhibit a reduced value of |𝜔̇ 𝐹 |𝑐=0.75 × 𝛿𝑍 /𝜌0 𝑆𝐿 but it does not vanish altogether. Figure 7 shows
that the normalised quenching distance 𝛿𝑄 /𝛿𝑍 for the turbulent cases remains comparable to the
minimum Peclet number 𝑃𝑒𝑚𝑖𝑛 based on 1D laminar HOQ solution. This also suggests that the
normalised quenching distance 𝛿𝑄 /𝛿𝑍 can be parameterised by the minimum Peclet number 𝑃𝑒𝑚𝑖𝑛
based on 1D laminar HOQ solution for the purpose of modelling of the flame quenching effects in the
near-wall region, as done in several previous FWI models (Lai and Chakraborty, 2016a-d; Lai et al.,
2017a-c).
Figure 4 demonstrates that 𝑇 ≠ 𝑐 in the near-wall region, and, thus, the minimum value of the wallnormal distance 𝛿𝑇=0.75 remains different from the corresponding minimum value of 𝛿𝑐=0.75 .
Moreover, unlike the conventional HOQ configuration, the wall-normal distance of the 𝑇 = 0.75
isosurface does not necessarily represent the most reactive region within the flame because the
temperature of the burned products may drop to 𝑇 = 0.75 from 𝑇 = 1.0 as a result of heat transfer
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through the wall. Thus, 𝛿𝑇=0.75 /𝛿𝑍 may not be suitable for characterising the quenching distance in this
configuration.
𝑳𝒆𝑭 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟏. 𝟐

𝒖′ /𝑺𝑳 = 𝟑. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟎. 𝟖

Figure 7. The contours of joint PDFs between the non-dimensional temperature, 𝑇𝑐=0.75 , conditioned
on the 𝑐 = 0.75 isosurface and the non-dimensional flame-wall distance conditioned on the 𝑐 = 0.75
isosurface, 𝛿𝑐=0.75 /𝛿𝑍 , for all fuel Lewis numbers (i.e., 𝐿𝑒𝐹 = 0.8, 1.0, 1.2) and all inlet turbulence
intensities (i.e., 𝑢′ /𝑆𝐿 = 1.0, 2.0, 3.0) considered here. Here, the vertical lines represent the normalised
influence zone thickness, 𝛿𝐼 /𝛿𝑍 (red dashed line), the normalised minimum wall-normal distance of the
𝑇 = 0.75 isosurface, 𝛿𝑇=0.75,𝑚𝑖𝑛 /𝛿𝑍 (blue dotted line) and the normalised quenching zone thickness,
𝛿𝑄 /𝛿𝑍 (red circles) from the corresponding 3D turbulent cases. The minimum quenching distance from
the 1D laminar HOQ calculations is shown in purple dashed line.

The spatial distribution of temperature in the near-wall region not only affects the consumption rate
of fuel but also affects the normalised wall heat flux magnitude Φ𝑤 . The joint PDFs of the normalised
wall heat flux magnitude Φ𝑤 and the normalised wall-normal distance of the 𝑐 = 0.75 isosurface (i.e.,
𝛿𝑐=0.75 /𝛿𝑍 ) for all cases considered here are shown in Fig. 8. The mean and maximum values of Φ𝑤
are also shown in Fig. 8 by horizontal cyan and magenta lines, respectively. It can be seen from Fig. 8
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that the maximum Φ𝑤 is obtained at a distance from the wall within the influence zone (i.e., 𝛿𝑐=0.75 ≤
𝛿𝐼 ), but the wall heat flux magnitude decreases with increasing wall-normal distance beyond the
influence zone (i.e., 𝛿𝑐=0.75 > 𝛿𝐼 ) as the high-temperature zone remains further away from the wall and
accordingly, the wall gets progressively less affected by the flame. The reduction in 𝑇 is responsible for
the drop in the wall heat flux magnitude Φ𝑤 in the region corresponding to 𝛿𝑐=0.75 < 𝛿𝑄 for all cases
where flame quenching has been obtained.
𝑳𝒆𝑭 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟏. 𝟐

𝒖′ /𝑺𝑳 = 𝟑. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟎. 𝟖

Figure 8. The contours of joint PDFs between the normalised wall heat flux magnitude, Φ𝑤 , and the
non-dimensional flame-wall distance conditioned on the 𝑐 = 0.75 isosurface, 𝛿𝑐=0.75 /𝛿𝑍 , for all fuel
Lewis numbers (i.e., 𝐿𝑒𝐹 = 0.8, 1.0, 1.2) and all inlet turbulence intensities (i.e., 𝑢′ /𝑆𝐿 = 1.0, 2.0, 3.0)
considered here. Here, the horizontal magenta, green and cyan solid lines represent the maximum value
of the normalised wall heat flux magnitude obtained from 3D turbulent cases, maximum value of the
normalised heat flux magnitude for 1D HOQ calculations and the mean normalised wall heat flux
magnitude values from 3D turbulent cases. Please refer to Fig. 7 for the colour scheme of the vertical
lines.
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𝑳𝒆𝑭 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟏. 𝟐

