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ARTICLE INFO ABSTRACT

The distribution of flow topologies within the flame, and their evolution with flame quenching have been
analysed using a Direct Numerical Simulation (DNS) database of head-on quenching of statistically planar
turbulent premixed flames by isothermal inert walls for different values of turbulence intensity and global Lewis
number. It has been found that dilatation rate plays a key role in determining the flow topology distribution
within the flame and this dilatation rate field is significantly affected by the flame quenching in the vicinity of
the wall. The influence of the wall on the dilatation rate field in turn affects the statistical behaviour of all three
invariants of the velocity gradient tensor and the distribution of flow topologies. The effects of heat release and
thermal expansion strengthen with decreasing Lewis number which give rise to an increase in the probability of
obtaining topologies which are specific to high positive values of dilatation rate. As the magnitude of positive
dilatation rate and the likelihood of obtaining it decrease with flame quenching, the probability of finding the
topologies, which are obtained only for positive values of dilatation rate, decreases close to the wall. The in-
terrelation between the flow and flame topologies has been analysed in terms of Gaussian flame curvature and
mean of principal flame curvatures. The contributions of individual flow topologies on the mean behaviour of
wall heat flux magnitude, and the scalar-turbulence interaction and vortex-stretching terms in the scalar dis-
sipation rate and enstrophy transport equations, respectively have been analysed in detail and dominant flow
topologies which dictate the mean behaviours of these quantities have been identified. Detailed physical ex-
planations have been provided for the observed flow topology distribution and its contribution to the scalar-
turbulence and vortex-stretching terms. The nodal flow topologies have been found to be the significant con-
tributors to the wall heat flux magnitude during head-on quenching of turbulent premixed flames irrespective of
the value of global Lewis number.
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1. Introduction

Flow topologies are often characterised in terms of a three-dimen-
sional space made up of the three invariants (i.e. first P, second Q and
third R) of the velocity gradient tensor du;/dx; [1,2], where u; is the ith
component of the velocity vector. The topologies are schematically
shown in Fig. 1. To date, most analyses on flow topologies have been
carried out for non-reacting incompressible flows. For incompressible
flows the first invariant P is identically zero so the flow topology dis-
tribution is governed by Q and R. The analyses by Perry and Chong [1]
and Soria et al. [3] indicated the topology S4 is predominantly obtained
for positive values of second-invariant Q. Blackburn et al. [4] revealed
that the topologies S2 and S4 remain dominant away from the wall for
incompressible flows. It has been demonstrated by Chong et al. [5] and
Chacin and Cantwell [6] that the joint probability density function
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(pdf) shows a “teardrop” structure, and subsequently Ooi et al. [7]
provided the evidence regarding the universality of this “teardrop”
structure in Q—R space. The physical explanations behind this “tear-
drop” structure of the Q—R joint pdf for incompressible flows have been
provided by Elsinga and Marusic [8]. Both numerical and experimental
investigations suggested that the “teardrop” structure of the Q—R joint
pdf exists only in the fully turbulent region and not in the interface
between turbulent and non-turbulent regions [5,6]. The qualitative
arguments for predominant physical mechanisms associated with in-
dividual topologies (e.g. enstrophy production is large in S4 topology
whereas the strain rate production is associated with S1 topology) were
postulated by Tsinober [9]. The interaction of flow topologies with
passive scalar surface topology can be quantified in terms of Gauss and
mean curvatures (i.e. x, and x,,) and was analysed in detail by Dopazo
et al. [10]. It is worth noting that all the aforementioned analyses were
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Fig. 1. Classification of S1-S8 topologies (UF = unstable focus, UN = unstable node, SF = stable focus, SN = stable node, S = saddle, C

= compressing, ST = stretching) in the Q—R

plane with the lines r14,r15 and r, dividing the topologies, and black daksed lines indicates Q = R = 0.

conducted for incompressible fluids where the first invariant P is
identically zero. However, in compressible flows the statistical beha-
viour of the first invariant of the velocity gradient tensor P plays an
important role, and thus the co-ordinates in three-dimensional P—Q—R
space determine the local flow topology. The structure of a compres-
sible wake, using the critical point theory in terms of P,Q and R, was
analysed by Chen et al. [11] for the very first time. Sondergaard et al.
[12] characterised small-scale local flow topologies in a compressible
turbulent shear flow in terms of P,Q and R. Maekawa et al. [13] and
Suman and Girimaji [14] demonstrated that S2 and S4 topologies are
predominant on Q—R plane for decaying isotropic compressible turbu-
lence. The topology distributions in the inner and outer layers in tur-
bulent compressible boundary layers were analysed using Direct Nu-
merical Simulation (DNS) data by Wang and Lu [15]. It is worth noting
that all these analyses were carried out for non-reacting flows.
Tanahashi et al. [16] was the first to analyse the flow topologies in
turbulent premixed flames in order to distinguish between strain
dominated and vorticity dominated regions. Grout et al. [17] analysed
flow topologies using decaying turbulence DNS data of a reacting
transverse fuel jet in cross-flow, and revealed that S8 topology is as-
sociated with the regions of high heat release. Recently, Cifuentes and
his co-workers [18,19] analysed the distribution of flow topologies
across the flame front using simple chemistry DNS database of pre-
mixed turbulent flames with unity Lewis number representing the fla-
melets regime of combustion under decaying turbulence and reported
that the probabilities of finding focal (nodal) flow topologies decrease
(increase) across the flame front. Flow topology distributions in tur-
bulent spray flames were analysed by Wacks and Chakraborty [20]
using DNS data, which demonstrated that the flow topology distribu-
tion within the spray flames shows some resemblance to the findings by
Cifuentes et al. [18] and Grout et al. [17]. Recently, Wacks et al. [21]
analysed flow topology distributions for the different regimes of tur-
bulent premixed combustion and it has been found that the weakening
of dilatation rate (in other words weakening of P) from the corrugated
flamelets to the thin reaction zones to the broken reaction zones re-
gimes of premixed turbulent combustion plays a key role in the beha-
viours of the invariants of the velocity gradient tensor and their com-
ponents, which in turn affects the distribution of flow topologies and

their contributions to the evolutions of enstrophy and scalar dissipation
rate. In this respect, it is useful to note that all the flow topology ana-
lyses for turbulent reacting flows were carried out for both steady and
unsteady flow conditions which are not wall-bounded. The presence of
a cold wall is essential for the structural integrity of the combustor, but
the heat loss through the wall gives rise to flame quenching. Thus, the
presence of a wall is expected to affect the dilatation rate and thus the
behaviour of the first invariant of the velocity gradient tensor P. Poinsot
et al. [22] indicated that the presence of wall significantly affects the
vorticity and enstrophy distributions close to the wall during head-on
quenching of turbulent premixed flames. The aforementioned discus-
sion suggests that the flow topology in the region close to the wall is
likely to be affected by the presence of the flame and its quenching. To
date, considerable effort has been made to analyse flame-wall interac-
tion based on numerical investigations [22-35], but none of these
analyses focussed on the flow topology distribution in the near-wall
region during unsteady wall-induced flame quenching. This gap in the
existing literature is addressed here by analysing the statistical beha-
viours of the invariants of the velocity gradient tensor du;/dx; and flow
topology distributions at different instants of time as the flame ap-
proaches the isothermal wall in the case of head-on quenching of sta-
tistically planar turbulent flames with different values of global Lewis
number Le (i.e. Le = 0.8—1.2). For this purpose an existing DNS data-
base [30-35] of head-on quenching of statistically planar turbulent
premixed flames for different values of turbulence intensity and global
Lewis number has been considered. All the flow topologies shown in
Fig. 1 are associated with particular combinations of strain rate and
vorticity distributions, and they can influence the local alignment of the
principal strain rate and scalar gradient and vorticity, which in turn
affect the statistical behaviours of the scalar-turbulence interaction and
vortex-stretching terms. Moreover, vortex-stretching mechanism is of
pivotal importance to the energy cascade in turbulent flows [36] and it
plays a leading order role in the enstrophy transport in turbulent pre-
mixed combustion even though some other physical mechanisms (e.g.
baroclinic torque) might also play leading roles alongside the vortrex-
stretching term [35]. For the above reasons, the contributions of flow
topologies on the scalar-turbulence interaction and vortex-stretching
terms in addition to the wall heat flux magnitude at different stages of
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head-on quenching have been analysed in this analysis. The contribu-
tions of flow topologies on flame-turbulence interaction and vortex-
stretching terms, and wall heat flux magnitude provide information on
the underlying key dominant canonical flow structures. This, in turn,
helps to design simple experimental configurations representing
dominant flow topologies to gain further physical insights and model
validation. Moreover, it will enable numerical modellers to conduct
Reynolds Averaged Navier-Stokes (RANS) and Large Eddy Simulations
(LES) for simple representative flow configurations, which should be
convenient for the model development. The main objectives of this
analysis are:

