


Abstract
Multi-scale analysis of turbulence-flame interaction is performed using experimental data
sets from three methane- and propane-fired premixed, turbulent V-flames, at an approach
flow turbulent Reynolds number of 450 and a ratio of r.m.s. fluctuating velocity from the
mean to laminar flame speed of between 2.1 and 3.0, straddling the border between corru-
gated flamelets and thin reaction zone in the Borghi-Peters diagram. The measurements
were made in the plane of a single laser sheet using stereo particle image velocimetry SPIV
and planar laser-induced fluorescence to measure three orthogonal components of velocity
and flame OH. Methods to approximate the remaining, unmeasured, out of plane deriva-
tives are described. The instantaneous SPIV images were bandpass filtered at user-specified
characteristic length scales L, and L (for vorticity and strain rate, respectively) resulting
in instantaneous bandpass-filtered velocity fields, gfw and yfs, which were further analysed
to give the bandpass filtered vorticity field, w’~ = V x gf‘”, the strain-rate field, eiLjS, and

the tangential strain rate field a;° .

This work quantifies two aspects of turbulence-flame interaction. The first aspect is that
of the flame interaction of eddies of size Ly on the turbulence, as found by the statistics of
the alignment of vorticity with strain rate. We find that vortical eddies with scale about
L., = 26y, (where dy, is the flame thickness) are stretched by Lg structures which are larger
than about 2 L, with this factor broadly true also for vortical eddies of scales L, = 44,
and L, = 660y,. Within the limitations of the data set, these findings are consistent with
those in the literature on reacting and non-reacting flows, suggesting that the premixed
flame has had little influence on the vortex stretching mechanism.

The second aspect of turbulence-flame interaction examined is that of flame surface-
averaged tangential strain rate imparted by eddies. Eddies with length scales Lg smaller
than 3 or 44y, are likely to have the strongest individual contribution but eddies of this
length scale and smaller may contribute only about 1/5th of the total tangential strain rate.
This is to be compared with the value of 10 % that has been reported in the literature
based on analysis of DNS predictions of premixed flames at turbulent Reynolds numbers
up to 110. Eddies with length scale Ls larger than about 204;, contribute a negligible
amount to the total tangential strain rate. We have found no evidence that the Lewis
number up to about 1.8 has an observable effect, but this may reflect the limitations of the
current experiement. In the context of large eddy simulations (LES) of premixed combus-
tion, these results are preliminary experimental evidence supporting the suggestion that
resolving turbulence scales down to a few multiples of §;, might be adequate to capture
much of the flame straining caused by turbulence.
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Nomenclature

Latin Letters

ar Tangential strain rate

c Reaction progress variable
Cm A constant determined from the ratio of moments of the probability density function of
c

D Diffusivity of ¢

Dy Fractal dimension, Dy = —log(4)/log(R;)
Da  Damkohler number

e;;  Strain rate tensor 0.5(0u;/0x; + Ju;/0x;)
Ky A constant Ky = 1/(2¢,, — 1)

K,, Flame curvature, V - n

Ka  Karlovitz number, the ratio of the chemical timescale to the Kolmogorov timescale
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ReT

Z;

Characteristic length scale of bandpass filter

Gibson scale s3 /¢

Empirically determined minimum vortex size that wrinkles the flame
Characteristic lengthscale chosen to bandpass filter the rate of strain field
Ls /0w,

characteristic lengthscale chosen to bandpass filter the vorticity field
Lewis number

The unit normal to the flame surface pointing towards the fresh gases
Component of n in the x; direction

Reynolds number based on turbulence

Flame propagation speed in the normal direction

time

Characteristic fluctuating velocity; or axial r.m.s. fluctuating velocity around the mean
measured by hot wire anemometry

Components of velocity vector

Cartesian coordinate system. Axis of the stabilising wire runs along the x3 coordinate

Greek Letters

5ij
0A
Otn

> = = 3

<

=|

Kronecker symbol

Change of elemental flame area

Laminar flame thickness based on the maximum temperature gradient
Dissipation rate of turbulent kinetic energy