𝒖′ /𝑺𝑳 = 𝟑. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟎. 𝟖

Figure 9. The contours of joint PDFs between the normalised wall shear stress magnitude, 𝜏𝑤 /(𝜌𝑢 𝑆𝐿2 ),
and the non-dimensional flame-wall distance conditioned on the 𝑐 = 0.75 isosurface, 𝛿𝑐=0.75 /𝛿𝑍 , for
all fuel Lewis numbers (i.e., 𝐿𝑒𝐹 = 0.8, 1.0, 1.2) and all inlet turbulence intensities (i.e., 𝑢′ /𝑆𝐿 =
1.0, 2.0, 3.0) considered here. Please refer to Fig. 7 for the colour scheme of the vertical lines.
Table 4 shows that the highest (smallest) value of 𝑆𝑇 /𝑆𝐿 is obtained for the 𝐿𝑒𝐹 = 0.8 (𝐿𝑒𝐹 = 1.2)
flame for a given flow condition and, thus, rate of burning and, therefore, thermal expansion and flame
normal acceleration are the strongest (weakest) for a given set of inlet turbulence intensity. This is
responsible for the highest (smallest) magnitudes of maximum and mean values of Φ𝑤 in the 𝐿𝑒𝐹 =
0.8 (𝐿𝑒𝐹 = 1.2) case for a given inlet turbulence intensity.
It is worth noting that the maximum values of Φ𝑤 remain smaller than (comparable to) the
corresponding Φ𝑤,𝑚𝑎𝑥 values obtained from 1D laminar HOQ simulations for inlet turbulence intensity
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of 𝑢′ ⁄𝑆𝐿 = 1.0 (𝑢′ ⁄𝑆𝐿 = 2.0). However, the maximum value of Φ𝑤 remains greater than the
corresponding Φ𝑤,𝑚𝑎𝑥 obtained from 1D laminar HOQ simulations for the inlet turbulence intensity of
𝑢′ ⁄𝑆𝐿 = 3.0. The increased extent of flame area generation with increasing turbulence intensity brings
more flame surface elements close to the wall and acts to increase the maximum heat flux magnitude.

Figure 10. Variations of 𝑆𝑡𝑃𝑟 2/3 and 𝑐𝑓 /2 along 𝑥2 /𝛿𝑍 for unity fuel Lewis number, (i.e., 𝐿𝑒𝐹 = 1.0)
and for the highest inlet turbulence intensity (i.e., 𝑢′/𝑆𝐿 = 3.0) considered here.
According to conventional convective heat transfer analysis, high values of heat transfer rate are
associated with high wall shear stress and, therefore, it is worthwhile to examine the distributions of the
normalised wall shear stress magnitude 𝜏𝑤 ⁄𝜌𝑢 𝑆𝐿2 with the normalised wall-normal distance of the 𝑐 =
0.75 isosurface (i.e., 𝛿𝑐=0.75 /𝛿𝑍 ), which are shown in Fig. 9 for all cases considered here. Figure 9
reveals a mild negative correlation between 𝜏𝑤 /𝜌𝑢 𝑆𝐿2 and 𝛿𝑐=0.9 /𝛿𝑍 , which arises from the fact that the
proximity of the flame induces large velocity magnitudes as a result of strong thermal expansion effects,
which gives rise to high-velocity gradients in the near-wall region. According to widely used ReynoldsColburn

analogy

one

obtains:

𝑆𝑡𝑃𝑟 2/3 = 𝑐𝑓 /2

(Bejan,

2013)

where

𝑆𝑡 =

2
〈𝑞𝑤 〉⁄𝜌𝑢 𝑈𝑚𝑒𝑎𝑛 𝐶𝑝,𝑢 (𝑇𝑎𝑑 − 𝑇𝑢 ) = 〈Φ𝑤 〉(𝑆𝐿 ⁄𝑈𝑚𝑒𝑎𝑛 ) is the Stanton number and 𝑐𝑓 = 2 〈𝜏𝑤 〉⁄𝜌𝑢 𝑈𝑚𝑒𝑎𝑛