e To demonstrate the influence of the wall on flow topology dis-
tribution and statistical behaviours of P,Q and R during head-on
quenching.

e To provide the physical explanations for the observed behaviours of
P,Q and R, and the flow topology distribution.

e To indicate the implications on these behaviours of vortex-
stretching, flame normal straining and wall heat flux during head-on
quenching of turbulent premixed flames.

The mathematical background related to the flow topology is pre-
sented in the next section, which is followed by a brief discussion of
numerical techniques used to generate the DNS data. Following this,
results will be presented and discussed. The conclusions will be drawn
and main findings will be summarised in the final section of this paper.

2. Mathematical background

The local flow topologies are characterised by the invariants of the
velocity-gradient tensor [1,2]:

ou;

S+ W

T ¢))
where the symmetric strain-rate tensor is S; = 0.5(4; + A;) and the
anti-symmetric rotation rate tensor is Wj; = 0.5(4;—A;). The eigenva-
lues of A;; are 4;,4; and A; which are the solutions of the characteristics
equation A3 + PA? + Q4 + R = 0 with its invariants P,Q and R as spe-
cified below [1,2]:

P=-tr(Ay) = (b + L + A3) = =S; 2
1 1
Q = S ([tr(ApP—tr(A7) = —(P>=S;S; + Wy Wy) = Qs + W;W;i/2
2 2 LA
Qw 3
R = ~det(Ay) = 5 (~P* + 3PQ=S;xS=3W; Wik S @

The terms Qs = 0.5(P?>—S;Sy) and Quw = 0.5(W;W};) are the second
invariants of the strain rate (i.e. symmetric part of du;/9x;) and rotation
rate (i.e. anti-symmetric part of du;/dx;) tensors. The discriminant D,
shown in the equation below, divides the P—Q—R phase space into two
regions: A; shows a focal topology for D > 0 region and it displays a
nodal topology for D < 0 region [1,2]:

18 [27R? + (4P—18PQ)R + 4Q*—P2Q?)

D=—
10

®)
The surface D = 0 leads to two surfaces 1, and r, in the P—Q—R
phase space:

= l _E 2 _i — 2)3/2
Fia 3P(Q 9P) (=3Q+ P) ©

1 2 2
rp = —P ——PZ) + ——(-3Q + P?)*2
w=P(0-5r) + 230+ ) o
Additionally, A; has purely imaginary eigenvalues on the surface r,
which is given by R = PQ. The surfaces 74,11, and », divide the P—Q—R
phase space into the 8 distinct flow topologies as shown in Fig. 1.
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3. Numerical implementation

A well-known DNS code SENGA [37] has been used for solving
standard non-dimensional conservation equations of mass, momentum,
energy and species for compressible reacting flows. A single step Ar-
rhenius type irreversible chemistry is taken to represent the chemical
mechanism for the purpose of computational economy because detailed
chemistry three-dimensional simulations remain still extremely ex-
pensive [38] for a detailed parametric analysis as carried out in this
paper. The simulation domain has been taken to be a rectangular box of
70.657 X 35.28; X 35.28; which is discretised using a Cartesian grid of
512 X 256 x 256 with uniform grid spacing in each direction. Here
8z = aro/ Sy, is the Zel’dovich flame thickness with ary and S, being
the thermal diffusivity of the unburned gas and the unstrained
laminar burning velocity respectively. The grid spacing used here en-
sures about 10 grid points across the thermal flame thickness
8 = (T.a—To)/MaxIVT,, where T,T; and T,y are the dimensional in-
stantaneous, unburned gas and adiabatic flame temperatures respec-
tively. A non-slip isothermal inert wall with temperature T = Ty is
placed at x; = 0, where zero mass flux is enforced in the wall normal
direction. The boundary opposite to the isothermal wall is considered to
be partially non-reflecting, which is specified using the Navier Stokes
Characteristic Boundary Conditions (NSCBC) technique [39]. The mean
direction of flame propagation is aligned with the x-direction and the
boundaries in the transverse directions (i.e. X, and x; directions) are
taken to be periodic. The spatial differentiation for internal grid points
has been conducted using a 10th order central difference scheme, and
the order of differentiation gradually decreases to a one-sided 2nd order
scheme at the non-periodic boundaries [37]. A third-order low storage
Runge-Kutta scheme is used for explicit time advancement [40].

For the purpose of initialisation of reacting flow field, a steady
unstrained planar laminar premixed flame solution has been used so
that the T = (T—Y},)/ (Toa—Ty) = 0.9 isosurafce remains at a distance 205,
away from the wall. A homogeneous isotropic field of turbulent velocity
fluctuations generated using a pseudo-spectral method [41] following
the Batchelor-Townsend Spectrum [42] is used for initialization of the
turbulent velocity field. However, the velocity components at the wall
uy, U, and us are specified to be zero to ensure the no-slip condition. The
initial velocity field is allowed to evolve for an initial eddy turn-over
time before interacting with the flame.

The initial values of normalised root-mean-square (rms) turbulent
velocity fluctuation u'/Sy, the ratio of turbulent integral length scale to
thermal flame thickness I/8, for the turbulent velocity field away from
the wall are summarised in Table 1 along with the corresponding values
of Damkohler number (i.e. Da = IS;/6,,u’) and Karlovitz number (i.e.
Ka = (u'/8.)*'*(1/8)"1/). It can be seen from Table 1 that the cases A, C
and E (B, C and D) have same values of Da (Ka). All the cases nominally
represent the thin reaction zones regime combustion according to the
regime diagram by Peters [43]. Three different global Lewis numbers
(i.e. Le = 0.8,1.0 and 1.2) have been considered for each set of turbu-
lence parameters listed in Table 1. Standard values are considered for
Prandtl number Pr and ratio of specific heats y (i.e. Pr=0.7 and
y = 1.4). The heat release parameter 7 = (T,4—Tp)/ T, and Zel dovich
number § = T, (Tyo—Tp)/ T are taken to be 6.0 (i.e. 7 = 6.0 and § = 6.0)
where T, is the activation temperature. In the present analysis, the
chemical mechanism and thermo-physical transport have been

Table 1
List of initial simulation parameters and non-dimensional numbers.

