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Abstract

The statistical behaviour of turbulent kinetic energy, and its transport in turbulent boundary layers during
premixed flame-wall interaction for isothermal and adiabatic chemically inert walls have been analysed us-
ing a Direct Numerical Simulation (DNS) database. The terms due to the mean velocity gradient (commonly
known as the production term) and viscous dissipation remain leading order contributors to the turbulent ki-
netic energy transport when the flame is away from the wall, similar to that in the corresponding non-reacting
turbulent boundary layer, but in addition to these terms, the pressure dilatation and pressure transport con-
tributions play leading order roles when the flame interacts with the wall. It has been found that the gradient
hypothesis-based Reynolds stress closures in the context of the & — ¢ model may yield an inaccurate predic-
tion of the mean velocity gradient term due to the counter-gradient behaviour of Reynolds stresses in the
premixed flame cases considered in this analysis. The thermal boundary condition at the wall does not have
a major influence apart from a higher wall friction velocity for adiabatic boundary condition than in the case
of isothermal boundary condition. The assumption of local equilibrium of production and dissipation of
turbulent kinetic energy has been found to be rendered invalid when the flame is either near to the wall or in-
teracting with the wall. This invalidates the conventional log-law for mean streamwise velocity variation, and
the wall functions derived based on production-dissipation balance equipped by the usual gradient hypoth-
esis in the context of the standard & — ¢ model for premixed flame-wall interaction in turbulent boundary
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layers. Therefore, improved wall functions are necessary for Reynolds averaged Navier-Stokes simulations of
premixed flame-wall interaction in turbulent boundary layers.

© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
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1. Introduction

Turbulent kinetic energy (TKE) transport is of
fundamental importance in modelling of turbu-
lent flows. However, limited information is avail-
able regarding the transport of TKE in the near-
wall region during flame-wall interaction (FWI)
of premixed flames in turbulent boundary layers
(TBLs) [1.2]. In the case of turbulent premixed
FWI, the thermal expansion induced by the flame
due to the chemical heat release significantly alters
the temperature and velocity distributions within
TBLs. Therefore, the modelling of TKE trans-
port needs additional consideration due to the tur-
bulence generated by the flame front. Reynolds-
Averaged Navier Stokes (RANS) simulations are
still predominantly used for industrial computa-
tions. In RANS, the non-linear convective term
gives rise to the unknown Reynolds stress term
which requires modelling. The well-known two-
equation k — ¢ model is widely used for the closure
of Reynolds stresses due to its reasonable range
of applicability, robustness and moderate compu-
tational overhead [3]. In the k — ¢ model, the tur-
bulent eddy viscosity is calculated based on TKE
and its dissipation rate. Karlovitz et al. [4] were the
first to hypothesise the flame generated turbulence
in premixed flames, and Bray and Libby [5] analyt-
ically linked this effect to the mean velocity gradi-
ent due to the flame normal acceleration which was
subsequently confirmed in experiments [6-8].

The advancements in computational power en-
abled Direct Numerical Simulation (DNS) data to
be used for analysing TKE transport for turbulent
premixed combustion [1,2,9-11]. Zhang and Rut-
land [9] used DNS data to model the pressure di-
latation and pressure transport contributions to the
TKE transport in turbulent premixed combustion.
Nishiki et al. [12] proposed models for the unclosed
terms of the TKE transport equation based on a-
priori analysis of DNS data belonging to the cor-
rugated flamelets regime [13]. Chakraborty et al.
[10,11] analysed the statistical behaviour of TKE
transport using DNS data, and proposed models
for the unclosed terms in different regimes of tur-
bulent premixed combustion and different effec-
tive Lewis numbers. However, most of the afore-
mentioned analyses on TKE transport for reacting
flows [9-11] were conducted in the absence of walls.

Lai et al. [2] investigated the statistical behaviour
of the transport of TKE for head-on quenching of
statistically planar turbulent premixed flames un-
der the influence of decaying isotropic turbulence
for different Lewis numbers. Recently, Ahmed et al.
[1]analysed the statistical behaviour of TKE evolu-
tion in boundary layer flashback of turbulent H,-
air premixed flames. The main objectives of the
present study are (i) to identify the qualitative dif-
ferences in the TKE transport near and away from
the wall for different wall boundary conditions dur-
ing FWI of premixed flames within TBLs and its
implications on the laws of the wall, and (ii) to as-
sess the validity of the assumptions that are usu-
ally invoked for the derivation of wall functions for
the simulation of non-reacting (NR) TBLs in the
context of standard k — ¢ modelling in the case of
premixed FWI. To meet these objectives, a three-
dimensional DNS database of head-on interaction
(HOI) of statistically planar flames propagating
across TBLs towards a chemically inert walls has
been considered for isothermal (I) and adiabatic
(A) wall boundary conditions.

