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Abstract
The influence of flow configuration on flame-wall interaction (FWI) of premixed flames 
within turbulent boundary layers has been investigated. Direct numerical simulations 
(DNS) of two different flow configurations for flames interacting with chemically inert 
isothermal and adiabatic walls in fully developed turbulent boundary layers have been 
performed. The first configuration is an oblique wall interaction (OWI) of a V-flame in 
a turbulent channel flow and the second configuration is a head-on interaction (HOI) of 
a planar flame in a turbulent boundary layer. These simulations are representative of stoi-
chiometric methane-air mixture under atmospheric conditions and the non-reacting turbu-
lence for these simulations corresponds to the friction velocity based Reynolds number 
of Re

�
= 110 . It is found that the mean wall shear stress, mean wall friction velocity and 

the mean velocity statistics are affected during FWI and the behaviour for these quanti-
ties varies under the different flow configurations as well as for the different thermal wall 
boundary conditions. The behaviour of the quenching distance and mean wall heat flux 
under isothermal wall conditions is found to be significantly different between the two flow 
configurations. The variation of the non-dimensional temperature in wall units for cases 
with isothermal walls suggests that the temperature in the log-layer region is significantly 
altered by the evolving wall heat flux in both flow configurations. Statistics of the mean 
Reynolds stresses and turbulence dissipation rate show that the flame significantly alters 
the behaviour of turbulence due to thermal expansion effects and flow configuration plays 
an important role.
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1  Introduction

Reducing greenhouse gases and the control of pollutant emissions are becoming increas-
ingly important for the aviation, automotive and power generation industry. This has led 
to more compact combustor designs resulting in higher fuel efficiency and higher energy 
density, but this reduction in size leads to events like flame-wall interaction (FWI) within 
the combustion chamber (Fernandez-Pello 2002). FWI occurs in many engineering devices 
(e.g. spark ignition (SI) engines, gas turbines and micro-combustors), and a full under-
standing of these phenomena remains challenging. Understanding of near-wall turbulence 
in engineering problems for non-reacting flows has been the focus of an extremely abun-
dant literature, but the fundamental understanding and treatment of near-wall turbulence 
for non-reacting flows is still a challenging problem and quite often the limiting factor in 
practical predictions. Wall-bounded flows with heat release become even more compli-
cated during FWI events as the presence of the walls significantly influences the combus-
tion processes and may lead to flame quenching due to wall heat losses. The flame also 
has a significant influence on the flow near the wall as well as on the heat flux to the wall 
(Clendening et al. 1981; Ezekoye et al. 1992; Popp and Baum 1997; Alshaalan and Rutland 
2002). Under these conditions, the turbulence structure is altered by the presence of walls 
and the interaction of flame elements with walls leads to modifications of the underlying 
combustion processes (Alshaalan and Rutland 1998; Gruber et al. 2010). Limited informa-
tion is available regarding the behaviour of turbulence and combustion processes during 
FWI in fully developed boundary layers and consequently there is a lack of understanding 
to guide the modelling effort for industrial processes.

Several numerical and experimental studies have focused on the issues related to FWI 
for premixed combustion in different flow regimes and configurations. In the case of lami-
nar flows, FWI has been extensively studied both numerically (Wichman and Bruneaux 
1995; Popp and Baum 1997) and experimentally (Clendening et  al. 1981; Vosen et  al. 
1985; Jarosinski 1986; Huang et  al. 1988; Ezekoye et  al. 1992). Head-on quenching of 
premixed turbulent flames under initial isotropic turbulence was investigated using two 
dimensional direct numerical simulation (DNS) data by Poinsot et al. (1993). Chakraborty 
and co-workers (Ahmed et al. 2018; Lai and Chakraborty 2016a, 2016b; Lai et al. 2017, 
2018a, 2018b; Sellmann et  al. 2017) further investigated this flow configuration using 
three-dimensional DNS data for both unity and non-unity Lewis number flames. In this 
flow configuration, there is no mean flow and the flame propagates towards the wall while 
being wrinkled by the initial isotropic turbulence and is eventually quenched in the vicinity 
of the cold wall. Under these conditions, turbulence decays rapidly during the FWI pro-
cess and cannot be easily quantified, but these investigations still provide important physi-
cal insights into quenching distances and the influence of chemistry in FWI. The limita-
tions of the aforementioned flow configuration related to the quantification of turbulence 
in FWI can be overcome by investigating fully developed turbulence in boundary layers. 
Such investigations were performed using DNS by Bruneaux et al. (1996, 1997) in a con-
stant density turbulent channel flow and this work was further developed by Alshaalan and 
Rutland (1998, 2002) by performing a V-flame simulation in a turbulent channel-Couette 
flow. These investigations demonstrate that the near-wall structures have a strong influence 
on the flame when it is in the vicinity of the wall. In the case of FWI in turbulent boundary 
layers the flame is pushed towards the wall by turbulent structures leading to higher wall 
heat fluxes and localised flame quenching. At the same time, the vortical structures trans-
port unburned fluid away from the wall and carry it into the burned gases, consequently 
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creating pockets of fresh gases in the burnt gas regions. The work on FWI within turbu-
lent channel flows with isothermal inert walls has been extended further by Gruber et al. 
(2010) and Ahmed et  al. (2021b, 2021d) in the case of a V-flame interacting with iso-
thermal inert walls, and by Gruber et al. (2012, 2018), Kitano et al. (2015), Ahmed et al. 
(2019c, 2020, 2023) and Bailey and Richardson (2021) in the case of turbulent boundary 
layer flashback for hydrogen rich premixed flames. Gruber et al. (2010) used DNS data to 
demonstrate the alteration of the flame structure and species distribution within the flame 
during the progress of FWI. Ahmed et al. (2021d) focused on the evolution of the reactive 
scalar gradient magnitude during FWI for a V-flame in the case of both isothermal and 
adiabatic wall boundary conditions. This data has been utilised by Ahmed et al. (2021b) 
for the assessment of turbulent premixed flame models in the case of FWI. Gruber et al. 
(2012) used DNS data to analyse the global features of flashback of hydrogen rich pre-
mixed combustion within the boundary layer of a turbulent channel flow and demonstrated 
the role of Darrieus-Landau hydrodynamic instability during flashback. In a subsequent 
analysis Gruber et  al. (2018) focussed on transient upstream flame propagation through 
homogeneous and fuel-stratified hydrogen-air mixtures transported in fully developed tur-
bulent channel flows and reported a change in combustion regime for stratified mixtures as 
the flame approaches the wall. Bailey and Richardson (2021) analysed the effects of swirl 
on the flashback process for lean hydrogen-air mixture by imposing a wall-normal pressure 
gradient profile and developed a model for swirl effects on the flashback speed. Ahmed 
et al. (2019c, 2020, 2023) utilised DNS data by Kitano et al. (2015) to analyse statistical 
behaviours of turbulent kinetic energy transport (Ahmed et al. 2019c), displacement speed 
(Ahmed et al. 2020) and flame self-interaction topology (Ahmed et al. 2023) during flash-
back of hydrogen-rich flames within turbulent boundary layers.

Recently, FWI has also been investigated under adiabatic wall boundary conditions by 
Ahmed et al. (2021c, 2021d) for a V-flame in a fully developed turbulent channel flow and 
a turbulent boundary layer configuration and demonstrated the effects of thermal bound-
ary condition on the behaviour of scalar gradient, scalar variance, turbulent scalar flux 
and scalar dissipation rate statistics (Ahmed et al. 2021c). The influence on the flame in 
the near wall region during FWI has also been investigated in statistically planar turbulent 
premixed flames impinging on an inert flat wall at different temperatures by Zhao et  al. 
(2018a, 2018b, 2019) and the DNS data was used to develop simplified models for wall 
heat transfer and flame quenching distance (Zhao et  al. 2018a). Zhao et  al. (2019) ana-
lysed the statistics of different modes for FWI and demonstrated the effects of FWI on the 
relative alignments of scalar gradient with principal strain rates along with their modelling 
implications. The reactive scalar gradient and flame displacement speed statistics in the 
same configuration for different fuel Lewis numbers was analysed by Konstantinou et al. 
(2021), which revealed that reactive scalar statistics and flame quenching due to heat loss 
through the wall are significantly affected by the fuel Lewis number. The DNS findings 
related to the influence of the flame on turbulence and vice verca have been confirmed 
by the recent experimental findings for V-flames interacting with cold walls (Jainski et al. 
2017a, 2017b, 2018) and transient head-on quenching (Rißmann et al. 2017).

The main focus of most studies on FWI has been to investigate the flame dynamics dur-
ing its interactions with the wall. In contrast, the effect of the flame on the near wall tur-
bulent boundary layer flow has received limited attention. In reacting wall-bounded flows, 
the heat release due to combustion causes large temperature gradients and highly unsteady 
temperature fluctuations lead to variations in fluid viscosity and density. These variations 
consequently alter the turbulent boundary layer. As a result of these changes, the widely 
used models based on the logarithmic law-of-wall lose their validity in chemically reacting 
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boundary layers (Poinsot and Veynante 2005). Using DNS data (Bruneaux et  al. 1996) 
have provided some information on the changes in the behaviour of turbulence and scalar 
distributions during FWI in a fully developed turbulent channel flow under constant den-
sity conditions, while (Alshaalan and Rutland 2002) interrogated DNS data by applying 
a quadrant splitting analysis of the Reynolds stresses in the quenching zone of a V-flame 
interacting with a wall. Both analysis show that there are significant differences in the tur-
bulent boundary layer caused by the existence of the flame in the near wall region. These 
findings from DNS studies are supported by the experimental results (Cheng et al. 1981; 
Ng et al. 1982; Richard and Escudié 1999), which show that the thickness of the turbulent 
boundary layer increases during FWI and is explained by a higher viscosity caused by an 
increase in temperatures. Recent experimental findings of Jainski et al. (2018) demonstrate 
the changes in the Reynolds stresses within the turbulent boundary layer caused by the 
flame interacting with the wall which substantiates the earlier DNS findings by Bruneaux 
et al. (1996) and Alshaalan and Rutland (2002).

