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Abstract

Multiscale analysis of turbulence-flame interaction is performed using direct numerical simulation (DNS)
data of premixed flames. Bandpass filtering method is used to educe turbulent eddies of various sizes and
their vorticity and strain rate fields. The vortical structures at a scale of L,, are stretched strongly by the most
extensional principal strain rate of eddies of scale 4L,,, which is similar to the behaviour in non-reacting tur-
bulence. Hence, combustion does not influence the physics of vortex stretching mechanism. The fractional
contribution from eddies of size L, to the total tangential strain rate is investigated. The results highlight
that eddies larger than two times the laminar flame thermal thickness contributes predominantly to flame
straining and eddies smaller than 2§,, contributes less than 10% to the total tangential strain rate for turbu-
lence intensities, from «/'/s; = 1.41tou/ /sy = 11.25, investigated here. The cutoff scale identified through this
analysis is larger than the previous propositions and the implication of this finding to subgrid scale premixed
combustion modelling is discussed.

© 2016 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction eddies [1-4]. The flame wrinkling and straining

are caused respectively by vorticity and strain-

Most of practical combustion occurs in turbu-
lent flows involving a strong nonlinear coupling
between turbulence and chemical processes, and
the flame is wrinkled and strained by turbulent
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dominated structures in turbulence [5,6]. The heat
release from combustion changes fluid properties
such as density and viscosity and they in turn
affect the turbulence. Hence, the turbulence-flame
interaction is a two-way coupling. The premixed
combustion is a small scale phenomenon having the
laminar flame thermal thickness and burning veloc-
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ity as its representative scales while the turbulence
involves a spectrum of scales ranging from energy
containing, integral, to viscous, Kolmogorov,
scales. One can query if the whole spectrum of
these scales imparts influences on the flame physics
or only a certain part of this spectrum influences
the flame predominantly. This classical question
has been raised in many earlier studies and it has
been suggested that the Gibson scale may be an
appropriate cutoff scale [1], and Kolmogorov scale
are too weak to wrinkle or strain the flame [7.8].
Our interest here is from the perspective of com-
bustion modelling for large eddy simulation (LES).

A key modelling quantity resulting from the
turbulence—flame interaction is the flame stretch,
&, which is a measure for the change of elemental
flame area, A4, given by [9]:

K=———= ij — Ninj)eé;; Sqg—
54 di J T
= ar + 54 K, 1)

where §;; is the Kronecker delta, »; is the component
in spatial direction x; of the flame normal vector
n = —Vc¢/|Ve| with c as a reaction progress variable
based on fuel mass fraction, s; = (Dc/Dt)/|Vc| is
the displacement speed as defined in [1], and e;; =
0.5(du;/0x; + 0u;/dx;) is the strain tensor with
being the turbulent velocity component in the di-
rection i. The tangential strain rate, ar, and the
curvature, K, coming from flame wrinkling are
defined by Eq. (1). The flame stretch is typically
taken as a source for flame surface area in the
context of Flame Surface Density (FSD) formula-
tion [10,11] and there is a possibility for the sur-
face averaged stretch to be negative [12-14]. The
stretch is used to obtain the flame wrinkling in
LES for the thickened flame model [15,16] and is
also required to determine the local flame propa-
gation speed in the G equation approach [17]. Var-
ious approaches such as strained flamelets and effi-
ciency function have been proposed in the past for
both Reynolds Averaged Navier-Stokes (RANS)
[18,19]and LES[15,16,20] calculations of premixed
combustion, and these approaches work well for
RANS calculations. Since most of the dynamic
scales are resolved in LES, the inclusion of the
flame stretch induced by subgrid eddies may not be
required in these approaches because these eddies
may be too weak to stretch the flame.