2. Mathematical background

_ The exact equation for the Favre averaged TKE

/

k = puu /2p is given by [9]:
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where u; is the j” component of velocity and ; =
w(u;/9x; + du;/0x;) — (2/3)ud;(dur/9xx) is the
viscous stress tensor in which u is the dynamic
viscosity. Here, ¢, § =pq/p, ¢’ = q — ¢ represent
Reynolds average, Favre-average and Favre fluctu-
ations of a general quantity ¢, respectively. The
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terms on the right-hand side of the Eq. (1) are
the (i) mean velocity gradient (commonly known
as the production term), (ii) mean pressure gradi-
ent, (iii) pressure dilatation, (iv) combined effect
of viscous dissipation and molecular diffusion, (v)
pressure transport, (vi) turbulent transport contri-
butions [9,12]. It is worth noting that the terms 7}
to T are unclosed and need modelling in the con-
text of kK — ¢ modelling framework. However, the
production term 73, is already closed in the con-
text of second-moment closure where the Reynolds
stress tensor —pu;u; is modelled using a gradient
diffusion hypothesis, or separate transport equa-
tions must be solved for each term of the Reynold
stress tensor. In this work, the statistical behaviours
of the terms 7} to T of the turbulent kinetic en-
ergy transport equation, both in the near-wall re-
gion and away from the wall, are analysed based
on a three-dimensional DNS database of HOI of
statistically planar flames propagating across TBLs
towards a chemically inert wall for isothermal and
adiabatic wall boundary conditions.

3. DNS Database

The simulations for this work are performed us-
ing a well-known compressible three-dimensional
DNS code called SENGA+, where the spatial
derivatives are evaluated using a 10th order fi-
nite difference central scheme for the internal grid
points, whereas the order of accuracy gradually re-
duces to second order for the non-periodic bound-
aries. A third-order Runge-Kutta scheme is em-
ployed for time advancement. Further details on
the code are available in [2,10,11,14-16]. For the
current analysis, low Mach number flow conditions
are considered and the combustion chemistry is
represented by a single-step Arrhenius type chem-
ical reaction (a unit mass of Fuel + s unit mass of
Oxidiser — (1 4 s) unit mass of Products, where s is
the stoichiometric oxidiser-fuel mass ratio) for the
sake of computational economy. Several previous
analyses [14,15,17,18] used single-step chemistry
for the analysis of turbulent premixed FWI, and the
same approach has been adopted in this analysis.
It has been demonstrated and discussed elsewhere
[14,15] that the statistics of reactive scalar gradient,
wall heat flux magnitude and the flame quenching
distance obtained from a detailed chemical mech-
anism can be captured accurately, even for single-
step chemistry. The current analysis focuses on the
fluid dynamical aspect of turbulent combustion,
and the chemical reaction rate effects indirectly in-
fluence the TKE transport through density and di-
latation rate. Thus, the simplification of chemistry
is unlikely to affect the conclusions of this analy-
sis. In the simulations a stoichiometric methane-air
mixture (i.e. s = 4.0) under atmospheric conditions
is considered. The Lewis number of all the species

is taken to be unity and the unburned gas temper-
ature Ty is taken to be 730K, which yields a heat
release rate parameter of © = (T,y — Tr)/Tr = 2.3;
where T, is the adiabatic flame temperature. Stan-
dard values are taken for the Prandtl number and
the ratio of specific heats (i.e., Pr = 0.7,y = 1.4).