All of the aforementioned studies on turbulent boundary layers involving FWI have 
focused on the behaviour of turbulent boundary layer during FWI in a specific flow config-
uration and limited attempts have been made to investigate and compare the behaviour of 
turbulence across different flow configurations. Furthermore, no information exists to date 
in the literature regarding the influence on Reynolds stresses, wall shear stresses and the 
associated statistics for FWI with the variation of wall boundary conditions. Fundamental 
understanding of these statistics is important from the point of view of modelling FWI in 
engineering applications using Reynolds Averaged Navier–Stokes (RANS) or Large Eddy 
Simulation (LES) frameworks. In this spirit, we perform DNS of premixed flames interact-
ing with inert walls within turbulent boundary layers under different thermal wall boundary 
conditions for two different flow configurations under unity Lewis number and low Mach 
number conditions. The first configuration consists of a V-flame interacting with inert 
isothermal and adiabatic walls in a turbulent channel flow configuration which leads to 
oblique wall interaction (OWI) of the flame. The second configuration consists of a statisti-
cally planar flame propagating into a fully turbulent boundary layer and interacting with an 
inert isothermal as well as an adiabatic wall, which leads to head-on interaction (HOI) of 
the flame. The main objectives of the present work are:

–	 To investigate the influence of flow configuration on the flame orientations and mean 
velocities during FWI within turbulent boundary layers under different thermal wall 
boundary conditions.

–	 To investigate the behaviour of wall shear stresses, wall friction velocities, Reynolds 
stresses and turbulence dissipation in different flow configurations under different ther-
mal wall boundary conditions.

The rest of the paper is organised as follows: in the next section we explain the description 
of the flow configurations and details of the DNS data, which is followed by the discussion 
of the results obtained from the analysis. Finally, the conclusions are drawn and are sum-
marised in the last section.
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2 � Direct Numerical Simulation Data

A well-known three-dimensional compressible DNS code SENGA+ (Jenkins and 
Cant 1999) has been used to perform the simulations. The code employs high-
order finite-difference schemes for spatial differentiation ranging from 10th order 
accuracy for internal points to 2nd order accuracy at the non-periodic bounda-
ries, while a 3rd order explicit Runge–Kutta scheme is employed for time advance-
ment. The governing equations of mass, momentum, energy, and species mass frac-
tions are solved in a non-dimensional form and a single-step irreversible reaction 
( unit mass of Fuel + s unit mass of Oxidiser → (1 + s) unit mass of Products , where s 
is the stoichiometric oxidiser-fuel ratio) is used for the purpose of computational economy. 
This treatment for chemical reaction has been employed in several previous studies involv-
ing head-on quenching simulations of premixed turbulent flames under isotropic turbulence 
(Poinsot et al. 1993; Sellmann et al. 2017; Lai and Chakraborty 2016a, 2016b; Lai et al. 
2017, 2018a, 2018b; Ahmed et al. 2018; Lai et al. 2017, 2018b), head-on quenching in a 
turbulent channel flow without density change across the flame (Bruneaux et al. 1996) and 
a V-flame with an isothermal wall (Alshaalan and Rutland 1998, 2002). It has also been 
demonstrated in previous studies that the inclusion of a detailed chemical mechanism does 
not alter the underlying flame dynamics, including the reaction progress variable gradient 
statistics, (Lai et al. 2018) 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. 
Detailed chemistry DNS has revealed that statistics related to wall heat flux magnitude and 
flame quenching distance do not change between simple and detailed chemistry, and these 
statistics have been found to be in agreement with the corresponding values obtained from 
simple chemistry DNS data (Lai et  al. 2018a). Furthermore, the wall heat flux and wall 
Peclet number obtained from simple chemistry DNS have been found to be in good agree-
ment with experimental findings (Jarosinski 1986; Vosen et al. 1985; Huang et al. 1988). 
The fluid- dynamical aspects of flame-wall interaction based on simple chemistry DNS 
data of Alshaalan and Rutland (1998, 2002) have been found to be consistent with detailed 
chemistry results of Gruber et al. (2010). Furthermore, 1-D HOI simulations at different 
wall temperatures, ranging from 300K to 750K, with a skeletal mechanism involving 16 
species and 25 reactions proposed by Smooke and Giovangigli (1991) have revealed that 
the variation in the dilatation rate during FWI remains almost within 3%–5% of the dilata-
tion rate obtained from the single-step chemical reaction treatment. It is worth noting that 
the main focus of the current work is related to the influence of the flame on turbulence and 
the turbulent boundary layer during the FWI process, as the influence of chemical reaction 
on turbulence statistics is a consequence of dilatation rate arising from thermal expansion. 
Given the good agreement of dilatation rate between simple and detailed chemical mecha-
nisms, the use of single-step chemistry does not limit the scope of the current analysis, as 
the current work focuses on the fluid-dynamic statistics and momentum equations do not 
include any explicit dependence on chemistry related terms.

The simulations presented in this work are representative of a stoichiometric methane-
air mixture under atmospheric conditions, hence standard values of the Zeldovich number 
� = Ta(Tad − TR)∕T

2

ad
 (where Ta is the activation temperature, Tad is the adiabatic flame 

temperature and TR is the temperature of the reactants), Prandtl number, Pr, and ratio of 
specific heats, � , (i.e., � = 6.0 , Pr = 0.7 , and � = 1.4 ) are used where the Lewis numbers 
of all the species are taken to be unity and the species diffusion is accounted by Fick’s law. 
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It has been shown in a DNS study of statistically 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 which justifies the use of unity Lewis number in this work. 
The heat release parameter, � = (Tad − TR)∕TR , is taken to be 2.3 for the flames considered 
in this work, which corresponds to preheating of reactants to a temperature of TR = 730 K. 
This value of TR and the resulting � 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), turbu-
lent boundary layer flashback (Ahmed et al. 2019c, 2020; 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).

2.1 � Non‑reacting Turbulent Channel Flow

An auxiliary DNS of inert isothermal fully developed turbulent-plane channel flow driven 
by a streamwise constant pressure gradient is performed to obtain the initial turbulence 
conditions for both simulations and the inflow conditions for the V-flame simulation. An 
overall momentum balance can be used to show that the pressure gradient is directly related 
to the shear stress as −�p∕�x = �u2

�
∕h , where u

�
=
√
��w�∕�w is the friction velocity, 

�w = �w�u∕�y|w is the wall shear stress, h is the channel half height, p is the pressure and 
� is the dynamic viscosity of the fluid and subscript w refers to wall quantities. The bulk 
Reynolds number, Reb = �ub2h∕� , for this simulation is 3285, where ub = 1∕2h ∫ 2h

0
u dy , 

and the wall friction based Reynolds number, Re
�
= �u

�
h∕� , is 110. The grid spac-

ing for this simulation ensures that the minimum non-dimensional distance to the wall 
y+ = �u

�
y∕� , where y is the distance from the wall, is at most y+ = 0.6 which ensures 

appropriate resolution of the boundary layer as recommended by Moser et al. (1999). The 
domain size for this channel is 10.69h × 2h × 4h , which is discretised by 1920 × 360 × 720 
equidistant grid points. Note that all the simulations performed for this work account for 
compressibility effects and the Mach number, Ma, remains low i.e. Ma = u

�
∕a = 3 × 10−3 

where a is the speed of sound.

2.2 � V‑flame Oblique Wall Quenching in a Turbulent Channel Flow

A flame holder is placed in the fully developed channel flow to perform the V-flame 
simulations, keeping the domain size and resolution the same as for the non-reacting 
case. The flame holder is inserted at y+ = 55 from the bottom wall (i.e. y = 0.5h ) with 
an approximate radius of Rfth ≈ 0.2�th , where �th =

(
Tad − TR

)
∕max|∇T|L is the lami-

nar flame thermal thickness, the subscript L represents the laminar flame quantities and 
T = ( ̂T − TR)∕(Tad − TR) is the non-dimensional temperature, ̂T  being the local dimen-
sional temperature. The centre of the flame holder is positioned at x = 0.83h from the inlet 
of the channel. This location for the flame holder ensures that the flame interacts with the 
bottom wall at a reasonable distance and also that the viscous boundary layer is not influ-
enced 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. The species, 
temperature and velocity distributions are imposed at the flame holder using a presumed 
Gaussian function following Dunstan et al. (2010). Further details on the implementation 
of the flame holder for this simulation are available in Ahmed et al. (2021d). In this case, 
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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 
of the auxiliary non-reacting channel flow simulation. The time step chosen for the non-
reacting simulation, while the data is being sampled, is the same as that of the reacting 
flow simulation.

The flow configuration for the V-flame simulations is shown in Fig.  1. Modified 
Navier–Stokes characteristic boundary conditions (NSCBC) due to Yoo and Im (2007) 
are used in the x and y directions. These boundary conditions are imposed as inflow with 
specified density and velocity components at x = 0 and partially non-reflecting outflow 
at x = 10.69h planes; no slip conditions are imposed for velocity at the walls (i.e. y = 0 
and y = 2h ). The temperature boundary condition is specified using Dirichelet conditions, 
where the wall temperature, Tw , is the same as TR , in the case of isothermal walls, whereas 
Neumann boundary conditions with zero temperature gradient, �T∕�y|y=0 or y=2 h = 0 , are 
employed in the case of adiabatic walls. In the code the Neumann boundary condition is 
implemented as follows. The values for the variables (i.e. species mass fraction or tem-
perature) at the wall are evaluated from the solution of the interior nodes adjacent to the 
wall during each time step and imposed as boundary conditions at the end of the respective 
time step. The boundaries in z direction are treated as periodic. The walls are assumed to 
be inert and impermeable, thus normal mass flux for all species is set to zero at the walls. 
The ratio of laminar flame speed to the non-reacting plane channel flow friction veloc-
ity, S

L
∕u

�
NR

= 0.7 and �th is resolved using approximately 8 grid points. The simulations 
have been performed for approximately 3 flow-through times and the data has been sam-
pled 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. Figure 1 shows the instantaneous 

Fig. 1   V-flame with isothermal 
and adiabatic wall boundary con-
ditions. The isosurface coloured 
in yellow represents c = 0.5 . The 
instantaneous normalised vor-
ticity magnitude � is shown on 
the x − y plane. The blue surface 
denotes the bottom wall

Isothermal Walls

Adiabatic Walls
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flame structures represented by the progress variable c = (YFR
− YF)∕(YFR

− YFP
) = 0.5 iso-

surface, where YF is the fuel mass fraction and the subscripts R and P represent the respec-
tive values of the fuel in the unburned and fully burned gases, along with the normalised 
vorticity magnitude � =

√
�i�i × h∕u

�NR
 (where �i is the component of vorticity and 

u
𝜏NR

=
√
𝜏wNR�∕𝜌̄wNR is the mean friction velocity of the corresponding non-reacting plane 

channel flow). The influence of the walls on � and consequently the existence of near-wall 
coherent flow features due to introduction of the fully developed channel flow turbulence 
at the inflow are clearly visible. Note that in the case of adiabatic walls the flame tends to 
interact with the wall further upstream when compared with the flame in the isothermal 
wall case which is discussed in more detail later on in the paper.