is the skin friction coefficient with 〈𝑄〉 being the time-averaged value of a general quantity 𝑄 averaged
over the spanwise periodic direction. The distributions of 𝑆𝑡𝑃𝑟 2/3 and 𝑐𝑓 /2 along 𝑥2 /𝐿𝑦 are
exemplarily shown in Fig. 10 for the inlet turbulence intensity of 𝑢′ ⁄𝑆𝐿 = 3.0 in the case of 𝐿𝑒𝐹 = 1.0
because qualitatively similar behaviour has been observed for other cases and, thus, are not shown here
for the sake of brevity. Figure 10 reveals that 𝑆𝑡𝑃𝑟 2/3 and 𝑐𝑓 /2 remain of the same order of magnitude
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but their qualitative distributions remain significantly different. The quantity 𝑆𝑡𝑃𝑟 2/3 does not change
much with 𝑥2 /𝐿𝑦 but 𝑐𝑓 /2 increases with increasing distance from the stagnation plane. For the
counterflow like configuration, the flame stabilises at a certain mean distance from the wall, which is
determined by the turbulent flame speed and mean inflow velocity. Therefore, the heat flux does not
change appreciably in the 𝑥2 -direction. However, in this configuration, the wall shear stress magnitude
|𝜏𝑤 | increases with increasing distance from the stagnation point in the 𝑥2 -direction as a result of
increased velocity gradient 𝜕𝑢2 /𝜕𝑥1 from the stagnation point under reacting condition. Thus, leading
to the discrepancy between 𝑆𝑡𝑃𝑟 2/3 and 𝑐𝑓 /2 in this configuration. This implies that the ReynoldsColburn analogy (i.e., 𝑆𝑡𝑃𝑟 2/3 = 𝑐𝑓 /2) can be used for an order of magnitude estimation but not for
quantitative predictions in the case of FWI for an impinging flow configuration.

3. 4 Effects of fuel Lewis number 𝑳𝒆𝑭 on dilatation rate during flame-wall interaction
The distributions of 𝑇 and wall heat flux magnitude Φ𝑤 affect the thermal expansion in the near-wall
region, which can be characterised in terms of the normalised dilatation rate ∆= (𝜕𝑢𝑖 ⁄𝜕𝑥𝑖 ) × 𝛿𝑍 /𝑆𝐿 .
The variations of the mean values of ∆𝑐=0.75 conditioned upon 𝛿𝑐=0.75 /𝛿𝑍 are shown in Fig. 11 for all
cases considered here. Figure 11 indicates that ∆𝑐=0.75 remains predominantly positive for 𝛿𝑐=0.75 > 𝛿𝐼
but it decreases as the wall is approached within the influence zone (i.e., 𝛿𝑐=0.75 < 𝛿𝐼 ) and may assume
negative values within the quenching zone (i.e., 𝛿𝑄 > 𝛿𝑐=0.75 ). The current configuration resembles a
counterflow (Zhao et al., 2018a,b) where the normal velocity 𝑢1 decreases towards the stagnation plane
and gives rise to negative values of 𝜕𝑢1 /𝜕𝑥1 in the near-wall region. The decreasing contribution of
𝜕𝑢1 /𝜕𝑥1 in the dilatation rate 𝜕𝑢𝑖 /𝜕𝑥𝑖 plays a dominant role because the mean direction of flame
propagation is aligned with the 𝑥1 −direction. Therefore, the incoming fluid stream goes through
thermal expansion across the flame before decelerating close to the wall. The predominantly negative
𝜕𝑢1 /𝜕𝑥1 in the near-wall region is not compensated by 𝜕𝑢2 /𝜕𝑥2 and 𝜕𝑢3 /𝜕𝑥3 due to weak thermal
expansion in the absence of heat release in the vicinity of the wall leading to negative values of ∆𝑐=0.75
in the quenching zone (i.e., 𝛿𝑄 > 𝛿𝑐=0.75 ). It can further be discerned from Fig. 11 that the mean value
of ∆𝑐=0.75 is the highest for the 𝐿𝑒𝐹 = 0.8 case for a given inlet turbulence intensity. It has already been
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explained that the rate of burning is the highest in the 𝐿𝑒𝐹 = 0.8 case, which is reflected in the high
values of 𝑆𝑇 /𝑆𝐿 for this case in Table 4. Accordingly, the highest value of normalised dilatation rate
∆𝑐=0.75 (quantifying the strength of thermal expansion) is obtained for the 𝐿𝑒𝐹 = 0.8 cases out of all
the different fuel Lewis numbers considered here for a given inlet value of 𝑢′ /𝑆𝐿 .
𝑳𝒆𝑭 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟏. 𝟐

𝒖′ /𝑺𝑳 = 𝟑. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟎. 𝟖

Figure 11. Variations of the normalised mean values of dilatation rate ∆𝑐=0.75 = (𝜕𝑢𝑖 ⁄𝜕𝑥𝑖 )𝑐=0.75 ×
𝛿𝑍 /𝑆𝐿 , normal strain rate 𝑎𝑁 𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 and tangential strain rate 𝑎 𝑇 𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 conditioned
upon the normalised flame normal distance 𝛿𝑐=0.75 /𝛿𝑍 for all fuel Lewis numbers (i.e., 𝐿𝑒𝐹 =
0.8, 1.0, 1.2) and all inlet turbulence intensities (i.e., 𝑢′ /𝑆𝐿 = 1.0, 2.0, 3.0) considered here. Please refer
to Fig. 7 for the colour scheme of the vertical lines.
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𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟑. 𝟎