In this configuration, the initial flow conditions
in the TBL have been generated by a non-reacting
turbulent channel flow solution corresponding to
Re, = (pritz yrh)/r = 110 where pg is the un-
burned gas density, ug is the unburned gas vis-
cosity and / is the channel half height corre-
sponding to the non-reacting fully developed chan-
nel flow solution. The computational domain size
for the current analysis is taken to be 10.69/ x
1.33h x 4h with an equidistant grid resolution of
1920 x 240 x 720, which ensures at least 8 grid
points within the thermal flame thickness §,, =
(Tys — Tr)/max|VT|, (where T is the instanta-
neous dimensional temperature). This grid resolu-
tion is consistent with several previous DNS analy-
ses [9,10,12], which contributed significantly to the
TKE transport in turbulent premixed flames. This
grid spacing also ensures that 3, = puttr vRY/ o
for the wall adjacent grid point remains approxi-
mately 0.6 (i.e. y} < 0.6) where subscript w is used
for the values at the wall and u, yr = /|Tunrl/P
and 7, yr are the friction velocity and wall shear
stress for the non-reacting channel flow, respec-
tively. In the current simulations, the choice of
1.33Ah is made so that the flame remains away from
the outflow boundary and the data from the full
channel flow up to 1.33% is used to initialise the
flow field. Note that the flow field in this region
does not affect the flame behaviour as the tur-
bulence fluctuation in boundary layers is highest
near the wall and decreases away from the wall.
The non-reacting channel flow results are found
to be in excellent agreement with previous find-
ings [19] and interested readers are referred to
[16,20] for further information regarding the vali-
dation of the non-reacting turbulent channel flow
solution. In the simulations, Sy /u; yr is taken to
be 0.7 and the friction velocity based Mach num-
ber u; yr/ag =3 x 1073 where S; and ay are the
unstretched laminar burning velocity and acoustic
speed in unburned reactants, respectively. For the
channel flow configuration, the root-mean square
turbulent velocity fluctuation u' scales with u, yg
and the longitudinal integral length scale L, scales
with /1 [21], which yield a Damkohler number Da =
LSy /u'8,;, of 15.80 and a Karlovitz number Ka =
(' /SL)**(Ly1/84)~ " of 0.36, which are represen-
tative of the corrugated flamelets regime combus-
tion [13].

For these simulations, periodic boundary con-
ditions are imposed for the streamwise (i.e. x) and
spanwise (i.e. z) directions and the pressure gradi-
ent (i.e,, —dp/dx = puf,NR/h) has been imposed in
the streamwise flow direction. In the wall-normal
direction (i.e. y), a no-slip boundary condition is
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implemented at y = 0, whereas a Dirichlet bound-
ary condition is specified (i.e., T, = Tr) for the
isothermal wall. However, a Neumann boundary
condition, given by 97 /9y =0, is used for the adi-
abatic wall. Note that the unburned gas and wall
temperature of 730K is consistent with the earlier
works [1,22.23] where it is argued that that this tem-
perature is representative of the combustion air de-
livered by the compression stage in large, stationary
gas turbines for power generation. A partially non-
reflecting boundary is specified at y/h = 1.33 fol-
lowing an improved Navier-Stokes Characteristics
Boundary Conditions strategy [24]. In the current
simulation setup, the solution from the 1D laminar
flame simulation is interpolated to the 3D grid in
such a manner that, the reaction progress variable
¢ =0.5at y/h ~ 0.85, where the reaction progress
variable, ¢ is defined based on the fuel mass fraction
Yras: ¢ = (Ypr — Yr)/(Yrr — Ygp). The subscripts
R and P represent the fresh reactant and fully
burned products, respectively. The reacting scalar
field is initialised in such a manner that the reac-
tant side of the flame faces the wall, whereas the
product side of the flame is always facing towards
the outflow side of the boundary in the y direction.
It should be recognised here that the domain in the
wall-normal direction above % is not relevant for the
analysis of the data as ¢ = 0.5 is initially situated at
0.85h. The flow configuration used in the present
work is similar to the configuration used in the ear-
lier work of Bruneaux et al. [17,18]. However, in the
current simulations, the variation of density due to
temperature change and an outflow boundary con-
dition are implemented to avoid any change in the
thermodynamic pressure due to density variation
caused by combustion. During the simulations, the
flame propagates and moves towards the wall and
interacts with it, and the simulations are conducted
until the flame quenches/extinguishes which corre-
sponds to 2.0 flow through times based on the max-
imum axial mean velocity (i.e. 21.30 u, yr). Note
that the TBL does not evolve significantly during
the course of the simulation [16]. The Reynolds and
Favre averaged quantities involving correlations of
Reynolds and Favre fluctuations have been calcu-
lated by spatial averaging the quantities of inter-
est in the periodic directions (i.e. x — z planes) for
a given time instant. This averaging procedure is
consistent with the usual practice for temporally
evolving shear layers [25,26] or temporally evolv-
ing flames in channel flows [17,18]. Furthermore,
this way of Favre-averaging does not influence the
conclusions of this paper, as it is representative of
the RANS/URANS simulation results at the corre-
sponding time.