Case A B C D E
u'/SL 5.0 6.25 7.5 9.0 11.25
1/é6m 1.67 1.44 2.5 4.31 3.75
Da 0.33 0.23 0.33 0.48 0.33
Ka 8.67 13.0 13.0 13.0 19.5
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Fig. 2. Instantaneous non-dimensional temperature T fields for cases A-E (1st-5th column) at t = 287/S;, 467/S;, and 687/S;, (1st-3rd row), white line presents c field from 0.1 to 0.9 with

internal of 0.2 from left to right.

simplified for the purpose of computational economy. This was espe-
cially needed because of the simultaneous requirements of resolving the
flame thickness and near-wall turbulence structures. These simplifica-
tions are not expected to affect the analysis reported in this paper in a
significant manner because the current study focuses principally on the
fluid-dynamical aspects of turbulent reacting flows, and this was de-
monstrated by several previous analyses [44-46]. In an actual com-
bustion process, the temperature dependence of thermo-physical
properties may lead to the variations of Prandtl and Lewis numbers of
the major species within the flame. However, several previous analy-
tical [47-49] and DNS [50-62] considered a single characteristic Lewis
number and made assumptions similar to the ones used in this study for
the purpose of simplicity and also for the analysis of Lewis number
effects in isolation. Moreover, experimental studies [63-65] success-
fully used the concept of a characteristic Lewis number, where the
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global characteristic value of Lewis number was defined in terms of the
Lewis number of the deficient species [63], or by heat release mea-
surements [64], or by a linear combination of the mole fractions of the
mixture constituents [65]. The simulations for turbulent cases have
been carried out up to a time when the maximum, mean and minimum
values of wall heat flux assume identical values following the flame
quenching. The simulation time remains different from one case to
another, but the simulations for all cases were continued for t > 125,/S;
where 126,/S;, corresponds to 21, 30, 21, 15 and 21 initial eddy turn
over times for cases A-E respectively. The non-dimensional grid spacing
next to the wall y* = u,Ax/v remains smaller than unity for all tur-
bulent cases (the maximum value of y* has been found to be 0.93
during the course of the simulation), where u, \/W , Ty and v are the
friction velocity, mean wall shear stress, and kinematic viscosity re-
spectively. For y* = u;Ax/v = 0.93, the minimum normalised wall
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Table 2
List of normalised flame surface area Ar/A;, and turbulent flame speed Sy/S, at different
stages of flame quenching for all cases considered here.

A B C

s Ar

AL

ST ST

SL

St
SL

ST ST

SL

Ar Ar

1.62
2.49
2.64
1.90
0.94
0.17

1.61
2.48
2.62
1.88
0.93
0.17

1.69
2.63
2.36
1.70
1.07
0.19

1.68
2.63
2.35
1.68
1.06
0.19

3.5

4.05
2.69
0.44
0.04
0.01

3.47
4.05
2.67
0.43
0.04
0.01

3.26
5.74
2.32
0.28
0.03
0.01

3.23
5.73
2.30
0.28
0.03
0.01

5.33
6.71
1.50
0.15
0.02
0.01

5.29
6.70
1.48
0.15
0.02
0.01

=0 oA N~

o

Le=1.0 1.57
1.67
1.77
1.64
1.51

0.86

1.55
1.66
1.76
1.62
1.49
0.85

1.59
1.6

1.73
1.68
1.53
0.85

1.57
1.59
1.71
1.66
1.51
0.84

2.79
2.99
2.34
1.43
0.5

0.09

2.78
2.99
231
1.41
0.49
0.09

291
3.95
2.39
0.74
0.20
0.03

2.9

3.93
2.37
0.74
0.19
0.03

4.18
4.77
2.03
0.68
0.12
0.03

4.17
4.76
2.01
0.67
0.12
0.03

= 0o AN~

(=}

Le=12 1.29
1.38
1.31
1.30
1.23

1.15

1.28
1.37
1.30
1.29
1.22
1.14

1.22
1.33
1.28
1.29
1.24
1.14

1.21
1.32
1.27
1.28
1.23
1.13

1.92
2.01
1.82
1.60
1.12
0.60

1.91
2.00
1.81
1.59
111
0.60

2.04
2.75
1.98
1.51
0.60
0.18

2.02
2.74
1.96
1.49
0.60
0.18

2.68
3.43
1.57
1.23
0.47
0.10

2.66
3.43
1.55
1.22
0.46
0.10

= 0o AN~

(=}

normal distance u,x /v of T = (T—T,)/(T.a—Tp) = 0.9 isosurafce has been
found to be about 15.0 for the quenching flames considered here.

4. Results & discussion

The instantaneous distributions of non-dimensional temperature
T = (T-T))/(T,e—Tp) at the central x—x plane at different stages of
flame quenching are shown in Fig. 2 for cases A-E. The cases B and D
are not explicitly shown in the subsequent figures due to their quali-
tative similarities to cases A and E respectively (see Fig. 2). The sta-
tistics related to quenching distance and wall heat flux magnitude and
distributions of T for cases A-E has been shown in Ref. [30] (interested
readers are referred to Figs. 1, 2 and 3 of Ref. [30]), which revealed that
cases B and D exhibit qualitatively similar trends as that of in cases A
and E, respectively, which can also be seen from the temporal evolu-
tions of turbulent flame speed and flame surface area in Table 2. A
comparison between cases A, C and E provides an overview of flame-
turbulence interaction for this database. The same approach was also
adopted in previous publications without compromising the generality
[30-35].

The extent of completion of chemical reaction and the species field
in premixed flames can be quantified in terms of a reaction progress
variable c, which is defined here in terms of a suitable reactant mass
fraction Yz as:

_ YooYz

" Yeo— Yoo ®

where the subscripts 0 and co refer to the values in the unburned and
fully burned gases respectively. The reaction progress variable c in-
creases monotonically from 0 to 1 from unburned reactants to fully
burned products. The contours of ¢ = 0.1-0.9 (from left to right) in
steps of 0.2 are overlaid on the non-dimensional temperature field. It is
worth noting that c is not equal to T for non-unity Lewis number (i.e.
Le # 1) flames, and T can assume super-adiabatic values (i.e. T > 1)
when the flame wrinkles are convex (concave) towards the reactants for
Le <1 (Le > 1) flames. This behaviour has been explained and dis-
cussed in detail elsewhere [30,51,57] and thus is not repeated here. In
the case of head-on quenching the equality between c and T does not
hold in the near-wall region irrespective of the value of Le because of
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the different boundary conditions for ¢ (Neumann boundary condition)
and T (Dirichlet boundary condition) at the wall [22,30-35]. All the
flames are initially kept 205; away from the wall, but the cases with
high values of u’/S; show early indications of flame quenching because
in these cases flames are highly wrinkled and as a result these highly
wrinkled flame fingers reach close to the wall relatively early and
eventually quench. This tendency is more prevalent in the cases with
smaller values of Le. The flames with Le < 1 show higher rate of flame
propagation and greater extent of flame wrinkling away from the wall
because in these cases reactants diffuse faster into the reaction zone
than the rate at which heat diffuses out of it which in turn gives rise to
higher rates of burning than the unity Lewis number case with statis-
tically similar unburned gas turbulence due to simultaneous occurrence
of high reactant concentration and high temperature. Just the opposite
mechanism in the Le > 1 cases leads to smaller rate of burning than the
unity Lewis number case with same unburned gas turbulence when the
flame is away from the wall. Furthermore, in the Le < 1 cases, the re-
gions with convex curvature towards the reactants experience a com-
bination of strong focussing of reactants and weak defocussing of heat,
which leads to an enhanced burning and flame wrinkling in these re-
gions. By contrast, the combination of weak focussing of reactants and
strong defocussing of heat leads to smaller extent of flame wrinkling in
the Le > 1 cases than in the corresponding Le = 1 case when the flame
is away from the wall. The aforementioned behaviour is consistent with
several previous analyses [47-62,66,67]. The extent of burning and
flame wrinkling can be quantified from normalised turbulent flame
speed S7/S;, and the normalised flame surface area Ar/A; respectively
where St = (p,A,)™" f, @dV and A = [, IVcldV with @ being the reac-
tion rate of progress variable, A, is the projected flame area in the di-
rection of mean flame propagation, and the integration is performed
over the whole volume. Table 2 lists the temporal evolutions of St/Sp
and Ar/Aj for cases A-E. The flame wrinkles come in the vicinity at the
wall and starts to quench at an earlier time instant for cases with higher
rate of flame propagation and greater extent flame wrinkling and this
trend strengthens with decreasing Le and increasing u'/S;.