Figure 12. Variations of the normalised mean values of displacement speed 𝑆𝑑 𝑐=0.75 /𝑆𝐿 conditioned
upon the normalised flame normal distance 𝛿𝑐=0.75 /𝛿𝑍 for all fuel Lewis numbers (i.e., 𝐿𝑒𝐹 =
0.8, 1.0, 1.2) and all inlet turbulence intensities (i.e., 𝑢′ /𝑆𝐿 = 1.0, 2.0, 3.0) considered here.
𝑳𝒆𝑭 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟏. 𝟐

𝒖′ /𝑺𝑳 = 𝟑. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟎. 𝟖

Figure 13. Variations of the normalised mean values of normal strain rate due to flame propagation
(𝑁𝑗 𝜕𝑆𝑑 /𝜕𝑥𝑗 )𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 and tangential strain rate due to flame propagation (2𝑆𝑑 𝜅𝑚 )𝑐=0.75 × 𝛿𝑍 /𝑆𝐿
conditioned upon the normalised flame normal distance 𝛿𝑐=0.75 /𝛿𝑍 for all fuel Lewis numbers (i.e.,
𝐿𝑒𝐹 = 0.8, 1.0, 1.2) and all inlet turbulence intensities (i.e., 𝑢′ /𝑆𝐿 = 1.0, 2.0, 3.0) considered here.
Please refer to Fig. 7 for the colour scheme of the vertical lines.
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3. 5 Effects of fuel Lewis number 𝑳𝒆𝑭 on fluid-dynamic strain rates during flame-wall interaction
The aforementioned statistical behaviours of ∆ have implications on the near-wall behaviours of the
flame normal strain rate 𝑎𝑁 = 𝑛𝑖 𝑛𝑗 𝜕𝑢𝑖 /𝜕𝑥𝑗 and tangential strain rate 𝑎 𝑇 = (𝛿𝑖𝑗 − 𝑛𝑖 𝑛𝑗 )𝜕𝑢𝑖 /𝜕𝑥𝑗 , which
in turn affect the evolutions of the magnitude of the reaction progress variable |∇𝑐| (alternatively known
as the surface density function (SDF)) (Kollmann and Chen, 1998; Chakraborty and Cant, 2005; Dopazo
et al., 2015, Dopazo and Cifuentes, 2016) and flame surface area 𝐴 in the following manner;
1 𝑑|∇𝑐|
|∇𝑐| 𝑑𝑡
1 𝑑𝐴
𝐴 𝑑𝑡

= − (𝑎𝑁 + 𝑛𝑗

𝜕𝑆𝑑
𝜕𝑥𝑗

𝑒𝑓𝑓

) = −𝑎𝑁
𝑒𝑓𝑓

= (𝑎 𝑇 + 2𝑆𝑑 𝜅𝑚 ) = 𝑎 𝑇

(2i)
(2ii)

where 𝑑 (… )⁄𝑑𝑡 = 𝜕(… )⁄𝜕𝑡 + 𝑣𝑗 𝜕(… )⁄𝜕𝑥𝑗 is the total derivative in the reference frame moving with
the flame, 𝑆𝑑 = (𝜔̇ + ∇ ∙ (𝜌𝐷∇𝑐 ))/𝜌|∇𝑐| is the flame displacement speed with 𝜔̇ = −𝜔̇ 𝐹 /(𝑌𝐹𝑢 − 𝑌𝐹𝑏 ),
and 𝐷 being the reaction rate and diffusivity of the reaction progress variable, respectively, 𝜅𝑚 = ∇ ∙
𝒏/2 is the flame curvature which assumes a positive (negative) value for a flame surface element that
𝑒𝑓𝑓

is convex (concave) to the reactants, and finally 𝑎𝑁

𝑒𝑓𝑓

and 𝑎 𝑇 are the effective normal strain rate and

effective tangential strain rate (or stretch rate), respectively (Candel and Poinsot, 1990; Dopazo et al.,
𝑒𝑓𝑓