4. Results and discussions

Fig. 1 shows the instantaneous flame structures
represented by the ¢ = 0.5 isosurface along with

Isothermal Wall

Adiabatic Wall

Fig. 1. HOl at ¢/t = 4.20, 10.50, and 14.70 (top to bot-
tom) for isothermal (I) and adiabatic (A) wall bound-
ary conditions. The isosurface coloured in grey represents
¢ = 0.5. The instantaneous normalised vorticity magni-
tude Q is shown on the x — y plane at z/i = 4. The blue
surface denotes the wall.

the normalised vorticity magnitude, Q = /w;w; x
h/u, yg on the x —y plane at z/h =4 for both
I and A wall boundary conditions. The time in-
stant¢/t; = 4.20 (where 1, = §,;,/S,. is the chemical
timescale) exemplifies the situation when the flame
is sufficiently away from the wall, and the pres-
ence of the wall does not affect the flame propaga-
tion. At ¢t/t; = 10.50, the near-wall flow structures
such as wall ejections wrinkle the flame surface and
therefore alter its location with respect to the wall,
which, in turn, affects the flow dynamics, includ-
ing the TKE transport due to thermal expansion
arising from the heat release within the flame. The
flame surface starts to interact with the wall surface
at t/ty = 10.50 and in the case of I wall boundary
condition the flame eventually quenches (e.g. exem-
plified by the time instant ¢/¢, = 14.70) due to the
heat loss through the wall. By contrast, the flame
propagates towards the wall and eventually extin-
guishes (e.g. t/t; = 14.70) once the reactants are
completely consumed in the case of A boundary
condition. The results shown in Fig. 1 and subse-
quent figures for an intermediate time instant (i.e.
t/t; = 12.60) are shown in the supplementary ma-
terial but the results shown in the supplementary
material follow the same trend with the progress of
time as shown in the results presented in the main
body of the paper.

The variations of k in the wall-normal direc-
tion at different time instants for FWI in both wall
boundary conditions are shown in Fig. 2 along with
the corresponding variation obtained for a non-
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Fig. 2. The variation of k/u%YNR with y/h at t/t; =
4.20, 10.50, and 14.70 for I (left) and A (right) wall bound-
ary conditions. The background is coloured by the values
of in this and subsequent figures.

reacting flow simulation in this configuration. The
background of Fig. 2 and subsequent figures is
coloured by the local values of ¢, which allows for
the identification of the position of the flame brush.
Fig. 2 shows that the flame brush propagates to-
wards the wall as time progresses and in the case of
adiabatic wall the flame eventually extinguishes due
to complete consumption of the reactants, which is
depicted by the values of ¢~ 1.0 at later times of
FWI (e.g. at t/t; = 14.70). By contrast, the flame
quenches in the vicinity of the wall (e.g. the small-
est quenching distance is found to be 1.71ay, /S,
which remains comparable to the 1D laminar head
on quenching simulation [16] with a7, being the un-
burned gas thermal diffusivity.) in the case of the
isothermal wall, and the unburned reactants diffuse
from the wall adjacent region to away from the wall,
which also leads to an increase in ¢ in the vicinity
of the wall at the later stages of flame quenching
(e.g. at t/t; = 14.70), which is also consistent with
several previous findings [10,15,18].

Fig. 2 shows that k vanishes at the wall for all
time instants due to the no-slip boundary condi-
tion. Further, it can be seen from Fig. 2 that k in-
creases from the wall and attains peak value be-
fore decreasing again with increasing y//. The peak
value of k is obtained at y/h~ 0.13 (i.e. yj =
PRU: NRY/ LR ~ 14.30) due to the shear-generated
turbulence within TBL for non-reacting as well as
for FWI under both I and A wall boundary condi-
tions. At t/t, = 4.20, when the flame is away from
the wall, the peak value of k, which occurs within
the unburned gas, exhibits a good agreement with
the corresponding non-reacting simulation data.