These formulations mentioned above were pro-
posed based on a general picture that large scales
stretch the flame while small scales merely broaden
the preheat zone. Nevertheless, this is only a conjec-
ture which is yet to be validated. The Kolmogorov
scales were noted to have lower efficiency for flame
stretching [7.8] but another study [21] suggested
that this scale produced the highest stretch. Taylor
timescale was also suggested to be an appropriate
scaling factor for the tangential strain rate [22,23].
These qualitative arguments were based on tests

using flows such as counter rotating vortices or a
weak homogeneous turbulence (with low intensity)
interacting with a premixed flame. The hydrogen-
air flames of [22,23] include thermo-diffusive insta-
bilities which will affect the flame-turbulence inter-
action. The efficiency function [19] approach was
developed using premixed flame interacting with
two-dimensional counter rotating vortices, which
was developed further for LES [15,16]. However,
turbulent flows involve non-linear interaction of
spectrum of scales (or eddies) having complex mor-
phology and topology which could challenge the
presumption that the stretch efficiency can be taken
to be well described by an ensemble of interac-
tions between pairs of counter-rotating vortices.
Indeed, measurements of Steinberg and Driscoll
[5,6] showed that the flame stretching produced by
turbulent flows is not described well by this canon-
ical flow. These contradictory views and qualita-
tive analyses raise two questions, viz., (1) what is
the smallest turbulence scale imparting significant
flame stretch? and (2) what is its implication for
modelling of filtered reaction rate in LES? The vor-
tical structures are produced by vortex stretching
mechanism in turbulence and hence the influence
of turbulence-flame interaction on this mechanism
is also of interest. The aim of this study is to find
answers to these questions by analysing Direct Nu-
merical Simulation (DNS) data of premixed flames
using a multiscale analysis called bandpass filtering
technique.

The DNS data used for this analysis are de-
scribed in Section 2 and bandpass filtering tech-
nique is discussed in Section 3. The results are pre-
sented and discussed in Section 4, and conclusions
are summarised in the final section.

2. DNS data

Five sets of turbulent premixed flame DNS
data [24-26] are analysed here. These simula-
tions considered a premixed flame propagating
into homogeneous turbulence in the reactant mix-
ture flowing from left to right in Fig. 1, which
will be discussed in detail later. The various char-
acteristics of these data are listed in Table 1.
The turbulent Reynolds number, Re, is based on
the integral length scale ¢ and the root mean
square of turbulent velocity fluctuation ' entering
the computational domain. The laminar burning
velocity is s;, and the thermal thickness is §,.
The Damkohler number is Da = £5;/(8,,u') and
the Karlovitz number is Ka = (/' /s.)**(8,,/0)">.
The combustion conditions of these five flames
span from corrugated-flamelet to the thin reac-
tion zones in the regime diagram of Peters [1] as
shown inFig. 2. The flame of Rutland and Cant
[24] is in the corrugated-flamelet regime and that
of Minamoto et al. [25] is in the lower part of
the thin reaction zones regime. The cases from
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Fig. 1. Reaction rate of ¢ with bandpass filtered strain
rate eiLj", at Ly ~ 3.35,, and enstrophy QL«, at L,, = 8,
fields for v/ /sp = 11.25 case in Table |, x — zand x — y
cuts are shown.

Table 1

DNS data attributes.
u'lsy 218, Re Da Ka Ref.
1.41 6.16 56.7 4.37 0.67 [24]
2.19 2.11 38.5 0.97 2.22 [25]
7.5 2.45 47.0 0.33 13.2 [26]
9.0 4.31 100.0 0.48 13.0 [26]
11.25 3.75 110.0 0.33 19.5 [26]

Gao et al. [26], first described in Chakraborty et al.
[27], are in the upper part of the thin reaction
zones regime. A single-step chemistry is used for
the DNS of Rutland and Cant [24] and Gao et al.
[26], which is sufficient for the analysis of this data
because the focus is on kinematic aspects of the
turbulence-flame interaction. The skeletal mecha-
nism of Smooke [28] was used by Minamoto et al.
[25] and thus the analysis of this data will give
first glimpses on the influence of chemistry on the
present findings. Elaborate information on these
datasets is available in the references cited above.

103

% corrugated flamelets

laminar

fAlames wrinkled flamelets

10° 10! 102 103
l/éth

Fig. 2. Combustion regime diagram showing conditions
of flames in [24] x, [25] o, [26] A, V/, C0.

Also these data have been used in previous studies
[29,30] to investigate velocity and scalar gradients
in premixed flames and thus the numerical resolu-
tion used for those simulations is good to address
the objectives of this study. It should be further
noted that for the data from [26], the mesh size is
such that the grid spacing is either smaller or equal
to the Kolmogorov length scale which is enough to
resolve the scales of turbulence under study here.
Finally, the range of turbulence Reynolds numbers
considered here is similar to those observed in typi-
cal laboratory-scale premixed flames or flows in IC
engines or stationary gas turbine combustors (see
Fig. 1.3 of [31] or Fig. 3 of [32]).