In this configuration the Reynolds averaged quantities, Favre averaged quantities, cor-
relations involving Reynolds fluctuations (denoted by Q� = Q − Q , where the overbar 
indicate Reynolds averaging) and Favre fluctuations (denoted by Q�� = Q − ̃Q , where 
̃Q = �Q∕� ) have been evaluated by time averaging and subsequently using spatial averag-
ing in the periodic (z) direction, where Q refers to a general quantity.

2.3 � Planar Flame Head‑on Interaction in a Turbulent Boundary Layer

The planar flame head-on interaction simulations in a turbulent boundary layer are per-
formed by taking the solution from the fully developed turbulent channel flow up to 
y∕h = 1.33 in the x and z directions. The domain size for this configuration is taken to be 
10.69h × 1.33h × 4h which is discretised on 1920 × 240 × 720 equidistant grid points. The 
boundary conditions for this case are imposed as periodic in the x and z directions and a 
mean streamwise pressure gradient is applied in the x direction to drive the flow, which has 
the same expression as for the non-reacting turbulent channel flow in sect. 2.1. The bound-
aries in the y direction are treated as wall at y = 0 where a no slip condition is imposed for 
velocity. The temperature boundary condition on the wall is specified using Dirichelet (i.e. 
Tw = TR ) condition in the case of isothermal wall, while a Neumann boundary condition 
with zero temperature gradient (i.e. �T∕�y|y=0 = 0 ) is used in the case of adiabatic wall. 
An outflow boundary condition is specified at y = 1.33h using the NSCBC conditions as 
defined by Yoo and Im (2007). The schematic of the flow configuration is presented in 
Fig. 2 along with the description of the boundary condition specification. It should be rec-
ognised here that this configuration is similar to the earlier work of Bruneaux et al. (1996, 
1997) in a constant density turbulent channel flow. The major difference between the cur-
rent simulation and the earlier simulation of Bruneaux et al. (1996, 1997) is that in the cur-
rent simulation the density changes due to temperature variation and an outflow boundary 

Fig. 2   Schematic of the 
computational domain used for 
the head-on interaction of the 
statistically planar flame across a 
turbulent boundary layer
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is used to avoid any unnecessary thermodynamic pressure rise as a result of density varia-
tion caused by combustion.

In these simulations an initially fully developed laminar flame from a prior 1-D flame 
simulation is interpolated onto the 3-D grid and specified in a manner that c = 0.5 is cen-
tred at y∕h ≈ 0.85 . The location of the initial flame is specified such that the reactant side 
of the flame is facing the wall, while the product side of the flame is facing the outflow 
boundary in the y direction. The choice of the initial flame location and the length of the 
domain in the y direction is made based on the fact that the flame must remain sufficiently 
away from the outflow boundary at all times, while giving the flame enough time to wrin-
kle before interacting with the wall to obtain meaningful FWI statistics for a turbulent pre-
mixed flame. In this simulation, the ratio of laminar flame speed to the non-reacting plane 
channel flow friction velocity is S

L
∕u

�
NR

= 0.7 and �th is resolved using approximately 8 
grid points. In this case the boundary layer evolves slightly as the simulation progresses, 
but the overall simulation time remains of the order of two flow-through times, 2.0tF , based 
on the maximum streamwise mean velocity, and this simulation time is equivalent to 21.3 
flame time scales defined as tf = �th∕SL . During this time the flame propagates into the 
reactants and moves towards the wall, consequently interacting with the wall. In the case 
of isothermal wall the flame quenching occurs due to wall heat loss, whereas in the case 
of an adiabatic wall the flame extinction occurs due to the consumption of the fuel within 
the domain. For the post processing of this simulation the Reynolds averaged quantities, 
Favre averaged quantities, correlations involving Reynolds fluctuations and Favre fluctua-
tions have been evaluated by spatial averaging in the periodic (x and z) directions for each 
snapshot. The results are reported in terms of the normalised simulation time t∕tf  , which is 
representative of the mean flame location in the y direction at a given snapshot. The instan-
taneous flame structures represented by the c = 0.5 isosurface along with the normalised 
vorticity magnitude � are shown in Fig. 3 for both wall boundary conditions. The vorticity 
generated in the vicinity of the wall within the turbulent boundary layer can be seen in 
Fig.  3. Unlike the V-flame cases there are very subtle differences in the flame structure 
between the two wall boundary conditions during FWI as shown in Fig. 3.

3 � Results and Discussion

First and second moment velocity statistics of the non-reacting channel flow are first com-
pared with reference data from literature. This is followed by a detailed discussion of the 
results from different reacting FWI configurations and the influence of the thermal wall 
boundary conditions on the turbulence related statistics.

3.1 � Non‑reacting Flow

The non-reacting auxiliary channel flow simulation has been compared with the results 
of Tsukahara et  al. (2005)1 at Re

�
= 110 and an excellent agreement has been obtained 

as shown in Fig. 4, where ū
𝜏
=
√
�𝜏

w
�∕𝜌̄

w
 is the mean wall friction velocity. These com-

parisons provide confidence in the set-up of the channel flow calculation which is further 
used for the reacting flow simulations. Figure 5 shows the evolution of the mean velocity at 

1  Database available online at: https://​www.​rs.​tus.​ac.​jp/​t2lab/​db/

https://www.rs.tus.ac.jp/t2lab/db/
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two different times in the non-reacting turbulent boundary layer. Note that the non-reacting 
turbulent boundary layer simulation has been performed for 2.0tF which is the total time 
taken by the flame to fully interact with the wall and consequently consume the reactants or 
quench depending on the wall thermal boundary condition in the case of turbulent bound-
ary layer HOI. It can be seen in Fig. 5 that the mean velocity profiles are not significantly 
altered by the growth of the boundary layer at different times when compared with the non-
reacting periodic channel flow. It should be noted here that the Re

�
 for the current channel 

may be low but it has been shown in Ghai et al. (2022) that the behaviour of enstrophy, 
which has a close relationship with the behaviour of the dissipation rate of turbulent kinetic 
energy (Tennekes and Lumley 1972), normalised by wall units is not significantly affected 
by this and broadly remains comparable to the high Re

�
 experimental results of Gorski 

et al. (1994).

Fig. 3   Head-on quenching with 
isothermal wall boundary condi-
tions at different time instants. 
From top to bottom t∕tf = 4.20 , 
t∕tf = 10.50 , t∕tf = 11.55 , 
t∕tf = 12.60 , t∕tf = 14.70 . The 
isosurface coloured in yellow 
represents c = 0.5 . The instan-
taneous normalised vorticity 
magnitude � is shown on the 
x − y plane. The blue surface 
denotes the wall

Isothermal Wall

Adiabatic Wall
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3.2 � Reacting Flow Behaviour

In this section, first the instantaneous flow and flame behaviour are discussed for the dif-
ferent flow configurations with isothermal and adiabatic wall boundary conditions. This is 
followed by the mean statistics for velocity and Reynolds stresses for the two flow configu-
rations investigated.

Fig. 4   Mean velocity and normalised Reynolds stresses in the auxiliary non-reacting channel flow simula-
tion compared with the earlier DNS of Tsukahara et al. (2005) for a turbulent channel flow at Re

�
= 110 . 

Viscous sublayer means u+ = y+ and Log-law in this case is u+ = 2.5 ln(y+) + 6.5

Fig. 5   Mean velocity in the non-
reacting turbulent boundary layer 
flow simulation at different times 
compared with the non-reacting 
periodic turbulent channel flow 
at Re

�
= 110 . Viscous sublayer 

means u+ = y+ and Log-law in 
this case is u+ = 2.5 ln(y+) + 6.5
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Fig. 6   Instantaneous behaviour 
of the non-dimensional reaction 
rate of the progress variable, 
𝜔̇c × 𝛿th∕(𝜌RSL) along with the 
c = 0.1 , 0.5 and 0.9 isolines 
(black lines) in the V-flame OWI 
configuration

Isothermal Walls

Adiabatic Walls

Fig. 7   Instantaneous behaviour 
of the non-dimensional tempera-
ture, T along with the c = 0.1 , 0.5 
and 0.9 isolines (black lines) in 
the V-flame OWI configuration

Isothermal Walls

Adiabatic Walls

Fig. 8   Instantaneous behaviour 
of the non-dimensional stream-
wise velocity, u∕u

�NR
 along with 

the c = 0.1 , 0.5 and 0.9 isolines 
(black lines) in the V-flame OWI 
configuration

Isothermal Walls

Adiabatic Walls
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3.2.1 � Instantaneous Behaviour

The instantaneous flow and flame behaviours on the x − y mid-plane of the computational 
domain for the V-flame OWI are shown in Figs. 6, 7, 8 at the same time instants for iso-
thermal and adiabatic wall boundary conditions, where it can be seen that the instanta-
neous non-dimensional temperature and the reaction rate behave differently for the two 
thermal wall boundary conditions. In the case of isothermal wall boundary condition the 
reaction rate of the progress variable diminishes as the flame approaches the bottom wall, 
at y∕h = 0 , due to the heat loss at the wall, whereas the reaction proceeds completely up 
to the wall surface in the case of adiabatic wall boundary condition. In the isothermal wall 
conditions, this leads to the development of a thermal boundary layer downstream of the 
flame-wall interaction region on the bottom wall and can be seen in Fig. 7. A clear decou-
pling between the instantaneous progress variable and the non-dimensional temperature 
fields near the bottom wall can be noticed for the isothermal wall conditions and is a conse-
quence of the molecular diffusion effects of the reacting species at the bottom wall. Under 
these circumstances, the boundary conditions for species mass fraction and temperature 
are different at the isothermal wall. The species mass fraction follows a Neumann bound-
ary condition, whereas a Dirichlet boundary condition is specified for temperature. As a 
result of flame quenching, the unburned reactants diffuse away from the near-wall region 
and their mass fraction decreases at the wall, which leads to an increase in the value for 
the reaction progress variable. The decoupling between the progress variable and tempera-
ture in the case of isothermal walls is consistent with several previous DNS (Bruneaux 
et al. 1996; Alshaalan and Rutland 1998; Gruber et al. 2010; Lai et al. 2018a; Ahmed et al. 
2018) and recent experimental investigations (Jainski et al. 2017a, 2018). The decoupling 
between the instantaneous progress variable and the non-dimensional temperature fields 
does not exist for the adiabatic wall boundary conditions due to no heat loss at the wall and 
consequently the flame tends to interact further upstream in the case of adiabatic walls as 
can be noticed by the isolines of the instantaneous progress variable in Figs. 6, 7, 8. Note 
that when the flame is away from the wall, the temperature on the product side of the flame 
reaches the adiabatic flame temperature as is expected for premixed flames under low 
Mach and unity Lewis number conditions without any heat loss effects. In this flow config-
uration, under both thermal wall boundary conditions, the mean flow is in the streamwise 
direction while the flame is oblique to the mean flow and consequently the flow accelera-
tion due to thermal expansion predominantly occurs in the streamwise direction and can 
be seen in Fig. 8 for the normalised instantaneous streamwise velocity, u∕u

�NR
 , in the mean 

flow direction far downstream of the flame holder. It should be recognised here that the 
flame branch above the flame holder does not interact with the top wall at y∕h = 2 and 
the overall flame behaviour in this region remains similar to the conventional unconfined 
V-flames in the wrinkled/corrugated flamelet regime as reported in the literature (Cheng 
and Shepherd 1991; Domingo et al. 2005; Dunstan et al. 2012). In both flow configurations 
when the flame is away from the wall the values for Damköhler number remain high (i.e. 
Da >> 1 ) and Karlovitz number remains small (i.e. Ka << 1 ). It should also be recognised 
here that the integral length scale in the streamwise direction based on two-point correla-
tion becomes large as the wall is approached for low Re

�
 boundary layers (Ahmed et al. 