The spatial distributions of u'/S; = +/ 2k/3 /Sy is shown in Fig. 3,
which shows that relatively high values of y 2k /3 /S, are obtained ahead
of the flame, but they decrease across the flame brush and also in the

vicinity of the isothermal inert wall. It can be seen that y2k/3/S; de-
creases with time but it remains non-negligible at the time instants
t = 287/, 667/S;, and 106,/Sy. Thus, the following discussion for these
time instants will represent different stages of turbulent flow topology
distributions in the case of the head-on quenching of turbulent pre-
mixed flames.

The instantaneous distributions of P* = P x (6,/5;), Q* = Q X (8/5.)?
and R* = R x (87/S.)? at different stages of quenching are shown for cases
A, C and E in Figs. 4-6 respectively. A comparison between Figs. 2 and 4
reveals that high negative values of P* are obtained within the flame (i.e.
0 < ¢ < 1) and P* assumes vanishingly small values outside the flame in
both unburned gases and fully burned products in the Le = 1.0 cases when
the flame is away from the wall (i.e. before the quenching is initiated and
thus this effect is prominent in case A because the flame started to quench
by the time t = 28;/S;, in cases C and E). The inhomogeneity in the burned
gas temperature is observed in non-unity Lewis number cases and this
behaviour is particularly prevalent in the Le = 0.8 cases because of high
rates of localised burning and relatively weak thermal diffusion rate. Thus,
the effects of dilatation rate V-7 = —P in the Le = 0.8 cases persist also in
the burned gas beyond the flame, whereas these effects are weak in the
Le = 1.2 cases. Moreover, it can be seen from Figs. 2 and 4 that com-
paratively high (small) magnitudes of P* are obtained for the locations
where the c-isosurfaces are concavely (convexly) curved towards the re-
actants. Focussing (defocussing) of heat at the concavely (convexly)
curved zones gives rise to high positive (either small positive or negative)
dilatation rate (du;/dx;) = —P. Thus negative values of P* with high
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Fig. 3. Variation of 2k/3/ S, with x1/87 for cases A, C and E (1st-3rd column) at t = 282/S;, 657/S. and 1082/S, (1st-3rd row). For illustration purpose ¢ is indicated by background

colour in Figs. 3, 7,8,9,10, 15 and 16.
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Fig. 4. Instantaneous P* = P X &z/S;, fields for cases A, C and E (1st-3rd column) at t = 287/S;, 457/, and 682/, (1st-3rd row), white lines are c-isolines from 0.1 to 0.9 in steps of 0.2.

magnitude are obtained in the regions which are concavely curved to-
wards the reactants, whereas either small negative or positive values of P*
are observed for the locations which are convex towards the reactants.
Furthermore, it can be seen from Fig. 4 that the likelihood of obtaining
high magnitude of P* drops significantly with time as quenching pro-
gresses which leads to the weakening of the effects of thermal expansion.

The expression for the third invariant R in Eq. (4) can be recast as:

192

R= (=P + 3PQ—S; SjcSia)—; S0
= (=P + 3PQs—SySiS) + PQw—7w:Sy;

Rg

©)

where Rg is the third invariant of the strain rate
Sij = 0.5 (8u;/dx; + Ou;/0x;) tensor. Eq. (9) suggests that R* = R X (8z/5.)?
may assume high positive or negative values where there is an imbalance
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between Rg and PQW—%cai Sjjw;. This imbalance is pronounced on both the
unburned gas side and within the flame and both positive and negative
values of R* are observed. The magnitude of R* drops sharply across the
flame for the Le = 1.0 and 1.2 cases (see Figs. 2 and 6). A comparison
between Figs. 2 and 6 reveals that R* assumes significant magnitude not
only in the unburned gas and within the flame, but also in the burned gas
due to appreciable presence of dilatation rate V- = —P in the burned gas
(see P dependence of R in Eq. (9)) in the Le = 0.8 cases. The likelihood of
obtaining high magnitudes of R* increases with increasing (decreasing)

1 10 20 30 40 50 1 10 20 30 40 50
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u'/S; (Le) and IR*| decreases as quenching progresses with time.

The variations of normalised mean value of the first invariant (P*)
(where (q) = 1/(L,Ls) j(')L3 ‘/(;Lz qdx,dx; for a general quantity q) with
wall normal distance are shown in Fig. 7 for cases A, C and E at different
time instants. It can be seen from Fig. 7 that (P*) remains predominantly
negative values because of overwhelmingly positive values of dilatation
rate in premixed turbulent flames (see high likelihood of obtaining
negative value of P* in Fig. 4). However, the magnitude of the negative
mean value of P* decreases with time as the quenching progresses. The
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Fig. 6. Instantaneous R*

effects of heat release weaken as quenching progresses which reduce
the magnitude of positive dilatation rate. It is worth noting that tur-
bulence severely decays in the burned gas and du;/9x; becomes negative
close to the wall due to the flow reversal at the late stages of flame
quenching which leads to positive value of (P*) at later times.

The variation of (Q*) = (Q) x (§;/S)?>, and its components,
{{Qs),{Qw)} X (62/SL)?, with normalised wall normal distance x;/6; for

0 20 30 40 50 1 10 20 30 40 50 1 10 20 30 40 50
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cases A, C and E are shown in Fig. 8 for different time instants. Eq. (3)
suggests that V.W = —P and Sy Sy affect Qg = (P2—S;S;)/2, whereas
the component Qy = W;W;/2 depends on enstrophy Q (e.
W Wji/2 = wjw;/4 = Q/2 where w; is the ith component of vorticity). The
contribution of (Qy ) is deterministically positive and it is evident from
Fig. 8 that (Qw ) assumes high values of at the wall but also increases
within the flame due to flame generated vorticity due to baroclinic
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torque. Interested readers are referred to Ref. [35] for more discussion
on vorticity and enstrophy transport in the near-wall region in this

configuration for these cases.

Fig. 7. Variations of (P*)

= (P) x 8/8, with x/6; for t = 28,/S}, 662/Sy, 1064/S:..

Fuel 224 (2018) 186-209

The sign of (Qs) = (P>—S;;S;)/2 depends on the relative magnitudes
of (P?) and (S;;Sy). It can be seen from Fig. 8 that (Qs) predominantly

assumes negative values and assumes locally small positive values away
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from the wall within the flame where (P2)/2 dominates over (—S;;S;;)/2. (Qs). The magnitude of (S;S;;)/2 decreases within the flame whereas
The effects of dilatation rate V-% = —P remains weak close to the wall (P*)/2 increases in reaction zone, so (P?)/2 is likely to overcome
and thus (—S;S;)/2 dominates over (P?)/2 to lead to a negative value of ~ (—S;Sy)/2 in this region and yield a positive value of (Qs). The quantity
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(Qs) can be expressed as: (Qs) = (Qs1) + {Qs2) = (P?/3)—(E/4v) with
E = (5;0u;/9x;)/p and v being the dissipation rate of instantaneous ki-
netic energy (i.e. u;u;/2) and kinematic viscosity respectively. Thus,
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regions.