3. Bandpass filtering

In order to calculate the flame stretch induced
by eddies of a given size L, one needs to educe
them from the spectrum of eddies present in tur-
bulence. The bandpass (not LES) filtering method
allows one to achieve this by suppressing eddies
which are smaller and larger than L. This proce-
dure is described by Leung et al. [33] and the es-
sential steps involved are summarised briefly here.
First, the turbulent velocity field at a given time is
Fourier transformed and then the Fourier coeffi-
cients are multiplied by a transfer function 7(h) =
V/8/L I exp(—h*) with h = kL/2, where k = [K| is
the magnitude of the wavenumber, to obtain the
Fourier coefficients of the bandpass filtered field,

ﬁg. Then, inverse Fourier transform is used to ob-

tain the bandpass filtered velocity field, uf, in phys-
ical space. The eddies which are much larger and
smaller than L are suppressed by this method and
the field ul have eddies of size around L pre-
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Fig. 3. Compensated energy spectrum for unfiltered and
filtered at L = 15n, 10n and 51 (left to right) velocity fields
and unfiltered progress variable.

dominantly. Interested readers are referred to Ref.
[33] for detailed information on this procedure. The
strain rate, ¢/;, and vorticity @* = V x uf at scale L
are obtained using uf- and this strain rate is used in
Eq. (1) to get the tangential strain rate induced by
the eddies of size L. These steps are repeated for
0.18,, < L <208, to get the tangential strain rate,
a%, contribution from eddies of scale L.

4. Results and discussions

The compensated turbulent kinetic energy spec-
trum I (k) = E(k)k>*¢ =, where € is the turbu-
lent kinetic energy dissipation rate, is presented in
Fig. 3 for the unfiltered and three bandpass fil-
tered velocity fields for the highest u'/s; case in
Table 1. The filtered fields have L = 155, 101 and
5y and the peak energy is at /5/L [33]. As ex-
pected, the energy in the filtered field is centred
around the chosen length scale and the energies of
larger and smaller eddies are attenuated. The spec-
trum of the unfiltered field is the envelop of the
peaks in the filtered spectra. The compensated en-
ergy spectrum, I1., of the scalar, ¢, is also shown
in Fig. 3, which has the peak at k§,, ~ 0.49(kn =
ks, Ka Y~ 0.1 1). These results are similar for the
other flames in Table 1. It should be noted that
only a small inertial range is observed on the un-
filtered spectrum as a result of the limited range of
scales and Reynolds numbers of the present data.
However, this does not affect the conclusion of this
study as the flame scale is very much smaller than
the scales of the inertial range. Furthermore, what
really matters for the multiscale analysis is the pres-
ence of some scales and their relative range.

Typical spatial distribution of the filtered struc-
tures are shown in Fig. 1 with contours of nor-
malised progress variable reaction rate, @* which
is threshold at w™ =1 for its iso-surface shown

in Fig. 1. The reaction rate is normalised using
pu S8, where p,, is the reactant density. The strain
rate, eiL]:‘, structures have a scale L; = 14.6n ~ 3.35,,
and the vortical structures identified using enstro-
phy, Qe = 0.5|w"|?> where w’* is the vorticity vec-
tor, having L, = 4.4n =~ §,,. Turbulent structures
presented in Fig. 1 are threshold at their respec-
tive mean plus half standard deviation value. It
can be observed in the plane cuts in Fig. 1 that
downstream of the flame, less and sparser struc-
tures of Q» and eiL]:" are found suggesting that the
flame dampens the turbulence. Furthermore, vari-
ations in the distribution and sizes of these struc-
tures are observed suggesting that their effects on
the flame will be different [3,21,34]. Indeed, strain
rate structures can be found in both upstream and
downstream of the flame front, even in its neigh-
bourhood, whereas the enstrophy structure repre-
senting small scales are present predominantly in
far upstream of the flame. This implies that small
scale structures may have a reduced influence on the
flame. This will be discussed in further detail later
in Section 4.2. Furthermore, it is important to anal-
yse the effect of the flame on the vortex stretching
mechanism which produces these small scales.