2021a). This indicates that when the length scale based on two-point correlation is used the 
Damköhler number assumes large values, whereas vanishingly small values of Karlovitz 
number are obtained in the vicinity of the wall.
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Similar to the instantaneous flow and flame behaviour for the V-flame OWI, the tur-
bulent boundary layer HOI at different times is shown in Figs. 9, 10, 11. In the case of 
both isothermal and adiabatic wall boundary conditions when the flame is away from the 
wall, at t∕tf = 4.20 , the turbulence due to the fully developed boundary layer interacts with 
the flame and wrinkles the flame structure thus leading to a similar flame behaviour to 

t/tf = 4.20

t/tf = 10.50

t/tf = 12.60

Isothermal Wall

t/tf = 4.20

t/tf = 10.50

t/tf = 12.60

Adiabatic Wall

Fig. 9   Instantaneous behaviour of the non-dimensional reaction rate of the progress variable, 
𝜔̇c × 𝛿th∕(𝜌RSL) , along with the c = 0.1 , 0.5 and 0.9 isolines (black lines) in the turbulent boundary layer 
HOI configuration at different time instants

t/tf = 4.20

t/tf = 10.50

t/tf = 12.60

Isothermal Wall

t/tf = 4.20

t/tf = 10.50

t/tf = 12.60

Adiabatic Wall

Fig. 10   Instantaneous behaviour of the non-dimensional temperature, T, along with the c = 0.1 , 0.5 and 0.9 
isolines (black lines) in the turbulent boundary layer HOI configuration at different time instants
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that of a statistically planar flame in the wrinkled/corrugated flamelet regime under unity 
Lewis number conditions and is comparable to the flames under these conditions reported 
in the literature (Rutland and Cant 1994; Zhang and Rutland 1995; Cant 1999; Nishiki 
et al. 2002; Ahmed et al. 2019a). As the time progresses, for both thermal wall boundary 
conditions, the flame propagates towards the wall and consequently interacts with the wall. 
In the case of isothermal wall, this leads to a reduction in the reaction rate of the progress 
variable due to wall heat loss, which can be seen from Fig. 9. The formation of the thermal 
boundary layer during the FWI process is visible at t∕tf = 12.60 in Fig. 10 for the isother-
mal wall condition. By contrast, in the case of adiabatic wall condition the reaction rate 
remains high to the wall surface during the FWI process due to no heat loss at the wall -or 
formation of a thermal boundary layer- and the flame ceases to exist as a consequence of 
consumption of all the reactants as visible at t∕tf = 12.60 in Fig. 10 for the adiabatic wall 
condition. Similar to the V-flame OWI case a clear decoupling between the instantane-
ous non-dimensional temperature and the instantaneous progress variable can be noticed 
in Fig. 10 for the isothermal wall condition. The local wrinkling of the instantaneous flame 
structure can be seen in Fig.  10 for both thermal boundary conditions where it can be 
noticed that the flame is wrinkled due to near-wall vortical flow structures. It should be 
noted here that the mean flow direction in this case is the same as that in the V-flame case 
(i.e. in the streamwise flow direction), but the increase in velocity due to thermal expansion 
effects is mostly felt in the wall-normal direction and these thermal expansion effects do 
not significantly alter the streamwise velocity magnitude in the HOI configuration.

3.2.2 � Mean Behaviour

The variation of the Favre mean progress variable in the V-flame OWI cases is presented in 
Fig. 12. It can be seen that the flame interacts with the bottom wall far downstream of the 
flame holder for both wall boundary conditions. In the case of isothermal wall boundary 
conditions the flame is stretched along the wall in the regions of interaction with the wall 

t/tf = 4.20

t/tf = 10.50

t/tf = 12.60

Isothermal Wall

t/tf = 4.20

t/tf = 10.50

t/tf = 12.60

Adiabatic Wall

Fig. 11   Instantaneous behaviour of the non-dimensional streamwise velocity, u∕u
�NR

 , along with the c = 0.1 , 
0.5 and 0.9 isolines (black lines) in the turbulent boundary layer HOI configuration at different time instants
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(i.e. 5.5 < x∕h < 10 ). This behaviour of the flame is expected due to the diffusion of the 
reactants along the wall and is consistent with the earlier findings of Alshaalan and Rut-
land (1998, 2002) and Gruber et al. (2010) in the case of V-flame OWI DNS with isother-
mal wall boundary conditions. While in the case of adiabatic wall boundary conditions the 
flame tends to interact at upstream x/h locations (i.e. 5.5 < x∕h < 8.0 ), which is a conse-
quence of the reaction rate continuing to the wall surface as there is no heat loss at the wall 
and the flame tends to move upstream in the low velocity near wall regions. In this work, 
for the V-flame OWI cases, the results are presented and comparisons are made at different 

Fig. 12   Contours of the Favre 
mean progress variable c̃ for 
the V-flame OWI configuration. 
The dotted lines represent the 
locations at which the data is 
extracted

Isothermal Walls

Adiabatic Walls

Isothermal Walls

Adiabatic Walls

Fig. 13   Profiles for c̃, ̃T , �∕�R and ̃YF × 10 in the V-flame OWI configuration at different locations down-
stream of the flame holder
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locations downstream of the flame holder where the flame interacts with the bottom wall 
and these locations are denoted by the dotted lines in Fig. 12. The distribution of the Reyn-
olds averaged density, � , normalised by the density in the unburned gases, �R , Favre aver-
aged non-dimensional temperature, ̃T  , fuel mass fraction, ̃YF and progress variable, c̃ for 
the V-flame OWI are presented in Fig. 13 at x∕h = 6 , 7, 8 and 9 locations. The difference 
between c̃ and ̃T  can be seen in the case of isothermal wall boundary conditions and is 
expected due to the aforementioned behaviour of the respective instantaneous fields and 
this disparity between c̃ and ̃T  increases with x/h. In contrast, in the case of adiabatic wall 
boundary conditions c̃ and ̃T  remain coupled at all x/h locations due to the lack of wall 
heat loss. Note that in the V-flame OWI cases the values of ̃YF and � decrease towards the 
centre of the channel due to the existence of the products in the wake of the flame holder. 
In the case of turbulent boundary layer HOI, the profiles for � , ̃T  , ̃YF and c̃ are presented in 
Fig. 14 for both adiabatic and isothermal wall boundary conditions. In this configuration at 
earlier time t∕tf = 4.20 , there is no interaction of the flame with the wall hence the profiles 
for ̃T  and c̃ are identical to each other under both adiabatic and isothermal wall condi-
tions. However, at later times (i.e. t∕tf > 10.0 ) the flame starts to interact with the wall 
and the differences in c̃ and ̃T  profiles start to appear in the case of isothermal wall bound-
ary condition. These differences in c̃ and ̃T  become increasingly significant for isothermal 
wall condition, as the time progresses until all the fuel is consumed by the flame. In the 
case of adiabatic wall boundary condition c̃ and ̃T  remain coupled and no differences are 
observed between the two. Furthermore, the flame consumes the reactants faster in the case 
of adiabatic wall boundary condition in the near wall region as can be noticed in Fig. 14 at 
t∕tf = 16.80 due to no heat loss at the wall. Under isothermal wall boundary condition in 
the case of HOI the results for ̃YF , and ̃T  behave qualitatively in a similar manner to those 
of Bruneaux et al. (1996) for HOI in a constant density channel flow with isothermal walls. 
Note that at later stages of FWI (i.e. t∕tf > 12 ) under both wall boundary conditions ̃YF 
is considerably lower and consequently at this stage most of the domain is filled with hot 
burned gases which have a lower density as demonstrated by the difference in the distribu-
tion of ̃YF and � in Fig. 14.

3.2.3 � Wall Heat Flux and Flame Quenching Distance Under Isothermal Wall Conditions

Wall heat flux plays an important role in determining the thermal load and cooling of 
combustion devices. In the case of small-sized gas turbines the heat transfer by conduc-
tion is higher than in larger engines because of the temperature gradients due to a small 
characteristic length (Fernandez-Pello 2002). As the characteristic length scales of the 
devices are reduced, the surface-to-volume ratio increases which leads to increased 
heat transfer effects and consequently flame quenching. Hence, the mean values of the 
wall heat flux into the wall must be accurately estimated for optimal design and cooling 
of the combustion devices. In this work the normalised wall heat flux is analysed and is 
defined as �w = |qw|∕[�RSLcpR (Tad − TR)] , where qw = −𝜆w𝜕

̂T∕𝜕y|w is the dimensional 
wall heat flux, � is the thermal conductivity of the reacting gases and cpR is the specific 
heat capacity of the reactants. Figure  15 shows the mean normalised wall heat flux, 
�w = |qw|∕[�RSLcPR

(Tad − TR)] , for the two configurations under the isothermal wall con-
ditions considered in this work. In the case of the V-flame OWI, �w is plotted along the 
length of the bottom wall of the channel, whereas in the case of HOI the values for �w are 
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plotted against time. The values of �w increase with streamwise distance in the case of 
V-flame OWI as the flame interacts with the wall and attains a maximum value at x∕h ≈ 8 

Isothermal Wall

Adiabatic Wall

Fig. 14   Profiles for c̃, ̃T , �∕�R and ̃YF × 10 in the turbulent boundary layer HOI configuration at different 
time instants during FWI
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before decreasing downstream of this location due to the cooling of the hot burned prod-
ucts. Similarly, in the case of the turbulent boundary layer HOI configuration the values for 
�w increase with time as the flame interacts with the wall and attains a maximum value at 
t∕tf ≈ 14.7 before decreasing due to the cooling of the burned products. These behaviours 
of �w are consistent with the V-flame OWI results of Alshaalan and Rutland (2002), Gru-
ber et al. (2010) under isothermal wall boundary conditions and also with the HOI results 
of Bruneaux et  al. (1996) under constant density and isothermal wall boundary condi-
tions. It can be observed in Fig. 15 that the maximum �w in the case of turbulent boundary 
layer HOI attains a higher value when compared with the maximum value in the turbulent 
V-flame OWI case. This variation is a consequence of the differences in the flame and flow 
configuration which eventually determines the quenching distance and the orientation of 
the instantaneous flame structure during FWI.