However, a comparison between the TKE varia-
tions in flames and the non-reacting simulation
even at early stages of FWI (e.g. ¢/t; = 4.20) re-

veals that k decreases within the flame brush. At
t/t; = 10.50, the peak value of k is still obtained
close to y/h = 0.13, but its magnitude is smaller
than the corresponding non-reacting value because
the peak value of k occurs towards the leading
edge of the flame brush. At ¢/¢t, = 14.70, when
the boundary layer is predominantly made up of
burned gases (i.e. ¢ ~ 1.0), the peak magnitude of
k is significantly smaller than the corresponding
value for non-reacting flows. However, the mag-
nitude of k for the reacting cases remains greater
than the corresponding value in the case of non-
reacting flow for y/h > 0.5 at t/t; = 10.50, which
corresponds to the middle of the flame brush where
the augmentation of kinetic energy takes place due
to flame-generated turbulence. Moreover, & for the
reacting cases remains greater than the correspond-
ing value in the case of non-reacting flow for y/h >
0.8 at t/t; = 14.70 even through the reacting flow
TBL is predominantly made up of the burned gas
at that time instant.

In order to explain the aforementioned be-
haviour, it is worthwhile to consider the varia-
tions of the terms on the right-hand side of the
transport equation of k (i.e. Eq. (1)). It is worth
noting that the balance of left- and right-hand
sides has been assessed during the course of this
analysis, and the differences in left- and right-
hand sides of Eq. (1) was found to be at most
1.0% for the time instants discussed in this paper.
Fig. 3 shows [T}, Tb, Ts, Ty, T5, Tg] xh/(pris; yp) at
t/ty =4.20,10.50 and 14.70. It can be seen from
Fig. 3 that T, and 7, remain the dominant con-
tributors to the TKE transport in the case of non-
reacting flows, whereas T assumes positive values
close to the wall but becomes negative at the lo-
cation where 77 assumes the maximum value. The
magnitude of 75 remains small in comparison to
those of Ty, T, and Tg. The terms 7> and 73 van-
ish for low Mach number non-reacting flows, as
considered for the current analysis. A comparison
between Figs. 2 and 3 reveals that the production
of TKE by T in the non-reacting flow attains the
peak value close to the location where the maxi-
mum value of k is obtained. Moreover, the source
contribution of 7; is mostly balanced by the sink
contribution of Ty at all the time instants in the
non-reacting simulation case. The TKE transport
in the unburned gas for the premixed flame cases
for both I and A wall boundary conditions are both
qualitatively and quantitatively similar to the corre-
sponding non-reacting simulation results at ¢/¢, =
4.20, when the flame is away from the wall. How-
ever, mean velocity gradient term 77 in the react-
ing cases assumes negative values within the flame
brush, whereas this term remains positive in the
non-reacting case. Moreover, the pressure dilata-
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Fig. 3. Variations of [T}, T», T3, Ty, Ts, T6]></1/(pRu3VNR)withy/h att/ty = 4.20,10.50, and 14.70 (note the multiplication
factor) for premixed flame cases for I (left), A (middle) wall boundary conditions and the non-reacting (NR) (right) cases.

tion and pressure transport (i.e., 73 and 7Ts) terms
play leading order roles within the flame brush in
the reacting cases, whereas these contributions are
negligible in the non-reacting simulation. This sta-
tistical behaviours of the terms of the TKE trans-
port within the flame brush when the flame is away
from the wall (e.g. t/t; = 4.2) are consistent with
previous findings by Zhang and Rutland [9]. Note
that the focus of this analysis is to analyse the dif-
ferences in the TKE transport during FWIin TBLs
from a conventional non-reacting TBL. Thus, the
behaviours of the terms in the TKE transport equa-
tion within the flame brush and their modelling are
not discussed further in this paper.