Qs1/1Qs2| ~ T2Ka™2,

Wacks et al

using

[21] demonstrated that
Qq = P?/3 ~ {t8./64}*[21,60,61]

), (PQW ) (e o), (—0; Sij0j/4) (s [N\ommm) } X (82/SL)* With x1/87 for t = 287/Sp, 687/SL, 1087/S].

(Qs) > 0 ({(Qs) < 0) corresponds to dilatation (dissipation) dominated
one obtains

and
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)y (=S Sik Skl 3) (mm A\mmd} X (87/SL)° With x1/87 for t = 207/8,,607/8.,1087/5].

In all cases (Qs) and (Qy ) mostly balance each other and as a result
the magnitude of (Q) remains negligible in comparison to those of (Qs)

and (Qw). The magnitudes of (Qs) and (Qy ) are greater for higher
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t= 652/5[,

0 O -

Fig. 11. Joint PDFs of Q*= Q x (§z/51)> and R* =R x (§z/5.)° on c—isosurfaces
¢ =0.1,0.3,0.5,0.7,0.9 for t = 28,/S;, and 66;/S;, with case E and Le = 1.0.

values of u'/S;, for a given value of Le. On the other hand both (Qs) and
(Qw ) assume higher magnitudes for the cases with smaller values of Le
for a given value of u'/S;. The magnitudes of (Q),(Qs) and (Qy ) decay
with time as quenching progresses.

The variation of (R*) =(R) x (6,/S.)}, and its components,
{(Rs).(PQw ),—(@;S;je;/4)} X (67/5.)?, with normalised wall normal dis-
tance x/6; for cases A, C and E are shown in Fig. 9 for different time
instants. It can be seen from Eq. (9 that Rg = (—P* + 3PQs—S;;SiS:)/3
contains a contribution to the strain rate transport (i.e. —S;;SjcSk),
whereas (PQw—w;S;jw;/4) is related the enstrophy transport
[18-21]. It is possible to approximate Rg =~ —S;SjkSq/3 >0 and
PQw—w;Sjw;/4 =% —w;Sjw;/4 <0 away from the flame front, where
P ~ 0, hence, R* may assume high positive or negative values where
there is an imbalance of (—S;;SjxSi/3) and (—w;S;w;/4) away from the
flame [18-21]. The contributions of (PQw—(w;S;w;)/4) and (Rs) appear
to balance across the flame front in all cases (see Fig. 9).

Finally, Fig. 10 shows the variation of the normalised values of the
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components  (Rg) X (8z/S)% {—(P3/3),(PQs).{—SiiSikSki/3)} X (8z/S.)*
with normalised wall normal distance x;/8; for cases A, C and E for
different time instants. In all cases —(P3/3) assumes predominantly
positive values within the flame due to overwhelming probability of
obtaining negative values of P when the flame remains away from the
wall. However, the magnitude of —(P3/3) decreases significantly as the
quenching progresses. The predominantly negative values of P and Qg
(see Figs. 7 and 9) give rise to predominantly positive values of (PQs).
However, it has been mentioned earlier that Qs can assume positive
within the flame where P?/2 overcomes —S;S;;/2, which acts to promote
negative values of (PQs). The magnitude of (PQg) decreases as time
progresses due to the decays of the magnitudes of P and Qs. The be-
haviour of the contribution of (—S;; Sy Sxi/3) shows dependence on tur-
bulence intensity u'/S; and global Lewis number Le at early times (e.g.
t = 207/S;). For example, (—S;;SjSw/3) shows large negative values
within the flame front for case A, whereas positive values of
(—Sij Sk Ski/3) within the flame front have been found for cases C and E.
The magnitude of positive contribution of (—S;SjSii/3) within the
flame front decreases with increasing Le.

The contours of joint pdf between Q* and R* for case E with Le = 1.0
are exemplarily shown in Fig. 11 for ¢ = 0.1,0.3,0.5,0.7 and 0.9 at
t = 26;/S;, and 68;/S;. The other cases are not shown because the qua-
litative behaviour of this joint pdf does not change with the variations
of u'/S; and Le. Values of these joint PDFs are of limited value for
Fig. 11 because the whole point of these plots is to compare the nature
of the correlation between Q* and R* across the flame front. A dominant
negative correlation between Q* and R* has been observed within the
flame front when the flame remains away from the wall. However, this
negative correlation between Q* and R* weakens as time progresses and
the flame approaches the wall. At ¢t = 65;/S; the joint pdf between Q*
and R* exhibits weak negative correlation towards the unburned gas
side and these quantities do not show any appreciable correlation as c
increases towards the burned gas side.

Fig. 12 shows the variations of the volume fractions VF of individual
flow topologies S1—S8 conditional on c across the flame front (over the
range 0.01 < ¢ <0.99) for cases A, C and E for Le = 0.8,1.0 and 1.2 at
different time instants. It is worth noting that the range of c obtained at
a given instant of time changes as the quenching progresses (see Fig. 2
and also temporal evolution of the probability density function of ¢ in
[30,31]) and the probability of obtaining ¢ ~ 1.0 increases as the time
elapses. A similar presentation of volume fraction of individual flow
topologies was used by Cifuentes and his co-workers [18,19]. It can be
seen from Fig. 12 that the volume fractions VF of all topologies remain
significant within the flame except for S5 and S6 when the flames are
away from the wall, which is consistent with previous analyses [18,19].
Strong thermal expansion within the flame leads to strongly negative
values of P (i.e. high positive values of dilatation rate V-7), which
implies that the occurrence of P > 0 topologies (i.e. S5 and S6) is
greatly disadvantaged. Fig. 4 shows sporadic existences of P > 0 in the
burned gas region for non-unity Lewis number flames and also for unity
Lewis number flames once the quenching is initiated. These positive P
locations ultimately give rise to finite probabilities of finding S5 and S6
topologies towards the burned gas side, but VF of S5 remains much
higher than that of S6 in the burned gas region (¢ — 1.0). However, the
volume fractions of S5 and S6 topologies increase significantly as flame
quenching progresses with time. The mean flow reverses its direction
from away from the wall to towards the wall and this behaviour leads to
P > 0 at the final stages of quenching. The topologies S7 and S8 are
typical of positive values of dilatation rate V-u (i.e. negative values of
P) and it can be seen from Fig. 12 that the volume fraction of S7 to-
pology remains a significant contributor within the flame front, and the
probability of obtaining S7 topology increases with decreasing (in-
creasing) Le (u'/S.) when the flame is away from the wall. The extent of
flame wrinkling increases with decreasing Le, and with increasing u'/Sy,
and this gives rise to greater likelihood of finding high magnitudes of
positive and negative curvatures. Accordingly, dilatation rate can
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Fig. 12. Variations of volume fractions VF for

topologies: Focal topologies S1 ( ), S4
( ), S5 (: ), S7 ( ), nodal
topologies S2 (=== ====), S3 (=== =), S6
(= =), S8 ) with ¢ for

t = 267/51,667/S1,1087/ Sy, for cases A, C and E with
Le = 0.8,1.0 and 1.2.