In the light of �w results, it is useful to quantify the flame quenching distance �Q and 
the maximum instantaneous wall heat flux as this has major implications on the convective 
heat transfer to the wall which eventually determines the thermal fatigue of the combus-
tor. In this case the Peclet number is used to determine the non-dimensional distance to 
the wall. The Peclet number is defined as Pe = �Q∕�z , where �z = �TR∕SL is the Zeldovich 
flame thickens, and �TR is the unburned gas thermal diffusivity. In FWI, �Q is taken to be 
the minimum wall-normal distance of the temperature isosurface at which the maximum 
heat release rate is obtained for an unstrained laminar flame, which for the present thermo-
chemistry corresponds to the T = 0.75 isosurface. Table 1 shows the minimum instantane-
ous Pe and maximum instantaneous �w for the two cases investigated and comparisons are 
made with the conventional 1-D laminar HOI under isothermal wall boundary conditions, 

Fig. 15   The behaviour of normalised mean wall heat flux �w along the bottom wall in the streamwise direc-
tion for the V-flame OWI configuration (left) and at different time instants for the turbulent boundary layer 
HOI configuration (right) under isothermal wall conditions

Table 1   Values for minimum Peclet number (Pe) and maximum normalised wall heat flux ( �
w
 ) for different 

flow configurations under laminar and turbulent conditions

Minimum Pe Maximum �
w

Conventional 1-D head-on quenching 2.19 0.36
Laminar boundary layer 1-D head-on quenching 2.13 0.37
Laminar V-flame oblique wall quenching 2.41 0.31
Turbulent V-flame oblique wall quenching 1.82 0.42
Turbulent boundary layer head-on quenching 1.71 0.47
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where no mean flow exists, 1-D laminar boundary layer HOI under isothermal wall condi-
tions and a V-flame OWI in a laminar channel flow with isothermal walls. Note that in all 
the laminar calculations the wall temperature is the same as the reactant temperature. The 
laminar boundary layer flow calculations have been performed by using a solution from a 
non-reacting laminar channel flow simulation which has the same centreline mean stream-
wise velocity as that of the turbulent channel flow at Re

�
= 110 . It can be seen in table 1 

that the minimum Pe and the maximum �w are comparable for the laminar HOI calcula-
tions despite the variations in the mean flow conditions, whereas the V-flame OWI under 
laminar conditions shows a higher value for the minimum Pe and lower value for the maxi-
mum �w . These differences in the OWI and HOI cases under laminar conditions are a con-
sequence of the flame orientation and flow shear experienced by the flame in the near wall 
region. Under turbulent conditions, the flames in V-flame OWI and boundary layer HOI 
tend to go closer to the wall resulting in lower values for minimum Pe and higher values 
for maximum �w . This difference between the laminar and turbulent cases exists due to the 
interaction of flame surface with near-wall vortical flow structures, which allow for flame 
propagation much closer to the wall before quenching. This can be confirmed by investi-
gating the instantaneous behaviour of �w at the time instant when the maximum value of 
�w is observed during the simulations for the V-flame OWI and HOI cases as shown in 
Fig. 16. In the case of HOI much higher values of �w are observed when compared with 
the V-flame OWI case as the flame can propagate closer to the wall in the HOI case and 
may lead to higher thermal load on the combustor walls.

The probability density function (PDF) of �w for the V-flame OWI case with iso-
thermal walls is shown in Fig.  17 for different locations where FWI tends to occur (i.e. 
x∕h = 6, 7, 8 and 9 locations) and it can be seen that the PDF for �w changes shape with 
the streamwise distance due to the variations in the thermal boundary layer. At x∕h = 6 
and x∕h = 7 the flame has a low probability of interacting with the wall and consequently 
�w has the highest probability at low values. Further downstream at x∕h = 8 and x∕h = 9 , 
the probability of FWI increases which leads to a higher probability of high values for 
�w as shown in Fig. 17. The values for �w at the respective x/h locations along with the 
maximum value of �w during the simulation are also shown in Fig. 17. Comparison with 
the maximum value of � is useful from the point of view of designing combustor walls 
and identifying the worst case scenario. Moreover, the variation of the maximum value 
of instantaneous �w at a given time for the head-on interaction case or at a given location 
in the oblique flame-interaction case is sensitive to the realisation of turbulence. Thus, a 

Turbulent V-flame OWI Turbulent boundary layer HOI

Fig. 16   The behaviour of instantaneous normalised wall heat flux, �w , along the bottom wall for the 
V-flame OWI configuration (left) and for the turbulent boundary layer HOI configuration (right) at the time 
when maximum �w occurs for isothermal wall conditions
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different realisation of the initial condition or inlet turbulence would yield different vari-
ation of the instantaneous maximum value of �w with time or distance, and thus it is dif-
ficult to interpret any trends from this information.

Figure 17 shows that the maximum value of �w is well separated from the most proba-
ble value of �w at all the sampling locations. This is due to the fact that the maximum value 
of �w can occur at any location during FWI and is a consequence of the local coherent flow 
structure formed in the near wall region as shown in Fig. 16. Figure 18 shows the PDF of 
�w at different time instants in the turbulent boundary layer HOI case with an isothermal 
wall and it can be seen that similar trends to that of the V-flame OWI case are observed. At 
earlier times (i.e. t∕tf = 11.55 and t∕tf = 12.60 ) the flame is partially interacting with the 
wall and consequently the highest probability is for low values of �w , as shown in Fig. 18. 
As the probability of FWI increases with time (i.e. t∕tf = 14.70 and t∕tf = 16.80 ) in the 
HOI case, the probability for higher values of �w increases. Figure 18 also shows �w at the 
respective time instants along with the maximum �w during the turbulent boundary layer 
HOI simulation and similar to the V-flame OWI case, the maximum value of �w tends 
to have a low probability and is a result of low velocity regions caused by the near-wall 
flow structures. This implies that �w and the PDF of �w may not reflect the actual thermal 
load experienced by the combustor walls and the maximum values for �w may need to be 
accounted for during the design process.

Fig. 17   Probability density function (PDF) of wall heat flux (blue line), �w at different locations down-
stream of the flame holder in the V-flame OWI case with isothermal walls. The mean and max values of �w 
are shown with red and black lines respectively
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3.3 � Reacting Flow Velocity Statistics

3.3.1 � Mean Velocity, Wall Shear Stress and Friction Velocity

Understanding the behaviour of mean wall shear stress, �w , and the mean wall friction 
velocity, u

�
 , during FWI is important from the point of view of understanding the turbulent 

Fig. 18   Probability density function (PDF) of wall heat flux (blue line), �w at different time instants for the 
turbulent boundary layer HOI case with isothermal wall. The mean and max values of �w are shown with 
red and black lines respectively

Fig. 19   Profiles for �w and u
�
 along the top and bottom walls in the streamwise direction in the V-flame 

OWI configuration
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flow behaviour in the near wall region. In the case of V-flame OWI, the behaviours of 
�w and u

�
 are presented in Fig. 19. Note that the values for �w and u

�
 are normalised by 

the corresponding non-reacting values (where �wNR
 is the corresponding non-reacting mean 

wall shear stress), so the influence of FWI and flow configuration on these quantities can 
be identified. Figure 19 shows that �w increases on the top wall with the streamwise dis-
tance up to x∕h ≈ 6 before levelling off under both isothermal and adiabatic wall boundary 
conditions. This increase in �w arises due to the flow acceleration in the streamwise direc-
tion caused by the thermal expansion effects of the flame and happens due to the proxim-
ity of the flame to the top wall where FWI does not take place. Overall, �w behaves in 
a similar manner on the top wall for both adiabatic and isothermal wall conditions. On 
the bottom wall, under both adiabatic and isothermal wall conditions, an increase in �w is 
seen at x∕h ≈ 1 due to the proximity of the flame holder to the bottom wall, which leads 
to flow acceleration further upstream when compared with the top wall. This acceleration 
in the streamwise velocity is a result of the thermal expansion effects of the flame and 
happens due to the proximity of the flame to the wall even in the absence of FWI. Further 
downstream, in the case of both thermal wall conditions, the values of �w increase before 
decreasing in the region of FWI (between x∕h ≈ 5.5 and x∕h ≈ 10 ) and eventually tend 
to recover downstream of the FWI region. This decrease in �w in the FWI region occurs 
because of an increase in the velocity in the flame normal direction, where the flame is 
oblique to the wall and results in the redistribution of momentum from the streamwise 
flow direction to the tangential direction thus reducing the streamwise component of veloc-
ity; which is discussed later on in the paper. The streamwise velocity component tends to 
increase further downstream resulting in steeper wall normal gradients in the near wall 
region which tend to enhance �w . Overall, the behaviour of �w under both thermal wall 
boundary conditions is similar on the bottom wall, but a slightly higher magnitude of �w 
variation is observed in the case of adiabatic wall conditions within the region of FWI due 
to a higher flow acceleration and momentum transfer from streamwise to the tangential 
flow direction caused by the reaction until the wall surface. It should be recognised here 
that despite the local reduction of �w in the FWI region the value of �w remains approxi-
mately three times higher than that of the corresponding non-reacting channel flow as the 
overall effects of thermal expansion are in the streamwise flow direction resulting in an 
overall higher velocity gradient at the wall. The behaviour of u

�
 follows the same trends as 

those of �w under isothermal wall conditions, and u
�
 increases approximately by a factor of 

1.7 when compared with the non-reacting channel flow, as shown in Fig. 19. Note that a 

Fig. 20   Time evolution of �w and u
�
 at the wall in the turbulent boundary layer HOI configuration
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significant increase in �w can be seen in Fig. 19 on the bottom wall in the case of V-flame 
OWI under adiabatic wall conditions. This increase in �w is a consequence of low density 
on the wall surface as a result of reaction occurring on the wall surface which does not 
happen under isothermal wall conditions due flame quenching as a result of heat loss to the 
wall.