The TKE transport in the reacting cases is both
qualitatively and quantitatively different at ¢/7, =
10.50 compared to the non-reacting case when the
flame is close to the wall but yet to interact with
the wall for both boundary conditions. The terms
T and T, continue to remain in approximate equi-
librium within the unburned gas but 7 assumes
negative value within the flame brush. Moreover,
the pressure dilatation term 73 plays a leading or-
der role at 7/¢; = 10.50 and assumes mostly posi-
tive value within the flame brush before vanishing
on the burned gas side but negative values are ob-
tained towards the leading edge of the flame brush
close to the wall. The negative values of 73 towards
the unburned gas side of the flame brush is con-
sistent with previous analyses [1,10]. However, this
has serious modelling implications, as 73 models

proposed by Zhang and Rutland [9] and Nishiki
et al. [12] only allow for positive values. The pres-
sure transport term 75 also plays an important role
at this time instant for the reacting cases and ex-
hibits a qualitatively opposite behaviour to that of
the pressure dilatation term 73. The behaviour of
the turbulent transport term Ty at ¢/¢, = 10.50 re-
mains qualitatively similar to that at /¢, = 4.20 in
the premixed flame cases irrespective of the bound-
ary condition. The leading order positive contri-
butﬁiJon of T; is responsible for the augmentation
of k in premixed flame cases in comparison to the
non-reacting case at ¢/t, = 10.50. Att/t, = 14.70,
when the flames are at the advanced stage of HOI,
the variations of 75 and T3 are opposite to each
other, whereas 7 assumes negative values close to
the wall before assuming positive values away from
it. The combined diffusion and dissipation term 7
continues to have a leading order negative contribu-
tion and an approximate equilibrium is maintained
between T; and 7, away from the wall. Moreover,
a comparison of the magnitudes of the different
terms of the k transport equation at different time
instants reveals that the leading order contributors
to the k transport at ¢/t = 14.70 remain much
smaller than those at #/¢t, = 4.20 and 10.50. More-
over, there is no significant active source of k in the
vicinity of the wall at the final stages of HOI, which
is reflected in the rapid decay of k, as the flame in-
teracts with the wall. As the term 7} is a combined
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contribution of molecular diffusion and dissipa-
tion rates, it is worthwhile to analyse the behaviours
of the individual contributions because the equi-
librium between 77 and T} is often considered for
the development of wall functions [27]. The term
T, can be split as [8,10,11]:

2 0

u
37 9x;

9 u//

0

3xk

/"
ouy,

+|u
a.X,'

Ty = —pe+ V- (uVk)
T

2 5) 3 (e

i Bxk (M
where & = [p(du)/9x;)(0u] /9x,)]/p (With u being
the dynamic viscosity) is the dissipation rate of k
[12]. Fig. 4 shows the variations of individual terms
of Eq. (2) along with T at different time instants.
Eq. (2) indicates that 7} is identically zero for low
Mach number non-reacting flows where (du; /dx;)
vanishes. This can indeed be verified from Fig. 4 for
the non-reacting flow considered here. For HOI the
term 7} has a negligible magnitude in comparison
to (—p&). The magnitudes and behaviours of (—pg)

and V - (uV k) for the reacting cases are similar to
the non-reacting case at t /¢, = 4.20 when the flame
is sufficiently away from the wall, but their magni-
tudes decrease at the final stages of HOI (e.g. com-
pare t/t; = 14.70 with 4.20 in Fig. 4). The relative
contribution of 7 to 7} in the near-wall region in-
creases with time, and its magnitudes become com-

parable to V - (uV Z), which only assumes signif-
icant magnitudes for y/h < 0.2. Fig. 4 shows that

(—=p¢) is the dominant contributor to 7} for both
reacting and non-reacting cases at all times, and the
negative value of T} originates due to (—p¢), which
assumes the highest magnitude at the wall.

The statistical behaviours of £ have signifi-
cant implications on turbulence modelling in the
context of the kK —e& model [1,27] and the de-
velopment of wall functions [1,27] for the near-
wall treatment, which will be discussed next
in the paper. According to the k—e model
[27] the mean Ve1001ty gradient term 7; is mod-
elled as: Ty, = 7/ (9%/9x;), whereas 7/ is the

modelled expresswn for (—puju’). Accordmg to
k—e .