4.1. Influence of combustion on vortex stretching

It is well accepted that vortex stretching pro-
duces eddies of various scales and the classical
picture suggests that eddies of smaller size are
produced by the stretching and subsequent break-
ing of larger eddies. This physical mechanism can
be elucidated by studying the alignment between
the vorticity vector, w, and principal components
of strain rate tensor. The most extensional, the
most compressive and intermediate principal
components are denoted by «, y and B respec-
tively. Thus, the enstrophy production is w;e;;w; =
w;w; (o 08> O + B cos? g + y cos?6,), where 6,
is the angle between  and the direction of the
principal strain rate i [33]. The vorticity has to align
with « or positive part of B to produce enstrophy
through stretching and indeed the alignment with g
was observed if the eddies were unfiltered [35]. Sim-
ilar behaviour was observed for premixed flames
also [36]. The bandpass filtering analysis by Leung
et al. [33] showed that the vorticity with scale L,
aligned with « of scales Ly > L, and the enstrophy
production was maximum when L, =~ 4L,,.

The pdf (probability density function) of |cos 6]
for « and B strain rates for the bandpass fil-
tered fields of premixed flame with «//s; = 11.251s
shown in Fig. 4 for L, = §,, and 0.58,, < L; < 108,,.
These pdfs are extracted from the entire computa-
tional domain. Similar to the non-reacting flow re-
sults in [33], a preferential alignment of @ is found
with « from eddies larger than the vortical struc-
ture and the alignment with g is approached when
L, < L,. The probability, P, for 0.98 < |cosf,| <1
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| cos ] | cos 6|

Fig. 4. PDF of the magnitudes of direction cosines be-
tween vorticity at L, = §,, and principal strain rates at
Ly in the case with «/ /sy = 11.25.
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Fig. 5. Probability of perfect alignment between the vor-
ticity at L, and « strain rate at Ly = LL,,.
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Fig. 6. Probability of perfect alignment between the vor-
ticity at L,, and « strain rate at Ly = LL,, conditioned on
@™t with the maximum probability shown (white line) for
case with initial «//s; = 11.25.

as a function of £ = L;/L,, is shown in Fig. 5 for
all the flames in Table 1 to quantify an eddy scale
imparting the most stretching on vortical structures
of scale L,,. The peak occurs for £ between 3 and 4
for the flames, implying that the vortical structure
is stretched mostly by structures 3 to 4 times bigger
than itself, which was also observed in [33].

In order to assess the role of reaction on this
alignment statistics more effectively, the alignment
pdfs conditioned on the reaction rate can be inves-
tigated. This is done through the joint-pdf of ¢ =
| cos6,| and @™, noted as p, ;+, and computing P
conditioned on @™ for the various £ using Plot =
fol_% Py.o+dV /por with pgi as the marginal pdf.
Figure 6 shows this result. It can be observed that

the reaction rate does not have a strong influence
on the behaviour previously mentioned as the max-
imum probability P is found for 3 < £ < 5 for all
reaction rates.

The similarity between the present reacting
and non-reacting [33] results suggests that the
mechanism of vortex stretching and the role of
relative eddy sizes on this mechanism are not
unduly influenced by the presence of chemical
reactions and heat release. Hence, the vortex
stretching mechanism is expected to play a key
role in turbulent flows. Other mechanisms such
as baroclinic torque for enstrophy production
[3,21,34] are not considered because the main focus
is on the eddy-interaction and vortex stretching
mechanism in reacting turbulence.

4.2. Multiscale analysis of tangential strain rate

As noted in Section 3, the bandpass filter-
ing technique is used to calculate the tangential
strain imparted by eddies of scale L, through aLT*' =
(8 — minj)e? and its surface averaged value is