The variation in the behaviour of �w and u
�
 for the turbulent boundary layer HOI is 

shown in Fig. 20 for both thermal wall conditions. It can be seen that �w , when normal-
ised by the corresponding non-reacting values, remains of the order of unity and decreases 
during FWI under both thermal wall boundary conditions. This decrease in �w is a conse-
quence of the redistribution of momentum from the streamwise flow direction to the direc-
tion of mean flame propagation, which is also the wall normal direction in this case. In the 
HOI cases, the values of u

�
 vary significantly with the change in the thermal wall bound-

ary condition, as shown in Fig. 20. In the case of isothermal wall, the mean wall friction 
velocity u

�
 when normalised by the corresponding non-reacting values, decreases during 

FWI. However, in the case of adiabatic wall u
�
∕u

�NR remains of the order of unity at all 
times. This is due to the fact that the density decreases at the wall due to the reaction up 
to the wall surface under adiabatic wall boundary conditions. The main difference to note 
between the V-flame OWI and boundary layer HOI configurations is the fact that the val-
ues of �w and u

�
 do not increase above the corresponding non-reacting flow values in the 

turbulent boundary layer HOI, whereas a significant rise in �w and u
�
 is seen in the V-flame 

Fig. 21   Variation of ũ∕u
�
 along 

the wall normal non-dimensional 
distance y+ in the V-flame con-
figuration at different locations 
downstream of the flame holder 
for top and bottom wall regions

Isothermal Walls

Adiabatic Walls
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OWI cases due to flow confinement effects. Furthermore, the direction of the flow accel-
eration due to thermal expansion effect is in the streamwise direction for the V-flame OWI, 
whereas it happens in the wall normal direction for the case of turbulent boundary layer 
HOI. It should be recognised here that in case of all the simulations, different wall bound-
ary condition as well as flame orientation with the wall, the value of �w decreases during 
FWI and the effect of variation in viscosity because of combustion on �w remains smaller 
than that of the variation in velocity gradient magnitude.

In the following analysis of the data for mean velocity and turbulence statistics in 
the V-flame OWI cases the domain has been divided into two parts at the centre line of 
the channel and is referred to as top (y/h between 1 and 2) and bottom wall regions (y/h 
between 0 and 1). Figure 21 shows the variation of the Favre mean non-dimensional veloc-
ity profiles for top and bottom wall regions at different locations downstream of the flame 
holder for isothermal and adiabatic wall boundary conditions. As shown in Fig.  19, the 
local value of u

�
 changes with the distance downstream of the flame holder due to flow 

acceleration in the streamwise direction caused by thermal expansion effects, hence the 
local values of u

�
 are used to evaluate ũ∕u

�
 and y+ for both top and bottom walls. The 

standard trend of ũ∕u
�
= y+ is obeyed in the viscous sublayer region at both walls up to 

y+ ≈ 8 under both thermal wall boundary conditions due to the use of the local values of 
u
�
 at each x/h location. Note that the behaviour of ũ∕u

�
 is almost identical in the top wall 

region for the two thermal wall boundary condition as FWI does not occur on the top wall 
but the flame exists in proximity to the wall (at y+ > 10 ), which results in a deviation from 
the non-reacting profile for ũ∕u

�
 in the log-layer region of the flow.

The behaviour of ũ∕u
�
 between the top and bottom wall regions is different in this flow 

configuration, as in the case of the top wall region the flame exists in proximity to the wall 
(at y+ > 10 ) but no FWI occurs, which results in a deviation from the non-reacting profile 
for ũ∕u

�
 in the log-layer region of the flow. In the case of isothermal walls, a lower value 

of ũ∕u
�
 is obtained at x∕h = 6 than the non-reacting values which progressively increases 

with downstream distance. While in the case of adiabatic walls a lower value of ũ∕u
�
 is 

observed for all the sampling locations when compared with the non-reacting values. FWI 
tends to occur in the bottom wall region for both wall boundary conditions which signifi-
cantly alters the log-layer profile for ũ∕u

�
 compared with the non-reacting flow and some 

effects of the flame holder can also be observed at y+ ≈ 100 , which is consistent with the 
earlier results of Alshaalan and Rutland (1998). In general, according to Fig. 21, the FWI 
process tends to reduce ũ∕u

�
 outside the viscous sub-layer region. In reality, the streamwise 

velocity increases, but the increase in the friction velocity is more rapid and implies that 
the scaling based on local u

�
 is not sufficient to collapse the data in the log-layer region. 

This in turn indicates that other mechanisms such as variations in density and the changes 
in the local velocity caused by flame normal acceleration of the flow are important outside 
the viscous sub-layer region where the flame is still active. Furthermore, the variation of 
ũ∕u

�
 with streamwise distance exists due to the changes in the flame orientation relative to 

the wall as well as the mean flow direction; the inclination of the isolines of c̃ with the wall 
changes with streamwise distance as shown in Fig. 12. This results in the redistribution of 
the streamwise component of velocity to that of the flame normal component within the 
flame and is a consequence of flow acceleration due to heat release. This can be substanti-
ated by interrogating the behaviour of mean flow streamlines in the case of the V-flame 
OWI cases, as shown in Fig. 22, where the mean flow streamlines are superimposed on 
the mean progress variable field for both thermal wall conditions. Figure 22 shows that the 
direction of the mean flow streamlines changes as the values of c̃ increase and the direc-
tion of the mean flow streamlines tends to move towards the flame normal direction. This 
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variation in streamlines is more pronounced in the case of adiabatic walls when compared 
with the isothermal wall conditions due to the density variation on the wall surface for adi-
abatic wall conditions.

The variation of ũ∕u
�
 with y+ for the turbulent boundary layer HOI cases is shown 

in Fig. 23 for isothermal and adiabatic wall boundary conditions. A good collapse of 

Fig. 22   Variation of mean veloc-
ity streamlines superimposed on 
c̃ field in the V-flame configura-
tion

Isothermal Walls

Adiabatic Walls

Fig. 23   Variation of ũ∕u
�
 along the wall normal non-dimensional distance y+ at different time instants in 

the turbulent boundary layer HOI configuration
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the data in the viscous sub-layer can be seen at all time instants for the reacting and 
non-reacting turbulent boundary layers, where the non-reacting data corresponds to 
exactly the same time instants as those of the reacting data. Similar to the V-flame 
OWI case, the local values of u

�
 have been used and consequently a disparity between 

the reacting and non-reacting data can be observed outside the viscous sub-layer 
region for all time instants presented in Fig. 23 for both thermal wall boundary condi-
tions. At the earlier time of t∕tf = 4.20 the influence of the flame is only seen in the 
log-layer region and a drop in ũ∕u

�
 can be seen when compared with the non-reacting 

turbulent boundary layer at the same time instant. The behaviour of u
�
 at earlier times 

when the flame is away from the wall (i.e. t∕tf < 10 ) or at the earlier stages of FWI (i.e. 
10 < t∕tf < 11.55 ) is similar for both thermal wall boundary conditions. This trend con-
tinues until almost all of the fuel is consumed and at that stage ũ∕u

�
 in the reacting tur-

bulent boundary layer with isothermal wall tends to increase and becomes larger than 
the non-reacting counterpart, while ũ∕u

�
 in the reacting turbulent boundary layer with 

the adiabatic wall tends to decrease. As shown earlier, in the case of HOI with iso-
thermal wall the values for u

�
 decrease substantially during the FWI process while u

�
 

remains almost unaffected in the case of HOI with adiabatic wall, thus u
�
 is not respon-

sible for the decrease in ũ∕u
�
 in the log-layer region at earlier times. This decrease is 

primarily caused by the redistribution of the streamwise velocity to the flame normal 
component of the velocity - which in this configuration is also the wall normal compo-
nent - caused by the thermal expansion effects. This redistribution of velocity occurs 
until the flame is quenched by the cold wall and the effects of the redistribution of 
velocity weaken as the time progresses. This can be substantiated by plotting the vari-
ation of ṽ∕u

�
 at different time instants in the turbulent boundary layer HOI cases, as 

shown in Fig.  24. Note that for the non-reacting flow in the same configuration, the 
mean wall normal component of velocity remains zero and any rise in the mean wall 
normal component of velocity in the reacting cases is due to the thermal expansion 
effects of the flame. At later time (i.e. t∕tf > 14.70 ), for the HOI case with isother-
mal wall, ũ∕u

�
 increases in the log-layer region when compared with the non-reacting 

counterpart and this increase in velocity is caused by the reduction in the redistribution 

Isothermal Wall Adiabatic Wall

Fig. 24   Variation of ṽ∕u
�
 along the wall normal non-dimensional distance y/h at different time instants in 

the turbulent boundary layer HOI configuration
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of the mean streamwise velocity in the wall normal direction, as evident from Fig. 24 
and also due to the fact that the value of u

�
 has decreased substantially by this time 

thus leading to a higher value for ũ∕u
�
 . Contrary to this at later times (i.e. t∕tf > 14.70 ) 

in the HOI case with adiabatic wall, ũ∕u
�
 tends to behave similar to that of the non-

reacting counterpart as the value of u
�
 remains largely unaffected by the FWI process. 

This implies that like the V-flame OWI the scaling of the mean velocities with local 
u
�
 for the turbulent boundary layer HOI collapses the data with the non-reacting flow 

velocities in the viscous sub-layer region, but is not sufficient to collapse the data in 
the log-layer region. The flame introduces additional turbulent transport mechanisms 
that are not present in non-reacting flows without heat release, in particular the mean 
pressure gradient and pressure dilatation effects within the flame (Zhang and Rutland 
1995; Chakraborty et al. 2011).