Boussmesqs hypothesis 7;;7° is expressed as [27]:
~ 20, (5 — 1/3skk8,/) 2/3pk5,j Here, 5;; =
0 5(8u,/8x1 + 0u,/dx;) is the component of the

mean strain rate tensor and u, = pC,Lk /€ is the
eddy viscosity with C, being a model parameter
which is usually taken to be 0.09 in the context of
the k — e model [27]. The predictions of T}, = r,’j ¢
(0u;/9x;) are compared to 7; extracted from DNS
data in Fig. 5, which reveals that 7;,, overpredicts
Ti in the near-wall region for both reacting and
non-reacting flows (note the non-reacting flow re-
sults are shown with a subscript of NR). It is worth
noting that the location at which the peak value of
T nr 1s obtained correspond~s to yir = 14.0 and
thus the expression u, = pC,k?/& in the context of
the standard & — & model is not applicable here (be-
cause it is strictly valid for y}, > 40 [27]).

Fig. 5 shows that in spite of quantitative dis-
crepancies between 7i,, and Tj,, —in the near-
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Fig. 5. Variations of the predictions of T7j, =
r§*€(aﬁi/axi) with y/h along with 77 extracted
from DNS data at #/t; = 4.20,10.50, and 14.70 for I
(left) and A (right) boundary conditions.

wall region, these terms tend to show a reasonable
quantitative agreement for y/h > 0.37 (or yi >
40), which is consistent with the expectations for
the standard k — ¢ model [27]. Fig. 5 further shows
that Tiyg, predicts a positive value, whereas lo-
cally negative values of 77 are obtained from DNS
data at ¢/t; = 10.50 and 14.70 but at these time
instants a part of the flame brush remains within
0 <yt = pyury/ 1y < 40 (with u, is the local fric-
tion velocity), where y™ = 40 corresponds to y/h =
0.38 and 0.51 (0.40 and 1.13) at ¢/t, = 10.50 and
14.70, respectively for I(A) wall boundary condi-
tion. This is also valid at ¢/¢; = 4.20 for the pre-
mixed flame cases even for y* > 40, which cor-
responds to y/h > 0.37. This is a consequence
of counter-gradient behaviour of the Reynolds
stress components (—pu;u}) in the reacting cases.
This behaviour is consistent with previous findings
[1,2,10,28] for turbulent premixed flames belonging
to the corrugated flamelets regime [13] without the
influence of walls. The development of new models
of (—puju’) for turbulent premixed combustion in
the case of FWI is beyond the scope of the current
analysis but during FWI the standard Boussinesq
hypothesis in the context of the & — ¢ model is un-
likely to be valid close to the wall (e.g. within the
viscous sub-layer).

The standard wall functions in the context of
k — & model are proposed based on the assumed
equilibrium between 7; and (pg). Fig. 4 shows that
(—pg) assumes non-zero values at the wall, whereas
T, is identically zero at the wall. However, T} = p&
is approximately valid for the non-reacting flow
simulation results for y/h > 0.37, which is equiva-

[-+~u* =yT - -log-law o Tsukahara DNS---NR —R]

Isothermal Adiabatic
t/tr = 420 t/tr = 420

o

0.75

o

0.25

0
10 10! 10%210° 10! 102

+ -

Y Yy

Fig. 6. Variations of u™ = u; /u; with y* = pu,y/m, at
t/ty =4.20,10.50, and 14.70 for I (left) and A (right)
boundary conditions. Here R, represents reacting and
NR, represents the non-reacting case.

lent to y}, > 40 and consistent where the standard
wall functions are expected to be valid. However,
this equilibrium is not maintained within the flame
brush at all stages of HOI because either pg domi-
nates over 7} for a major part of the TBL or both
T, and (—p¢) assume negative values.