2015, 2018, Dopazo and Cifuentes, 2016). Equation 2 suggests that a negative value of 𝑎𝑁

acts to

increase the SDF.
Figure 11 reveals that the mean value of 𝑎𝑁 𝑐=0.75 remains negative for 𝛿𝑄 > 𝛿𝑐=0.75 in the cases
where |𝜔̇ 𝐹 |𝑐=0.75 vanishes close to the wall. This behaviour is also typical of the counterflow like
configuration where the flame is expected to be under compressive normal straining close to the
stagnation plane. It can also be seen from Fig. 11 that the mean value of 𝑎𝑁 𝑐=0.75 remains positive
outside the influence zone (i.e., 𝛿𝑐=0.75 > 𝛿𝐼 ) before decreasing within the influence zone. The normal
strain rate 𝑎𝑁 can be expressed as 𝑎𝑁 = (𝑒𝛼 cos 2 𝜃𝛼 + 𝑒𝛽 cos 2 𝜃𝛽 + 𝑒𝛾 cos 2 𝜃𝛾 ) where 𝑒𝛼 , 𝑒𝛽 and 𝑒𝛾
are the most extensive, intermediate, and the most compressive principal strain rates; and 𝜃𝛼 , 𝜃𝛽 and 𝜃𝛾
the angles between the flame normal vector 𝒏 and the eigenvectors associated with 𝑒𝛼 , 𝑒𝛽 and 𝑒𝛾 ,
respectively. It has been shown in several previous analyses (Chakraborty and Swaminathan, 2007;
Chakraborty et al., 2009; Ahmed et al., 2014; Kim and Pitsch 2007), including FWI (Zhao et al., 2019),
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that 𝒏 preferentially collinearly aligns with the eigenvector associated with 𝑒𝛼 (i.e., |cos 𝜃𝛼 | = 1.0) and
yields a positive value of 𝑎𝑁 where the strain rate induced by flame normal acceleration dominates over
turbulent straining. The strain rate induced by flame normal acceleration can be scaled using 𝜏𝑆𝐿 /𝛿𝑡ℎ ,
whereas the large-scale turbulent straining can be taken to scale with 𝑢′ /𝑙. Thus, the ratio of straining
due to flame normal acceleration to turbulent straining can be scaled with 𝜏𝑆𝐿 𝑙⁄𝛿𝑡ℎ 𝑢′ = 𝜏𝐷𝑎
(Chakraborty and Swaminathan, 2007; Chakraborty et al., 2009). Therefore, a preferential alignment
between 𝒏 and the eigenvector associated with 𝑒𝛼 is likely to be obtained for 𝜏𝐷𝑎 > 1 in the regions
away from the wall. Table 1 suggests that 𝜏𝐷𝑎 > 1 is obtained in these cases based on the inlet
turbulence intensity and, thus, a collinear preferential alignment between 𝒏 and the eigenvector
associated with 𝑒𝛼 is obtained away from the wall. As the chemical activities away from the wall is the
strongest in the 𝐿𝑒𝐹 = 0.8 case for a given inlet turbulence intensity (see 𝑆𝑇 /𝑆𝐿 values in Table 4), the
extent of the preferential alignment between 𝒏 and the eigenvector associated with 𝑒𝛼 is the highest in
this case, which also gives rise to an increase in the likelihood of obtaining high values of
𝑎𝑁 𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 with decreasing 𝐿𝑒𝐹 in the region given by 𝛿𝑐=0.75 > 𝛿𝐼 . The strain rate induced by
flame normal acceleration weakens in the region given by 𝛿𝑐=0.75 < 𝛿𝐼 (as can be substantiated by the
decrease in ∆𝑐=0.75 in the influence zone in Fig. 10) and accordingly the alignment between 𝒏 and the
eigenvector associated with 𝑒𝛼 weakens and 𝑎𝑁 𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 starts to decrease. In the quenching zone,
the flame normal vector 𝒏 preferentially aligns with the eigenvector associated with 𝑒𝛾 . This effect is
further reinforced by the flow deceleration induced by the flow impingement on the wall in the current
configuration leading to the probability of finding high negative values of 𝑎𝑁 𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 in the
region given by 𝛿𝑐=0.75 < 𝛿𝑄 in the cases where vanishing small values of |𝜔̇ 𝐹 |𝑐=0.75 are obtained. The
relative behaviours of (𝜕𝑢𝑖 ⁄𝜕𝑥𝑖 ) and normal strain rate 𝑎𝑁 = 𝑛𝑖 𝑛𝑗 𝜕𝑢𝑖 /𝜕𝑥𝑗 determine the behaviour of
the tangential strain rate 𝑎 𝑇 = 𝜕𝑢𝑖 ⁄𝜕𝑥𝑖 − 𝑎𝑁 . Figure 11 reveals that the mean value of
𝑎 𝑇 𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 remains predominantly positive but the magnitude drops in the quenching zone (i.e.,
𝛿𝑐=0.75 < 𝛿𝑄 ) for all cases considered here, and negative mean values of 𝑎 𝑇 𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 can be
discerned for inlet turbulence intensities of 𝑢′ ⁄𝑆𝐿 = 2.0 and 3.0.
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3.6 Effects of fuel Lewis number 𝑳𝒆𝑭 on flame displacement speed and strain rates due to flame
propagation during flame-wall interaction
It can be seen from eqs. 2i and 2ii that the normal and tangential strain rates arising from flame
propagation (i.e., 𝑛𝑗 𝜕𝑆𝑑 /𝜕𝑥𝑗 and 2𝑆𝑑 𝜅𝑚 , respectively) play key roles in the evolutions of the SDF |∇𝑐|
and flame surface area 𝐴. In order to understand the statistical behaviours of 𝑛𝑗 𝜕𝑆𝑑 /𝜕𝑥𝑗 and 2𝑆𝑑 𝜅𝑚 in
the vicinity of the wall, it is worthwhile to analyse the near-wall behaviours of 𝑆𝑑 . The flame
displacement speed 𝑆𝑑 increases with increasing 𝑐 away from the wall (not shown here, and the
behaviour is similar to that shown in Chakraborty and Cant (2005)) but the heat loss through the wall
affects the displacement speed statistics in the near-wall region. In order to demonstrate this, the
variations of the mean values of 𝑆𝑑 𝑐=0.75 /𝑆𝐿 conditioned upon 𝛿𝑐=0.75 /𝛿𝑍 are shown in Fig. 12 for all
cases considered here. It can be seen from Fig. 12 that the mean value of 𝑆𝑑 𝑐=0.75 /𝑆𝐿 remains positive
outside the influence zone (i.e., 𝛿𝑐=0.75 > 𝛿𝐼 ) and it increases with decreasing 𝐿𝑒𝐹 due to stronger
thermal expansion and higher heat release rate for smaller values of 𝐿𝑒𝐹 . However, the mean value of
𝑆𝑑 𝑐=0.75 /𝑆𝐿 decreases significantly in the region given by 𝛿𝑐=0.75 < 𝛿𝐼 due to the reduction in the fuel
reaction rate magnitude. As ∇ ∙ (𝜌𝐷∇𝑐 ) assumes predominantly negative values in the reaction zone
(Chakraborty and Cant, 2005), the probability of finding negative 𝑆𝑑 𝑐=0.75 /𝑆𝐿 increases close to the
wall within the quenching zone (i.e., 𝛿𝑐=0.75 < 𝛿𝑄 ) for the cases where flame quenching effects are
prevalent. As wall-normal direction is aligned with the mean direction of flame propagation (see Fig.
4), the decrease in the value of 𝑆𝑑 /𝑆𝐿 near the wall induces high positive values of 𝑛𝑗 𝜕𝑆𝑑 /𝜕𝑥𝑗 for the
quenching zone 𝛿𝑐=0.75 < 𝛿𝑄 . This can be confirmed from the variations of the mean values of
(𝑛𝑗 𝜕𝑆𝑑 ⁄𝜕𝑥𝑗 )