3.3.2 � Mean Temperature in Wall units under Isothermal Wall Conditions

The non-dimensional temperature using wall units, T+ = (̃T∕�w) × u
�
∕SL , is presented in 

Fig. 25 for different locations downstream of the flame holder in the bottom wall region of 
the V-flame OWI with isothermal walls and at different time instants during FWI for the 
turbulent boundary layer HOI case with isothermal wall. The results from both cases are 
compared with the analytical expression for T+ proposed by Kays and Crawford (1993) for 
flows without reaction in fully developed turbulence and turbulent heat flux based on the 
Reynolds analogy. The analytical expression reads T+ = (Prt∕�) ln (y+∕y+

crit
) + y+

crit
Pr , 

where Prt is the turbulent Prandtl number, � is the Von Karman constant and y+
crit

 is the 
thermal sublayer thickness in wall units. This expression holds for y+ > 30Pr and (Kays 
and Crawford 1993) suggest: Prt = 0.85 , � = 0.41 and y+

crit
= 13.2 . In the case of the 

V-flame OWI case with isothermal wall, the results are presented for the bottom wall 
region as FWI only occurs on the bottom wall and the influence of the flame holder on the 
T+ profile can be seen at y+ ≈ 55 in Fig. 25. It can also be noticed in Fig. 25 that T+ profiles 

Turbulent V-flame OWI Turbulent boundary layer HOI

Fig. 25   Variation of T+ along y+ in the bottom wall region of the V-flame OWI configuration with isother-
mal walls at different locations downstream of the flame holder (left) and at different time instants during 
FWI in the turbulent boundary layer HOI configuration with isothermal wall (right)



853Flow, Turbulence and Combustion (2023) 111:825–866	

1 3

are in reasonable agreement with the analytical profile in the viscous sub-layer region for 
both cases, beyond which a significant deviation occurs in the log-layer region for all the 
sampling locations and times, which is a consequence of the variations in the values of �w . 
In the case of V-flame OWI, a higher value of T+ is observed where �w is low (i.e. x∕h = 7 , 
see Fig. 15 for details on �w ) and decreases with increasing values of �w . Figure 25 further 
reveals that the shape of the profile for T+ is significantly different from the one obtained 
from the analytical expression, even for the locations at which the magnitude of T+ is simi-
lar to the one obtained from the analytical expression. Similar trends for T+ are observed in 
the case of turbulent boundary layer HOI with isothermal wall and do not match with the 
analytical profile in the log-layer region. At the earlier stages of FWI, the values for �w are 
low (see Fig. 15) and consequently higher values of T+ are observed in the log-layer region 
and these values decrease at the later stages of FWI when �w decreases.

3.3.3 � Mean Reynolds Stresses and Dissipation of Turbulent Kinetic Energy

In order to investigate the influence of FWI within turbulent boundary layers on the 
near-wall turbulence the variation of Favre mean Reynolds stresses, ̃u′′

i
u
′′
j
 , turbulent 

kinetic energy, ̃k = ̃u��
k
u��
k
∕2 , and turbulence dissipation �̃ = �(�u��

i
∕�x

j
)(�u��

i
∕�x

j
)∕� , 

are investigated for the two flow configurations considered in this work. The results for 
the aforementioned quantities are normalised by u

�NR
 , due to the issues mentioned in 

sect.  3.3.1 that the normalisation with the local value of the friction velocity leads to 
a good collapse of the data in the viscous sub-layer region of the flow but the collapse 
of the data in the log-layer region where the influence of heat release due to chemical 
reaction is large gets significantly affected by this scaling. This implies that the scaling 
with the local friction velocity may lead to an under or over estimation of the Reynolds 
stresses and turbulence dissipation, thus leading to erroneous conclusions. Figures 26 
and 27 show the variations of ̃u′′

i
u′′
j
 , ̃k  and �̃  in the top and bottom wall regions of the 

channel in the case of the turbulent V-flame OWI cases for both thermal wall boundary 
conditions. The flame does not interact with the wall in the top wall region, but is in 
close proximity to it, so there is a significant influence on the behaviour of the underly-
ing turbulence of the flow and the behaviour of the turbulent boundary layer, as shown 
in Fig. 26. Note that in the top wall region of the V-flame OWI cases, the mean flame 
brush represented by 0.0 < �c < 1.0 exists beyond y∕h ≈ 0.5 (see Fig. 12) and a signifi-
cant deviation in the behaviour of ̃u′′

i
u′′
j
 between non-reacting channel and V-flame OWI 

results can be observed. It can be noticed from Fig. 26 that the streamwise component 
of the Reynolds stress, ũ′′u′′ , is the dominant contributor to ̃k  for both thermal wall 
boundary conditions and the maximum values of ũ′′u′′ and ̃k  occur much closer to the 
top wall when compared with the non-reacting channel flow. The magnitudes of ũ′′u′′ 
and ̃k  are significantly lower at x∕h = 6 for both thermal wall boundary conditions when 
compared with the non-reacting channel flow and progressively increase with the down-
stream distance approaching to that of the non-reacting flow at x∕h = 9 . This is a result 
of a decrease in the streamwise flow velocity as discussed in sect. 3.3.1 which also has 
a significant influence on the other Reynolds stress components, especially on ũ′′v′′ 
and w̃′′w′′ components, as shown Fig. 26. The values for �̃  are higher in the near wall 
region for the top wall ( y∕h < 0.1 ) due to a local flow acceleration in the streamwise 
flow direction resulting in steeper velocity gradients in this region as evident from �w in 
Fig. 19. Further away from the top wall the behaviour of �̃  is similar to the non-reacting 
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Isothermal Walls

Adiabatic Walls

Fig. 26   Profiles for normalised Reynolds stresses, ũ′′i u
′′
j  , turbulent kinetic energy, ̃k , and turbulence dissipa-

tion, �̃  in the top wall region of the V-flame OWI configuration at different locations downstream of the 
flame holder
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channel flow in an order of magnitude sense, but some differences between reacting and 
non-reacting profiles exist due to the presence of the flame (see Fig. 26). Overall, the 
behaviour of the turbulence quantities is not significantly affected by the change in the 
thermal wall boundary conditions for the top wall as the flame does not interact with the 
wall and only remains in proximity to the wall.

The behaviour of ̃u′′
i
u′′
j
 , ̃k  and �̃  in the bottom wall region of the V-flame OWI for 

both thermal wall boundary conditions is presented in Fig. 27. The behaviour of these 
quantities is significantly different from the non-reacting channel flow and also from 
the top wall region due to the interaction of the flame with the bottom wall. Similar to 
the non-reacting channel flow and the top wall region of the V-flame OWI cases ũ′′u′′ 
dominates the contribution to ̃k  under both thermal wall boundary conditions. A signifi-
cant reduction in ũ′′u′′ and ̃k  can be seen in the region y∕h < 0.2 for all the streamwise 
sampling locations due to the redistribution of the velocity from the mean streamwise 
component to the flame normal component as explained in sect. 3.3.1 for both thermal 
wall boundary conditions. Further away from the wall, at y∕h > 0.2 , the values of ũ′′u′′ 
and ̃k  increase due to shearing of the flow as a result of density variations caused by the 
flame. Figure 27 shows that all the major components of the Reynolds stress are signifi-
cantly affected by the existence of the flame. Some subtle differences in the magnitudes 
of ũ′′u′′ can be seen between the two wall boundary conditions, where the V-flame OWI 
case with adiabatic walls shows slightly larger magnitudes, while major differences in 
the ṽ′′v′′ and w̃′′w′′ components of the Reynolds stress are observed at x∕h = 7 . These 
differences between the isothermal and adiabatic walls exist due to the reaction proceed-
ing completely up to the wall surface in the case with adiabatic walls and the region of 
maximum mean heat release is located roughly at x∕h = 7 (see Fig.  12 where c̃ = 0.7 
is located at x∕h = 7 ). Note that in the V-flame OWI cases the flame holder exists at 
y∕h = 0.5 from the bottom wall and effects on ̃u′′

i
u′′
j
 from the flame branch above the 

flame holder are present in the bottom wall region at y∕h > 0.5 at all sampling locations. 
Similar to the top wall region the values for �̃  increase in the near wall region and are 
higher than the non-reacting counterpart channel flow data, as shown in Fig.  27. The 
flow acceleration due to heat release in the near wall region leads to higher velocity gra-
dients which result in higher values of �̃  in the case of the bottom wall for the V-flame 
OWI cases, especially for the case with adiabatic walls. Unlike the top wall region, the 
values for �̃  remain higher than the non-reacting channel flow in the bottom wall region 
for all locations away from the wall. This is a consequence of higher flow velocities due 
to flow confinement downstream of the flame holder and higher ̃k  in this region.

The Reynolds stress anisotropy, bij = ̃u��
i
u��
j
∕̃u��

k
u��
k
− (1∕3�ij) , for both top and bottom 

wall regions in the V-flame OWI flow is shown in Fig. 28 on the Lumley triangle where 
� =

√
(bijbji)∕6 and � = 3

√
(bijbjkbki)∕6 (Pope 2000). The non-reacting channel flow results 

are also plotted in Fig. 28 for comparison with the V-flame OWI results with adiabatic and 
isothermal wall boundary conditions. In the case of the non-reacting flow the Reynolds 
stresses are anisotropic tending towards the one and two component limit in the near wall 
region and become isotropic towards the centre of the channel which is consistent with the 
results of Kim et al. (1987) as shown by Pope (2000). Note that the values of y+ in this case 
are evaluated based on the local u

�
 values to be consistent with the earlier results of ũ∕u

�
 in 

sect.  3.3.1, which helps in the identification of the viscous sub-layer and the log-layer 
regions of the flow. In the top wall region, where no FWI occurs, in the V-flame OWI cases 
the Reynolds stresses tend to behave in a similar manner to that of the non-reacting channel 
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Isothermal Walls

Adiabatic Walls

Fig. 27   Profiles for normalised Reynolds stresses, ̃u′′
i
u′′
j
 , turbulent kinetic energy, ̃k , and turbulence dissipa-

tion, �̃  in the bottom wall region of the V-flame OWI configuration at different locations downstream of the 
flame holder
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Fig. 28   Lumley triangle on the plane of the invariants � and � of the Reynolds stress anisotropy tensor in 
the top (left) and bottom (right) wall regions of the V-flame OWI configuration with isothermal (red sym-
bols) and adiabatic (black symbols) wall conditions at different downstream locations of the flame holder 
compared with the non-reacting channel flow (blue symbols). 1C, 2C and iso imply 1 component limit, two 
component limit and isotropic state respectively
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flow for x∕h = 6 , x∕h = 7 , but further downstream at x∕h = 8 and x∕h = 9 the Reynolds 
stresses in the log-layer region of the flow ( 80 < y+ < 130 ) tend to deviate from the non-
reacting flow data due to the existence of the top branch of the flame above the flame 
holder in the V-flame OWI channel flow with isothermal as well as adiabatic walls. In the 
bottom wall region where FWI occurs the Reynolds stresses tend towards the one compo-
nent limit for all the sampling locations due to the anisotropy introduced by the existence 
of the flame. This phenomenon exists for low turbulence intensity flames at high Dam-
köhler number conditions (Ahmed et al. 2019b; Brearley et al. 2019, 2020; Chakraborty 
2021) and as stated earlier on in the paper the integral length scale based on the two-point 
correlation is large and remains of the order of 1.5h in the near wall region at low Re

�
 con-

ditions (Ahmed et al. 2021a) which results in a flame at high Damköhler number condi-
tions due to low turbulence intensity and large length scales in this case. It should be noted 
here that subtle differences in the Reynolds stress anisotropy between the V-flame OWI 
with isothermal and adiabatic walls exist at x∕h = 6 and x∕h = 7 in the bottom wall region 
where more contribution to the two component limit at low y+ values exists which is a con-
sequence of density variation at the wall surface in the case of adiabatic wall boundary 
conditions.