volume fraction of S7 within the flame front. The volume fractions of S7
and S8 decrease towards the burned gas side of the flame with the
weakening of the effects of positive dilatation rate. The volume frac-
tions of S3 and S4 topologies increase towards the burned gas side for
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Fig. 13. Variations of volume fractions VF for focal
( ) and nodal (=== =) topologies with

Case E ¢ for t = 287/51,667/ 51,1087/ S,, for cases A, C and E
with Le = 0.8,1.0 and 1.2.

t=1065/SL
Case A Case C

Case E

all cases even when the flame quenches. Especially the relative con-
tribution of S3 volume fraction increases as the quenching progresses
with time. The volume fraction of S2 topology assumes high value
within the flame throughout the duration of head-on quenching. The

volume fraction of S1 topology assumes significant values towards the
burned gas side and its volume fraction decreases in the unburned gas.
As the topologies S1,52,53 and S4 are present irrespective of the value
of P, the probability of finding these topologies remain significant in all
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Fig. 14. Joint PDF between mean and Gaussian curvatures (i.e. ,; X &z and xg X 82) for S1-8 at t = 28/S;, and 682/5;, for cases E with Le = 1.0.

cases at all stages of flame quenching.

The distributions of volume fractions of focal (S1,54,55,S7) and
nodal (52,53,56,58) topologies conditional on c for cases A, C and E are
shown in Fig. 13 for Le = 0.8,1.0 and 1.2. In general, the volume fraction
of focal topologies decreases from the unburned to the burned gas side
of the flame which is consistent with the decay of enstrophy across the
flame brush in these cases (see Ref. [35]). This behaviour is also con-
sistent with previous findings by Cifuentes and his co-workers [18,19].
The decrease (increase) in volume fraction of focal (nodal) topologies
across the flame front is relatively less prominent in high values of
u'/S;. The likelihood of obtaining nodal and focal topologies are almost
equally probable towards the unburned gas side of the flame front as
the quenching progresses which implies that the volume fractions of
nodal and focal topologies remain comparable at the wall where the
unburned gas is confined at the final stage of quenching. Both global
Lewis number Le and turbulence intensity u'/S; have noticeable effects
on the distributions of nodal and focal topologies. The focal topologies
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remain dominant in case E with Le = 0.8 when the flame is away from
the wall and also during flame quenching, but case E with Le = 1.0 and
1.2 shows a monotonic decay (increase) of volume fractions of focal
(nodal) topologies with increasing c. In summary, an increase (a de-
crease) in u'/S;, (Le) promotes focal topologies when the flame is away
from the wall, but the probability of obtaining nodal (focal) topologies
increases (decreases) as quenching progresses.

The interaction of flow and flame topologies is of fundamental
importance in flame-turbulence interaction. According to Dopazo
et al. [10] the flame topology can be described in terms of its
mean and Gauss curvatures, k, and xg respectively, where
Km = (K + 15)/2 = 1/2V-(=V¢/IVcl) and x, = 1%, in which x; and x; are
the principal curvatures. It is worth noting that the region x, > x> in
the x,,—x, plane, indicates complex curvatures and thus is non-physical.
According to the present convention, positive (i.e. x,, > 0) curvature is
associated with the wrinkles which are convex to the reactants, whereas
negative (i.e. x,, < 0) curvature represents wrinkles which are concave
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to the reactants. The combination of x, > 0 (x, < 0) and x, > 0 in-
dicates cup convex (cup concave) flame topology, whereas the combi-
nation of x,, > 0 (x, < 0) and x; < 0 represents saddle convex (saddle
concave) flame topology. The combination of x, > 0 (x, < 0) and
x, = 0 represents tile convex (tile concave) flame topology. Fig. 14
shows joint PDFs between the mean and Gauss curvatures (i.e. x,, and
x,) for cases A, C and E at t = 28,/S; and 65,/S for Le = 1.0 where the
plots are coloured to highlight the relative values of the joint PDFs. The
joint PDF value is of little use for these plots, and thus are not shown
here. It is the shape of the distribution and its relative spread which
hold useful information. The other cases are not explicitly shown be-
cause of their qualitative similarity to the scatter shown in Fig. 14. It
can be seen from Fig. 14 that the distribution of S1 and S2 topologies
are almost symmetrical about x, = 0, whereas S7 and S8 topologies
appear to slightly favour x,, < 0 and x, > 0 and S5 and S6 appear to
slightly favour x,,,x, > 0 when the flame is away from the wall (e.g.
t = 287/S;). The S7 and S8 topologies are associated with high positive
dilatation rates (i.e. negative values of P) which are likely to be ob-
served in the zones which are concavely curved towards the reactants
(i.e. x,, < 0) due to focussing of heat. By contrast, S5 and S6 topologies
are associated with negative dilatation rates (i.e. positive values of P)
which are likely to be observed in the zones which are convexly curved
towards the reactants (i.e. x,, > 0) due to defocussing of heat. Thus, the
topologies S7 and S8 (S5 and S6) show a preference to x,, < 0 (x,;, > 0)
and x, > 0. As the flame quenching progresses with time, the joint PDF
between «x,, and x, plane remains concentrated around the origin (see
t = 68;/SL), but even so S7 and S8 topologies continue to show a pre-
ference towards x,, < 0 and x, > 0.

It is worth noting that each of the flow topologies are associated
with different types of generic flow structures. Thus, it is worth in-
vestigating the alignments of V¢ and vorticity @ with local principal
strain rates for individual topologies so that the contributions of these
topologies to the scalar dissipation rate (SDR), N, = DVc-Vc (where D is
the thermal diffusivity), and enstrophy Q = @@ /2 transports in tur-
bulent premixed flames can be understood. The transport equations of
N; and Q are given as [9,35,60,67-69]:

DNe__ 0 ONe Dc ¢ dp dc du; dc
P Dt _BXj (pD oxj 2D Dt dxy dxi 2pD Oxj 0x;j 0Xj
-
A
9@ dc 5 0% 9%
+2D Oxpe Oxic Oxje Ox;j OX O + f(D) (10a)
DQ duj 1 dp Otk Sijk @i 82ryy
i e .= OF Okl
Dt ;W ax |k @i p%xj ox P Oxjox
14
duj wj 8p dp
—2—Q + €k 57—
axk k52 3 any (10b)

where p,p,,7; and f (D) are the density, pressure, chemical source term
and viscous stress tensor component and the contributions due to dif-
fusivity gradients, respectively. The terms —2pDA and V are responsible
for the generation/destruction of scalar gradients by flame normal
straining, and vortex-stretching terms, respectively [9,35,60,67-69].
The terms A and V depend on the alignment of V¢ and & with the
most extensive, intermediate and the most compressive principal
strain rates (i.e. eyes and e,) in the following manner:
A = (8c/0x;)(Bu;/ x;)(8c/dx;) = (eqcos® a + egcos® B + e, cos* y)Ve-Ve and
V = 2(eqcos* a’ + egcos® B + eycos?y')Q where afy (a',fy) are the
angles between V¢ (@) and the eigendirections associated with e,eg and
e, respectively. The above expression indicates that a collinear align-
ment between Ve () and the most extensive principal strain rate e,
(i.e. most positive principal strain rate) leads to cos?>a = 1 (cos*a’ = 1),
which promotes a positive value of A (V). By contrast, a collinear
alignment between V¢ (@) and the most compressive principal strain
rate e, (i.e. most negative principal strain rate) leads to cos’y =1
(cos?y’ = 1), which in turn gives rise to negative values of A (V).