𝑐=0.75

× 𝛿𝑍 /𝑆𝐿 conditioned upon 𝛿𝑐=0.75 /𝛿𝑍 shown in Fig. 13. However, the mean value

of (𝑛𝑗 𝜕𝑆𝑑 ⁄𝜕𝑥𝑗 )

𝑐=0.75

× 𝛿𝑍 /𝑆𝐿 in the region given by 𝛿𝑐=0.75 > 𝛿𝐼 is predominantly driven by the

spatial variation of 𝑆𝑑 , and an increase in 𝑆𝑑 with increasing wall-normal distance induces a negative
value of (𝑛𝑗 𝜕𝑆𝑑 ⁄𝜕𝑥𝑗 )

𝑐=0.75

and vice versa.
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𝑳𝒆𝑭 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟏. 𝟐

𝒖′ /𝑺𝑳 = 𝟑. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝑳𝒆𝑭 = 𝟎. 𝟖

𝑒𝑓𝑓

Figure 14. Variations of the normalised mean values of effective normal strain rate (𝑎𝑁 )𝑐=0.75 × 𝛿𝑍 /
𝑒𝑓𝑓
𝑆𝐿 and effective tangential strain rate (𝑎 𝑇 )𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 conditioned upon the normalised flame
normal distance 𝛿𝑐=0.75 /𝛿𝑍 for all fuel Lewis numbers (i.e., 𝐿𝑒𝐹 = 0.8, 1.0, 1.2) and all inlet turbulence
intensities (i.e., 𝑢′ /𝑆𝐿 = 1.0, 2.0, 3.0) considered here. Please refer to Fig. 7 for the colour scheme of
the vertical lines.