W(LT) = (IVelal ) /(IVel). @)

where L} = L,/8,, and Yo = [~ ¥ dL} gives the
surface averaged contribution coming from all ed-
dies in the flow. Figure 7a shows the variation of
fractional contribution, ¥ = ¥ /iy, With L. The
peak contribution is for 5 < L} <8 in the cor-
rugated flame with «'/s; = 1.41. The flame with
w'/sp =2.19 and a skeletal mechanism also has
peak ¥ from similar sized eddies of 6 < L} < 10
suggesting that the chemical mechanism does not
play a significant role in the kinematic aspect of
flame-turbulence interaction. There are no data
for eddies larger than 135, for the flame with
u'/sp = 2.19 because larger structures are bigger
than the computational domain, however, the de-
creasing trend is seen already. Furthermore, the
length scale ratio, £/8,,, does not seem to influence
this behaviour unduly when «'/s; is similar. The
peak value is shifted towards L] of about 2 to 3 for
flames with higher turbulence intensity. Further-
more there is a sharp decrease in contributions from
eddies of smaller size whereas the decrease is slower
for larger scales up to L} ~ 17. This suggests that
eddiesin therange 3 < L} < 17 have substantial ef-
fect on flame straining. This is confirmed further by
the cumulative integral y* = fOL"J'r wdL} plotted in
Fig. 7b. There is less than 20% contribution from
eddies smaller than 368,, and less than 10% for ed-
dies larger than 178,.

Roberts et al. [8] defined a cutoff scale, /g, given
by

(r/8m) = 2.0(u /51) " (£/8)"", 3)
and eddies smaller than /z are thought to have

nearly no impact on flame wrinkling and strain-
ing. Also, Gibson scale Iz = s3 /e, where € is the

—3/4
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Fig. 8. Comparison of various cutoff scales.

turbulent kinetic energy dissipation rate, was sug-
gested to be the smallest eddy size that can interact
effectively with flame [37]. These cutoff scales, nor-
malised by §8,,, are compared in Fig. 8 for the five
flames along with length scales corresponding to
¥* = 0.1 and peak 1. These two scales are /;; and
l[‘f respectively, and /| implies that eddies smaller
than /;; contribute 10% or smaller to the total tan-
gential strain rate experienced by the flame. The /}
is about 10 for u/'/s; = 2.19 and it approaches /{}) as
u'lsy increases. The results in Fig. 8 suggest that the
range of eddies having weak influence in straining
the flame is larger than that originally thought.
This result has wider implications for LES com-
bustion modelling. Indeed, this analysis has shown
that eddies of sizes larger than 2§, imparted the
most influence on the flame and it may not be re-
quired to resolve scales smaller than this in LES.
The bandpass filter used is efficient in cutting scales
smaller than the specified one and cuts larger scales
less sharply. As a consequence the values found
here for /| and I} are conservative because a? in-
cludes contributions from eddies of sizes L} and
slightly larger. This suggests that LES numerical
grid resolving turbulence down to lp+ or [ would
capture the flame stretching quite well and it may
not be necessary to use a refined model for this as-
pect. This is of practical importance because LES

meshes typically resolve reacting turbulence down
to a size of the order of §,, [17]. This finding is con-
sistent with the inner cut-off scale estimates based
on fractal analysis found in several previous studies
in the context of FSD [38.39] and scalar dissipation
rate [26] closures.

5. Conclusions

Multiscale analysis of turbulent premixed
flames using five DNS data is performed employ-
ing bandpass filtering technique, which allows
to educe eddies of a given scale present in the
turbulence spectrum. This allows us to investigate
the influence of eddies of size L; on turbulence-
flame interaction. The statistics of vorticity-strain
alignment of eddies at various scales are studied.
It is observed that vortical structures of scale L,
are stretched by larger eddies with the maximum
stretching from eddies of scale about 4L,. This
is similar to non-reacting turbulence [33], which
suggests that the premixed flame has negligible
influence on the vortex stretching mechanism.

The influence of eddy on turbulence-flame in-
teraction is investigated using surface averaged tan-
gential strain rate imparted by the eddy. It is shown
that eddies smaller than 2§, contribute less than
10% of the total tangential strain rate and eddies
larger than 178, contributes less than 10%. This
has implication for the subgrid modelling for LES
of premixed combustion. Indeed, these results sug-
gest that resolving turbulence scales down to few
multiples of §, would be enough to capture most
of the flame straining caused by turbulence. These
will be captured by the LES equations and addi-
tional modelling may not be required for subgrid
scale flame stretching.

Here, only five flames covering a limited range
of turbulence intensity and Re are analysed and
further work is needed to assess this finding for
larger turbulence intensity. As noted in Section 4,
only a limited inertial range is observed in the cur-
rent data and future work may be devoted to as-
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sessing whether the current result can be extended
to combustion at higher Re and in flows with shear
and swirl, which are common in practical combus-
tors.
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