Fig. 15 shows the contributions of (A% = (A) x (55/S;) for
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individual flow topologies S1—S8 for cases A, C and E for Le = 0.8,1.0
and 1.2 at different time instants. In all cases the total contribution of
(X) remains positive throughout the flame front when the flame re-
mains away from the wall. However, (X) assumes negative values in
cases C and E at the late stages of flame quenching. The expression
A = (eqcos® a + egcos® B + e,cos? y)Ve-Ve indicates that a positive (ne-
gative) value of this quantity is indicative of preferential alignment of
Ve with the eigenvector associated with the most extensive (compres-
sive) principal strain rate e, (e,). It has been demonstrated elsewhere
[60,68,70,71] that Vc aligns with the most extensive principal strain
rate when the strain rate induced by flame normal acceleration over-
comes turbulence straining, and conversely preferential alignment of
Vc with e,, similar to the case in passive scalar mixing, is obtained when
turbulence straining overwhelms the strain rate induced by flame
normal acceleration. The strain rate due to flame normal acceleration
can be scaled using 7S;/8,, whereas turbulence straining scales as u’/l
[60,68,70,71]. For the cases considered here 75; /8, remains of the same
order but greater than u'/l, and, as a result, straining due to flame
normal acceleration dominates over turbulent straining to result in a
preferential alignment with the most extensive principal strain rate
(and thereby positive values of (AX?)) when the flame is away from the
wall. The effects of flame normal acceleration weaken after flame
quenching and thus Vc tends to align with the most compressive prin-
cipal strain rate and in turn gives rise to negative values of (X*). The
effects of turbulent straining is stronger in cases C and E than in case A
due to higher u'/S;, and also due to the fact that the quenching is more
advanced stage in case C (case E) than in case A (case C) at a given
instant of time (see Table 2). Thus, at final stages of flame quenching
(&) shows negative values in cases C and E (see t = 108;/S;). It can be
seen from Fig. 15 that (/X‘) contributions conditional on $2,5S7 and S8
topologies exhibit positive values, and these topologies offer dominant
contributions to (X*) for all cases when the flame is away from the wall.
The S2 topology makes the highest contribution to the value of (A*) for
all cases. During flame quenching (A*) decays significantly when the
topologies S3 and S8 contribute significantly while the contribution of
S2 topology determines the behaviour of (X*). The topologies S7 and S8
are obtained where positive dilatation rate (i.e. thermal expansion)
effects are dominant and thus in these locations the strain rate due to
thermal expansion dominates over turbulent straining to give rise to a
strong alignment between V¢ with e, which is reflected in the positive
contributions of (A*). The S1 topology also makes a dominant positive
(X‘) contribution in case E at early times (e.g. t = 26;/S.,). The topolo-
gies S3 and S4 also exhibit positive values of (X) but the magnitudes of
these contributions remain smaller than the conditional mean values for
$2,57 and S8 topologies for all cases for Le = 0.8 and 1.0. The values of
(X*) conditional on S3 and S4 topologies exhibit weak negative values
for Le = 1.2 at early times (e.g. t = 28,/S;) in the highest u’/S; case (i.e.
case E), whereas these topologies show positive values for Le = 0.8 and
1.0 cases at t = 28,/S; and later times for all cases irrespective of the
Lewis number. The effects of thermal expansion are the weakest in the
Le = 1.2 case among all the Lewis number cases considered here. As a
result, turbulent straining overcomes the strain rate induced by flame
normal acceleration for the highest u’/S; case (i.e. case E) with Le = 1.2,
which leads to preferential alignment of Vc with e,, and thereby ne-
gative values of (X) are obtained for S3 and S4 topologies. By contrast,
the strain rate induced by flame normal acceleration dominates over
turbulent straining for Le = 0.8 and 1.0 even in case E and thus positive
values of (/X‘) are obtained. As time progresses the effects of turbulent
straining weaken with the decay of u’ and as a result the strain rate due
to flame normal acceleration dominates over turbulent strain rate even
for case E with Le = 1.2 at later times.

The contributions of (V*) = (V) x (6z/S.)* for individual flow
topologies S1—S8 for cases A, C and E are shown in Fig. 16 for
Le = 0.8,1.0 and 1.2 at different time instants. It can be seen that (V*)
remains predominantly positive away from the wall, but this quantity
assumes negative values close to the wall. The negative value of (V*) at
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the near-wall region becomes increasingly prominent as the time pro-
gresses. It has been demonstrated elsewhere [35] that the alignment of
vorticity @ with the most compressive principal strain rate e,
strengthens in the near-wall region, whereas @ preferentially aligns
with the intermediate and most extensive principal strain rates (i.e. ez
and e,) away from the wall. Accordingly, (V*) shows positive values
away from the wall and negative values in the vicinity of it. It can be
seen from Fig. 16 that the topology S7, which is a focal topology as-
sociated with stretching (see Fig. 1), shows positive value of (V*) even
at the wall for all cases at t = 28,/S; and 68,/S;, which is indicative of
predominant @ alignment with the intermediate and most extensive
principal strain rates for this flow topology. The contribution of (V*)
arising from S8 topology induces positive values of (V*) even at the
vicinity of the wall for case E with Le = 0.8 at early times (e.g.
t = 26;/S;). The S4 topology, which is also a focal topology associated
with stretching becomes the leading order contributor to (V*) away
from the wall at early times (e.g. t = 26;/S.), but the contribution of
(V*) arising from S4 decreases in magnitude close to the wall but still
remains positive. The negative value of (V*) at the wall arises due to
$1,S5 and S6 topologies. The contributions of nodal topologies S2 and
S3 lead to predominantly negative values of (V*) for case A with
Le = 0.8 (Le = 1.0) at t = 287/S; (66;/SL), whereas (V*) conditional on
S2 exhibits positive values at the final stage of quenching (e.g.
t = 108,/S;) for case A with Le = 0.8 and also for case C with Le = 1.2.
The observations made from Fig. 16 indicates that the focal topologies
associated with stretching tend to promote a positive value of (V*),
whereas the negative values of (V*) especially at the wall originate
principally due to nodal topologies. A comparison between Figs. 12 and
16 indicates the distributions of focal and nodal topologies determine
the nature of (V*) variation in all cases considered here.

The instantaneous wall heat flux can be expressed as
q,=—4 6T /6x) x,=0, Where A is the thermal conductivity. The normalised
wall heat flux magnitude is defined here as ® = Ig,,|/[0,S.Cp(Toa—To)]
[22,30]. Fig. 17a shows the temporal evolutions of maximum, mean and
minimum values of ® for the turbulent cases. It can be seen from Fig. 17
that an increase in u' leads to an increase in maximum wall heat flux
magnitude ®,,q. A comparison between different Le cases indicates that
the maximum heat flux in the turbulent Le = 0.8 case is greater than the
turbulent Le > 1 cases. Fig. 4 indicates the existence of thermal in-
homogeneity in the burned gas for the non-unity Lewis number flames
even before the initiation of flame quenching. Super-adiabatic tempera-
tures (T > 1) are observed for non-unity Le cases when the flame is away
from the wall. The high (low) values of temperature are associated with
the region where the flame curvatures which are convex (concave) to-
wards the reactants for turbulent Le = 0.8 cases. An opposite behaviour is
observed for the turbulent Le = 1.2 cases. Simultaneous strong focusing of
reactants and weak defocussing of heat in the turbulent Le = 0.8 cases
lead to high magnitudes of reaction rate and burned gas temperature in
these regions. Just the opposite mechanism gives rise to high temperature
values in the regions where flame front is concavely curved towards the
reactants for the turbulent Le = 1.2 cases. Fig. 2 shows that the flame
elements which are convex towards the reactants are likely to reach near
the wall at an earlier time. As high temperature zones are associated with
the zones which are convex towards the reactants for the Le = 0.8 cases,
the maximum value of @ is obtained at an earlier time for smaller values of
Le. The flame quenching starts in the turbulent Le = 0.8 cases when the
super-adiabatic regions reach close to the wall. In these cases, the high rate
of chemical reaction enables the convexly curved regions to reach closer to
the wall than the corresponding laminar flame-quenching distance, [30]
which along with the super-adiabatic temperature gives rise to higher
values of maximum wall heat flux magnitude in these cases in comparison
to the corresponding turbulent Le = 1.0 cases. The super-adiabatic values
of temperature in the Le = 1.2 cases are associated with the curvatures
which are concave towards the reactants and therefore quenching starts
before these zones get a chance to interact with the wall. As a result of this,
the maximum wall heat flux magnitude for the turbulent Le = 1.2 cases
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remains comparable to the corresponding value for laminar premixed
flame-wall interaction [30]. Interested readers are referred to Ref. [30] for
further information on wall heat flux statistics for the flames considered
here.