The curvature of the flame elements within the quenching zone remains predominantly negative
(i.e., 𝜅𝑚 < 0) because of the current flow configuration and predominant head-on nature of FWI (see
Fig. 6). The predominantly negative values of 𝜅𝑚 and decreasing trends of 𝑆𝑑 within the quenching
zone (i.e., 𝛿𝑐=0.75 < 𝛿𝑄 ) lead to negative mean values of (2𝑆𝑑 𝜅𝑚 )𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 conditioned upon
𝛿𝑐=0.75 /𝛿𝑍 in the flame quenching zone, as shown in Fig. 13. A comparison between Figs. 11 and 13
reveals that the magnitudes of positive mean values of (𝑛𝑗 𝜕𝑆𝑑 ⁄𝜕𝑥𝑗 )

𝑐=0.75

× 𝛿𝑍 /𝑆𝐿 are likely to

overcome negative mean values of 𝑎𝑁 𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 to yield positive mean values of the effective
𝑒𝑓𝑓

normal strain rate 𝑎𝑁

conditioned upon 𝛿𝑐=0.75 /𝛿𝑍 in the quenching zone (i.e., 𝛿𝑐=0.75 < 𝛿𝑄 ), which

can be confirmed from Fig. 14. Similarly, Fig. 14 reveals that the magnitude of negative mean values
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of (2𝑆𝑑 𝜅𝑚 )𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 dominates over the positive mean values of 𝑎 𝑇 𝑐=0.75 × 𝛿𝑍 /𝑆𝐿 to yield
𝑒𝑓𝑓

negative mean values of 𝑎 𝑇

conditioned upon 𝛿𝑐=0.75 /𝛿𝑍 in the quenching zone. The predominance

𝑒𝑓𝑓

of the negative 𝑎 𝑇 in the near-wall region suggests a reduction in flame surface area in the quenching
zone (see eq. 2ii).

3.7 Effects of fuel Lewis number 𝑳𝒆𝑭 on the near-wall behaviour of the reactive scalar gradient and
modelling implications
According to eq. 2i, |∇𝑐| is expected to decrease in the quenching zone under the action of
𝑒𝑓𝑓

predominantly positive 𝑎𝑁 . The variations of the mean values of |∇𝑐|𝑐=0.75 × 𝛿𝑍 conditioned upon
𝛿𝑐=0.75 /𝛿𝑍 are shown in Fig. 15 for all cases considered here. Figure 15 reveals that the SDF decreases
significantly in the quenching zone, which is consistent with previous findings (Gruber et al., 2010;
Zhao et al., 2018a). Figure 15 further shows that |∇𝑐|𝑐=0.75 assumes non-zero values in the quenching
̅̅̅̅̅ and Favre-averaged/filtered SDR 𝑁
̃𝑐 =
zone, which suggests that the generalised FSD Σ𝑔𝑒𝑛 = |∇𝑐|
̅̅̅̅̅̅̅̅̅̅̅
𝜌𝐷|∇𝑐|2 /𝜌̅ (with the overbar suggesting a Reynolds averaging/filtering operation, as appropriate)
(Boger et al., 1998, Chakraborty et al., 2011) are expected to exhibit non-zero values in the quenching
zone, whereas the mean/filtered reaction rate 𝜔̇̅ vanishes in this region. The impenetrability condition
at the wall gives rise to 𝜕𝑐 ⁄𝜕𝑥1 = 0 because the wall-normal direction aligns with the negative
𝑥1 −direction. However, 𝜕𝑐 ⁄𝜕𝑥2 and 𝜕𝑐 ⁄𝜕𝑥3 may not vanish at the wall because the flame can be at
different state of flame quenching in the wall tangential direction and, thus, non-zero values of |∇𝑐| and
the generalised FSD Σ𝑔𝑒𝑛 are always going to be obtained, whereas the reaction rate magnitude vanishes
within the quenching zone (i.e., 𝛿𝑐=0.75 < 𝛿𝑄 ) irrespective of the flame configuration. This suggests
(𝜌𝑆𝑑 )𝑠 Σ𝑔𝑒𝑛 and 𝜔̇̅ =
that the conventional FSD and SDR based reaction rate closures (e.g., 𝜔̇̅ = ̅̅̅̅̅̅̅
̃𝑐 /(2𝑐𝑚 − 1), where ̅̅̅̅̅
(𝑄)𝑠 = ̅̅̅̅̅̅̅
2𝜌̅ 𝑁
𝑄|∇𝑐|/Σ𝑔𝑒𝑛 is the surface averaged value of a general variable 𝑄 and
𝑐𝑚 is a thermo-chemical parameter) (Bray, 1980; Boger et al., 1998; Trouvé and Poinsot, 1994) are
rendered invalid in the near-wall region even for weakly turbulent flames. Thus, the near-wall
behaviours of 𝑎𝑁 , 𝑎 𝑇 , 𝑁𝑗 𝜕𝑆𝑑 ⁄𝜕𝑥𝑗 and 2𝑆𝑑 𝜅𝑚 are expected to play key roles in the evolutions of FSD
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and SDR in the vicinity of the wall. Thus, wall influences need to be included in the closures for FSD,
SDR, and the unclosed terms of their transport equations in order to model premixed FWI events
(Bruneaux et al., 1997; Lai and Chakraborty, 2016a-d, Sellmann et al., 2017).
𝒖′ /𝑺𝑳 = 𝟏. 𝟎