Figure 29 shows the behaviour of ̃u′′
i
u′′
j
 , ̃k and �̃  in the case of turbulent boundary layer 

HOI at different times for both thermal wall boundary conditions. In these cases the data 
is compared with the non-reacting simulation for the same configuration at the same time 
instants as those for the reacting simulations. At earlier times when the flame is away from 
the wall the turbulence statistics are not significantly affected by the flame in the near wall 
region for both thermal wall boundary conditions, as shown in Fig. 29 and some influence 
of the effects of heat release can be seen at y∕h ≈ 0.8 . As the time progresses and the flame 
propagates towards the wall the ũ′′v′′ , ṽ′′v′′ and w̃′′w′′ components of the Reynolds stresses 
are significantly affected by the flame under both adiabatic as well as isothermal wall con-
ditions (see Fig. 29). The main reason for the significant variation of ũ′′v′′ and ṽ′′v′′ com-
ponents of the Reynolds stress is the redistribution of the velocity from the streamwise 
component to the transverse component as discussed in sect. 3.3.1. During the FWI pro-
cess the turbulence decays rapidly and all the components of ̃u′′

i
u′′
j
 reduce in magnitude 

which is similar to the earlier results of Bruneaux et al. (1996) in a constant density turbu-
lent channel flow. Note that similar to the V-flame OWI cases, the ũ′′u′′ component of the 
Reynolds stresses dominates the contribution to ̃k but unlike the V-flame OWI cases both 
quantities decay as the flame interacts with the wall. This is due to the fact that in the case 
of V-flame OWI, the flow acceleration due to thermal expansion has a component parallel 
to the wall which produces shear and generates turbulence, whereas in the case of turbulent 
boundary layer HOI the thermal expansion effects are in the wall normal direction which 
tend to decrease turbulence. The behaviour of �̃  in the turbulent boundary layer HOI cases 
follow the same trends as that of ̃u′′

i
u′′
j
 and decay in the near wall region during FWI when 

compared with the non-reacting flow, as shown in Fig. 29. Note that, during the FWI pro-
cess (i.e. 10.50 < t∕tf < 14.70 ), the magnitude of ̃u′′

i
u′′
i
 , ̃k and �̃  is higher in the case of adi-

abatic wall due to the reaction occurring until the wall surface, which generates higher wall 
normal velocity in this case resulting in the generation of turbulence.

The behaviour of the anisotropy of the Reynolds stresses for the turbulent boundary 
layer HOI cases and the corresponding non-reacting flow is shown in Fig. 30 at different 
times during the HOI process. In this case the non-reacting flow behaviour is similar to 
that of the non-reacting turbulent channel flow. At earlier times when the flame is away 
from the wall (i.e. t∕tf ≈ 4.20 ) the Reynolds stress anisotropy is affected only at high y+ 
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Fig. 29   Profiles for normalised Reynolds stresses, ̃u′′
i
u′′
j
 , turbulent kinetic energy, ̃k , and turbulence dissipa-

tion, �̃  at different time instants during FWI for the turbulent boundary layer HOI configuration
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values for both thermal wall boundary conditions, but as the flame propagates towards the 
wall the Reynolds stresses for y+ > 7 tend towards the one-component limit in the case of 
isothermal wall and this tendency increases as the flame interacts with the wall, while the 
Reynolds stresses for y+ < 7 remain at the two component limit as is expected in the non-
reacting turbulent boundary layer. In the case of adiabatic wall, during FWI ( t∕tf = 11.55 
and t∕tf = 12.60 ) the trend for y+ < 7 tends to deviate from the non-reacting as well as 
isothermal wall boundary condition cases as shown in Fig. 30. This variation under adiaba-
tic wall conditions is a consequence of density change until the wall surface as a result of 
reaction occurring down to the wall surface. At the later stages of FWI (i.e. t∕tf = 16.80 ) 

Fig. 30   Lumley triangle on the plane of the invariants � and � of the Reynolds stress anisotropy tensor in the 
turbulent boundary layer HOI configuration with isothermal (red symbols) and adiabatic (black symbols) 
boundary conditions at different time instants during FWI compared with the non-reacting flow conditions 
(blue symbols). 1C, 2C and iso imply 1 component limit, 2 component limit and isotropic state respectively



861Flow, Turbulence and Combustion (2023) 111:825–866	

1 3

the anisotropy of the Reynolds stresses tend towards the two component limit and this 
behaviour can be observed for Reynolds stresses up to y+ ≈ 40 , as shown in Fig. 30. This 
behaviour of the Reynolds stress anisotropy is more pronounced for the case with adiaba-
tic wall and is expected for both thermal wall boundary conditions, as the flame in this 
case belongs to the corrugated flamelet regime when it is away from the wall and as in 
the V-flame OWI cases the integral length scale based on two-point correlation increases 
towards the wall leading to an even higher Damköhler number. This implies that the flame 
under these circumstances will introduce a high level of Reynolds stress anisotropy as seen 
in unconfined statistically stationary planar premixed flames (Ahmed et al. 2019b; Brearley 
et al. 2019, 2020; Chakraborty 2021).

3.4 � Implications on Modelling

The results presented in this work have implications on modelling of turbulence, heat trans-
fer and combustion. It can be inferred from the results for �w and ũ/u

�
 profiles for the differ-

ent wall boundary conditions and flow configurations that near wall turbulence models will 
need to be updated to account for FWI within turbulent boundary layers. This is especially 
true in the case of wall functions for velocity and the near wall damping of low Reynolds 
number formulation of turbulence models used in industrial RANS simulations. The near 
wall behaviour of temperature and the associated heat transfer models will also need to be 
modified to account for developing thermal boundary layers encountered during FWI. It 
should also be noted here that the new models to be developed should also account for the 
alignment of the mean flame propagation with the wall normal as this has major implica-
tions on the flow behaviour as demonstrated in this paper. The data reported in this work 
can provide a good platform for developing these models, but this is beyond the scope of 
current work.

4 � Summary and Conclusions

Two different turbulent flows in which flames interact with chemically inert isothermal and 
adiabatic walls at the reactant temperature in fully developed turbulent boundary layers 
have been investigated by performing direct numerical simulations (DNS). The main dif-
ference between the two flow configurations is the flame orientation with respect to the 
wall during flame-wall interaction (FWI). In the first configuration, oblique flame interac-
tion (OWI) is simulated where a V-flame interacts with the channel wall under different 
thermal wall boundary conditions, while in the second configuration, head-on interaction 
(HOI) of a planar flame in a turbulent boundary layer takes place with isothermal and adi-
abatic walls. Mean quantities such as density, temperature and progress variable have been 
investigated for both flow configurations under different thermal wall boundary conditions 
and it is found that these quantities behave in a different manner for the two flame configu-
rations as well as different thermal conditions at the wall. In the case of V-flame OWI, a 
statistically stationary flame is obtained for both thermal wall conditions while in the case 
of turbulent boundary layer HOI a transient flame exists and extinguishes due to the heat 
loss to the wall, under isothermal wall conditions, and also due to the consumption of the 
fuel within the domain for adiabatic wall condition.

It has been shown that under isothermal wall conditions the quenching distance and 
the mean wall heat flux to the wall are significantly altered by the choice of the flow 
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configuration. The flow configuration and different thermal wall conditions also have an 
effect on the behaviour of the mean wall shear stress and the mean wall friction velocity at 
the wall. In the case of V-flame OWI, the overall mean wall shear stress increases due to 
the thermal expansion effects caused by the flame and a local decrease is observed in the 
region of FWI for both thermal wall boundary conditions, while in the turbulent boundary 
layer HOI case no overall increase in the mean wall shear stress is observed and a decrease 
as a consequence of FWI is seen under both isothermal and adiabatic wall boundary condi-
tions. The wall friction velocity tends to follow the same trend as the wall shear stress in 
both V-flame OWI and turbulent boundary layer HOI cases with isothermal wall condi-
tions, whereas in the cases with adiabatic walls the wall friction velocity tends to increase 
in the V-flame OWI case with adiabatic walls and tends to stay of the order of unity in the 
case of boundary layer HOI case with an adiabatic wall. This difference in the wall fric-
tion velocity for adiabatic wall boundary conditions when compared with the isothermal 
wall conditions is caused by the drop in density until the wall surface due to the chemi-
cal reaction occurring up to the wall surface. The behaviour of the mean velocity statis-
tics in the log-layer region of the boundary layer is significantly affected by the flame in 
both flow configurations and under both thermal wall boundary conditions when compared 
with the corresponding non-reacting flow conditions. Similar trends between the reacting, 
under both thermal wall boundary conditions, and non-reacting cases have been observed 
for the mean Reynolds stresses where it is found that the existence of the flames in the near 
wall region and also during FWI increases the Reynolds stress anisotropy. In the case of 
V-flame OWI, turbulent kinetic energy is maintained in the near wall region due to the con-
stant supply of turbulence and also due to the shear generated turbulence at the wall caused 
by thermal expansion effects, while in the case of turbulent boundary layer HOI turbu-
lence kinetic energy decays during FWI as there is no supply of turbulence and the thermal 
expansion effects are in the wall normal direction which implies that the flow acceleration 
due to thermal expansion does not generate any shear at the wall. The dissipation rate of 
turbulent kinetic energy has been found to increase at the wall during FWI in the V-flame 
OWI configuration, while it decreases in the turbulent boundary layer HOI configuration. 
This is purely due to the way flames interact with the wall and the way turbulence evolves 
within the different flow configurations. In both configurations the dissipation rate of tur-
bulent kinetic energy is higher during FWI under adiabatic wall conditions when compared 
with the dissipation rate of turbulent kinetic energy under isothermal wall conditions.

The fluid-dynamic statistics discussed in this work are unlikely to be affected by the 
choice of the chemical mechanism as chemistry affects the momentum transport through 
dilatation rate and density variation. As both density variation and dilatation rate val-
ues are adequately captured by single-step chemistry in hydrocarbon-air combustion, 
the findings of the current analysis will be valid at least in the qualitative sense in the 
presence of detailed chemistry calculations of premixed turbulent FWI of hydrocarbon 
fuels. Finally, the findings of the current analysis imply that future model developments 
of FWI need to account for the relative alignments of flame and wall normal vectors 
with mean flow direction and thermal boundary conditions for high-fidelity predictions.
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