The normalised wall heat flux magnitude can be expressed as
® = Zdg; where i = 1-8 with @y being normalised wall heat flux con-
tribution for each individual topology. The fractional contributions of
each flow topology towards wall heat flux magnitude (i.e. &g;/®) are
also shown in Fig. 17b for cases A, C and E for different time instants.
For cases A-C the wall heat flux magnitude remains small for ¢t < 26,/S;
as the flame remains sufficiently away from the wall to influence ® (see
Fig. 17). Under this condition, ®g;/® remains comparable for all flow
topologies. However, the flame starts to quench by t = 26;/S; in case E
with Le = 0.8, which is reflected in the temporal increase in wall heat
flux magnitude in Fig. 17a. A comparison between Fig. 17a and b re-
veals that S2 and S3 topologies remain the significant contributors to
the overall wall heat flux magnitude during high wall heat flux period
during flame quenching (e.g. compare Fig. 17a and b at t = 65,/S; for
cases A-E with Le = 1.0 and 1.2 and cases A-C with Le = 0.8). However,
the topologies S6 and S8 become the leading order contributors at the
final stage of flame quenching when the wall heat flux magnitude starts
to decrease with time (compare Fig. 17a and b at ¢t = 108;/S, for cases
A-E with Le = 0.8 and 1.0). In general, the nodal topologies have been
found to contribute heavily to the wall heat flux magnitude when the
flame interacts with the wall during head-on quenching irrespective of
the value of global Lewis number.

5. Conclusions

The flow topology distribution and statistical behaviours of the in-
variants of velocity gradient tensor P,Q and R have been analysed for
head-on quenching of statistically planar turbulent premixed flames by
isothermal inert walls using three-dimensional DNS data for different
values of Lewis numbers at different turbulence intensities u’/S; and
integral length scale to flame thickness ratios I/;,.The flow topologies
have been characterised by the first, second and third invariants (i.e.
P,Q and R) of the velocity gradient du;/dx; tensor. The first invariant is
the negative of dilatation rate (i.e. (du;/0x;) = —P) and thus assumes
significant negative values within the flame (i.e. 0 < ¢ < 1), but it as-
sumes vanishingly small values outside the flame in both unburned
gases and fully burned products in the Le = 1.0 cases when the flame
remains away from the wall. The positive dilatation rate effects (i.e.
effects of negative P) remain significant not only within the flame, but
also in the burned gas due to considerable amount of thermal in-
homogeneity resulting from imbalance of species and heat diffusion
rates in the case of non-unity Lewis number flames even when they are
away from the wall. The strengthening of burning leads to an increase
in the magnitude of negative contribution of P within the flame with
decreasing Le. The effects of positive dilatation rate weaken close to the
wall due to flame quenching. The magnitude of the second invariant Q
drops significantly across the flame within the burned gases and it
changes from positive (i.e. vorticity dominated region) to negative (i.e.
strain rate dominated region) in a short span of space depending on
local values of S;S; and Wj;W. Furthermore, the extent of this inter-
mittent behaviour increases with increasing turbulence intensity.
Moreover, the likelihood of obtaining high magnitudes of the third
invariant R increases with increasing (decreasing) u'/S; (Le) and IRI
decreases as quenching progresses with time. A dominant negative
correlation between Q and R is obtained when the flame is away from
the wall but this negative correlation weakens as time progresses and
the flame approaches the wall. The distributions of volume fractions of
focal (S1,54,55,S7) and nodal (S2,53,56,S8) topologies have been in-
vestigated in detail.

This paper provides information on the evolution of dominant flow
topologies with the progress of head-on quenching. Furthermore, this
analysis also provides information about the evolution of dominant
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flow topology contributions to the scalar-turbulence interaction, vortex-
stretching terms and wall heat flux during head-on quenching. The
volume fraction of focal topologies decreases from the unburned to the
burned gas side of the flame front which is consistent with the decay of
enstrophy across the flame front in these cases. The decrease (increase)
in volume fraction of focal (nodal) topologies across the flame front is
less prominent for high values of u'/S;. It has been found that the flow
topologies S7-S8, which are present only for positive values of
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dilatation rate (i.e. negative values of —P), occupy a significant fraction
of the flame front when the flame remains away from the wall but the
probability of their occurrence drops with the progress of head-on
quenching and the topologies S1-S4 (and mainly S2), which are ob-
tained for all possible values of dilatation rate, play dominant roles
during flame quenching. The contributions of individual topologies to
scalar-turbulence interaction and vortex-stretching terms in the scalar
dissipation rate and enstrophy transport equations, respectively have



J. Lai et al.

been analysed. It has been found that the mean scalar-turbulence in-
teraction term (A) remains mostly positive due to predominant align-
ment of scalar gradient with the most extensive principal strain rate.
The S2,57 and S8 topologies have been found to be leading order
contributors to (A), but the contributions of S7 and S8 topologies
weaken close to the wall as these topologies are specific to positive
dilatation rate which weakens at the wall due to flame quenching. It has
been found that the focal topologies S4 and S7 associated with
stretching promote positive mean values of the vortex-stretching term
(V), whereas the negative values of (V') especially at the wall originate
principally due to nodal topologies S2 and S3. Furthermore S2 and S3
topologies have been found to the major contributors to the wall heat
flux magnitude during flame quenching when high magnitudes of wall
heat flux magnitude are obtained. However, S6 and S8 topologies be-
come the leading contributors to wall heat flux during final stages of
flame quenching. The flow topology contributions to wall heat flux
remain qualitatively similar for the values Le considered here. It can be
seen from Fig. 1 that each of these topologies is associated with cano-
nical flow configurations and thus the distributions of the topologies
and their contributions to wall heat flux, and the scalar-turbulence in-
teraction and vortex-stretching terms in the scalar dissipation rate and
enstrophy transport equations, respectively could be used to design
simplified experimental and computational configurations. Moreover,
the current analysis indicates that the topologies S1-S4, which are
available for all values of P, play key roles during head-on quenching
and out of these topologies S2 plays the dominant role. It can be seen
from Fig. 1 that the S2 topology is representative of the impinging jet
configuration. Thus simplified experiments and RANS/LES simulations
based on impinging jet configuration will be ideal for obtaining fun-
damental physical insights into FWI and for model validation in the
HOQ configuration. In addition to these simplified analyses, further
investigation on flow topology distribution for higher turbulent Rey-
nolds number flows will be necessary for gaining further physical in-
sights.
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