Under local equilibrium (i.e. 7} = pg) for
the non-reacting constant density fully-developed
channel flow one obtains: Tiyg,, = i (31/9y)* ~
P& upon using gradient hypothesis to model
(—pujuy). This yields the well-known log-law (i.e.
ut = uy/u, = (1/«) In (pu;y/u) + B) in the iner-
tial layer [27] when w, = pu.,ky and &= u/(ky)
are used with u, = /[t,,[/p and k = 0.41 being the
local friction velocity and the von-Karman’s con-
stant, respectively. However, T} ~ p¢ is not main-
tained during HOI irrespective of the thermal wall
boundary condition, and therefore the log-law is
not expected to be valid at the advanced stages
of FWI. This can be confirmed from the varia-
tions of normalised streamwise velocity u™ = u] /u,
with non-dimensional wall-normal distance y™ =
pwlizy/ 1, presented in Fig. 6. However, the vari-
ation of u™ with y* for non-reacting flow follows
a log-law and agrees well with previous fully de-
veloped channel flow DNS results at Re, = 110 by
Tsukahara et al. [19]. Moreover, a reasonable agree-
ment with the log-law is obtained for the reacting
cases for both I and A wall boundary conditions
att/ty = 4.20 when the flames are sufficiently away
from the wall, and the TKE transport within a ma-
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jor part of the TBL (including inertial layer) resem-
bles the corresponding non-reacting flow simula-
tion results. However, the variation of ut with y*
for the premixed flame case does not follow the log-
law at t/t; = 10.50 for both I and A wall boundary
conditions. The same is true for HOI with I wall
boundary condition at ¢/t = 14.70, whereas the
variation of u* with y* for the A boundary con-
dition does not go beyond the buffer layer at /¢, =
14.70 (e.g. the maximum value of y* is47 att/t, =
14.70) and thus the log-law behaviour cannot be ex-
pected. It is worth noting that u, in the case of pre-
mixed HOI decreases in comparison to u, yz due to
the density change in the reacting case and the re-
distribution of momentum from the streamwise di-
rection to the direction of mean flame propagation,
which is also aligned with the wall normal direction
in this configuration [16]. However, this drop of u,
in comparison to u, yr is stronger in the case of I
boundary condition than in the case of A bound-
ary condition [16] because the flame quenches away
from the wall for I boundary condition, whereas it
is possible to sustain chemical reaction at the wall
for the A wall boundary condition and the associ-
ated thermal expansion effects lead to a reduction
in density at the wall leading to higher values of u,.
The higher value of u, in the case of A wall bound-
ary condition than in the [ wall boundary condition
yields a smaller range of u* values in the case of the
adiabatic wall at 7/1, = 14.70.

Fig. 6 suggests that the log-law based wall func-
tions may not be valid in reacting flow TBLs during
premixed FWI. Moreover, upon using Boussinesq’s
hypothesis one obtains u, (3u,/3y)* ~ p& which
yields u, = C,l/“\/% and £ = C;/*k*?/(ky), that are
used as wall functions within the inertial layer (i.e.
Vg > 40) for non-reacting flows [27]. However, it
has been found from the results shown in Fig. 5 that
the modelling of 7} by using Boussinesq’s (i.e gra-
dient) hypothesis may not remain valid during pre-
mixed FWI in TBLs. Thus, the standard wall func-
tions might not yield accurate predictions in the
context of standard k — ¢ modelling of premixed
FWIin TBLs. This necessitates the development of
new wall functions for premixed FWI in TBLs.

5. Conclusions

The statistical behaviours of the distribution
and transport of k in HOI of premixed flames
with chemically inert walls have been investigated
for Re, = 110 using DNS data for both isothermal
and adiabatic wall boundary conditions. The wall-
normal distributions of 4, its dissipation rate and
different unclosed terms in its transport equation in
the unburned gas region of the reacting flow TBL
resemble the corresponding non-reacting constant
density simulation in the same configuration when
the flame is away from the wall for both isothermal

and adiabatic wall boundary conditions. The mean
velocity gradient and dissipation terms have been
found to be leading order contributors to k trans-
port when the flame remains away from the wall
but in addition to these terms both pressure dilata-
tion and pressure transport terms play significant
roles in the k transport when the flame comes in the
vicinity of the wall. The magnitudes of k and the
unclosed terms of its transport equation decrease
at the final stages of HOI. Boussinesq’s hypothe-
sis (i.e. gradient hypothesis) based Reynolds stress
closure using the eddy viscosity evaluated in terms
of k — e model does not adequately capture the be-
haviour of 7j in the turbulent premixed flame cases
considered here where the Reynolds stresses locally
exhibit counter-gradient behaviour. The local equi-
librium between the production and dissipation
rates of k is not maintained at advanced stages of
turbulent premixed FWI. Thus, the usual log-law
expression for the mean streamwise velocity varia-
tion within the TBLs and the associated wall func-
tions in the framework of standard k — ¢ model are
rendered invalid for premixed FWI. Therefore, the
development of new wall functions for premixed
FWI in TBLs, which are not dependent on conven-
tional log-law for non-reacting TBLs, will be neces-
sary. Moreover, further analyses with higher values
of Re, and detailed chemistry will be necessary to
validate the findings of the present analysis.
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