𝒖′ /𝑺𝑳 = 𝟐. 𝟎

𝒖′ /𝑺𝑳 = 𝟑. 𝟎

Figure 15. Variations of the normalised mean values of the SDF |∇𝑐|𝑐=0.75 × 𝛿𝑍 conditioned upon the
normalised flame normal distance 𝛿𝑐=0.75 /𝛿𝑍 for all fuel Lewis numbers (i.e., 𝐿𝑒𝐹 = 0.8, 1.0, 1.2) and
all inlet turbulence intensities (i.e., 𝑢′ /𝑆𝐿 = 1.0, 2.0, 3.0) considered here.
4. CONCLUSIONS
The FWI of a statistically planar premixed turbulent flame impinging on an inert isothermal wall has
been analysed based on three-dimensional DNS data for different fuel Lewis numbers 𝐿𝑒𝐹 (i.e., 𝐿𝑒𝐹 =
0.8, 1.0, and 1.2) and different inlet turbulence intensities. In this configuration, the flame is pushed by
the inflow of fresh reactants and eventually stabilises at some distance away from the wall, which is
determined by the inflow and fuel consumption rate (or the turbulent flame speed). It has been found
that the extent of FWI increases with increasing inlet turbulence intensity due to a greater extent of
flame wrinkling caused by stronger turbulence. The main conclusions of this analysis are:
• The turbulent flame speed increases with decreasing 𝐿𝑒𝐹 and, therefore, the mean position of the
flame stabilisation remains relatively away from the wall for small values of 𝐿𝑒𝐹 . Hence, the
occurrences of FWI events are less frequent for small values of 𝐿𝑒𝐹 in this configuration.
• It has been found that the quenching zone thickness in the cases considered here remains comparable
to the corresponding values obtained from 1D conventional HOQ simulations and, thus, the
quenching zone thickness from 1D conventional HOQ simulations can be used for modelling of FWI
in other configurations, as previously done by Lai and Chakraborty (2016a-d) and Lai et al. (2017ac).
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• The increase in the burning rate with decreasing 𝐿𝑒𝐹 also gives rise to an increase in the maximum
and mean values of wall heat flux magnitude. Both the maximum and mean values of wall heat flux
magnitude increase with an increase in the inlet turbulence intensity for a given fuel Lewis number
because of the enhanced burning rate arising from flame wrinkling induced by turbulent fluid
motion.
• The time-averaged Stanton number based on wall heat flux magnitude has been found to be of the
same order of magnitude as that of the skin friction coefficient, but there are significant quantitative
differences, which suggests that the Reynolds-Colburn analogy does not remain strictly valid in
turbulent premixed FWI.
• The heat loss through the wall has been demonstrated to have significant influences on the statistical
behaviours of dilatation rate, normal strain rate, and flame displacement speed with all the quantities
showing a decreasing trend in the quenching zone.
• The combination of the decreasing trend of displacement speed in the quenching zone with
decreasing wall-normal distance and the predominant head-on alignment of the flame surface leads
to a predominantly positive normal strain rate induced by flame propagation. The positive values of
normal strain rate induced by flame propagation dominate over the predominantly negative values
of fluid-dynamic normal strain rate to induce positive values of effective normal strain rate in the
near-wall region, which acts to reduce the magnitude of the reaction progress variable gradient in
the quenching zone.
The turbulent flame speed in this configuration depends on mean inlet velocity, turbulent velocity
fluctuation, and fuel Lewis number. These parameters dictate the stabilisation distance of the flame and
the extent of FWI. Thus, turbulent flame speed is not known a priori in this configuration but the
analysis of 𝐿𝑒𝐹 for a given value of turbulent flame speed allows for a comparison under same statistical
conditions of fuel consumption and heat release. This aspect is yet to be reported in the existing
literature but worth further investigation.
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The present findings suggest that both the magnitude of the reaction progress variable gradient (i.e.,
SDF) and the strain rates induced by fluid motion and flame propagation, which affect the evolution of
the SDF, are significantly affected by the wall. Thus, the existing models for FSD, SDR, and the
unclosed terms in their transport equations are expected to be modified in the near-wall region in the
case of FWI. Although the statistics presented in this paper are expected to be affected by the thermal
boundary condition and not by the chemical mechanism (Ahmed et al., 2018; Lai et al., 2018), the
current findings will need to be validated in the future in the presence of detailed chemistry and
transport. Furthermore, these statistics will also need to be utilised to develop high-fidelity models for
turbulent premixed FWI, which will form the basis of future investigations.
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