Flame stretch = 6%4%

Kolmogorov microscale

Integral length scale of the turbulent flow
Taylor microscale

Kinematic viscosity

Density

Heat release parameter %
u

gases respectively

with Ty, T, the temperature of the burned and unburned

Equivalence ratio

Scalar dissipation rate



n (LY) Fractional contribution of eddies at the normalised bandpass filtered scale (LY) to the
tangential strain rate, equation

Y (L) Surface-averaged value of tangential strain rate at the normalised bandpass filtered scale
(LY), equation

Cumulative distribution of 15

Time-averaged chemical reaction rate

w vorticity vector

1. Introduction

Bray [I] laid out, in a paper published more than four decades ago, an exposition of "The
interaction between turbulence and combustion". A seminal result was to show that if there
exists a progress variable for the global combustion reaction]'] in the limit of large fluctuations
as exist in most turbulent premixed flames, and at high turbulence Reynolds number, the mean
reaction rate in combustion is related to the scalar dissipation rate

w= Ko\ (1)
9 I @)

where w is the time-averaged chemical reaction rate; Ky = 1 /(2¢,, — 1) where ¢, is determined
from the ratio of two successive moments of the probability density function of ¢, which is a
reaction progress variable; X is the time-averaged scalar dissipation rate of ¢; and the double
prime denotes fluctuation from the Favre-average. The limit of large fluctuations implies that
the local mixture is overwhelmingly made up of burnt and unburnt gas packets, separated by
(in this limit) reaction zones of negligible thickness. This further can be shown to imply that
the Damkdhler number is large, meaning that the rate of combustion is controlled by turbu-
lent mixing rather than by chemical kinetics. If a wrinkled laminar flamelet analysis is also
appropriate, all species concentrations as well as intermediates can be related to the mean local
temperature from calculations of the undisturbed laminar flame. As the characteristic fluctuat-
ing integral velocity scale becomes comparable to, or exceeds, the laminar planar unstretched
flame speed, turbulence interacts with, and distorts, the laminar flamelet structure by straining
and curvature effects. The current contribution concerns itself, experimentally, with this inter-
action between combustion and turbulence [2] in premixed flames, manifested as the ‘distortion’
associated with the wrinkling and straining of the flame which are caused, respectively, by the
vorticity- and strain- dominated structures in turbulence.

Wrinkling and stretching produce flame stretch, as quantified by fractional changes in its ele-
mental surface area 6A ([3]):

az: = ar + Sde (3)

_L@—(d._ . ) o
/€—5A 7 = nin;) eij + Sq

!Thus excluding compressible flows, flows with heat losses, or flows with non—unity Lewis number
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where d;; is the Kronecker symbol; n = —Ve¢/|Ve| is unit normal to the flame surface pointing
towards the fresh gases, found from the reaction progress variable ¢; n; is the component of n
in the x; direction; e;; = 0.5(0u;/0x; + Ou;/0x;) is the strain tensor with u; being the turbulent
velocity component in the direction i; and s; = (Dc/Dt)/|V¢| is the displacement speed, [4].
The last equation on the right summarises the effect of stretch in terms of tangential strain rate,
ar, and curvature, K,, = V - n, which arise from straining and wrinkling. Qualitatively, low to
moderate stretch rate creates active flame surface: in contrast, too high a stretch rate might
result in the flame being quenched.

The flame stretch appears in several approaches for turbulent combustion modelling and cal-
culation, including in the ‘flame surface density’ description as a source for flame surface area
[5, 6], where the surface averaged stretch can be negative [7-9] and in LES for the thickened
flame model [I0HI2] and in the ‘G equation’ approach [12]. For both Reynolds Averaged Navier-
Stokes (RANS) [13, 14] and LES [10] 11] calculations of premixed combustion, proposals include
the ‘strained flamelets’ approach and the use of an ‘efficiency (correction) function’. These ap-
proaches work well for RANS calculations and, for LES calculations which resolve most of the
dynamic scales, there may be no need to try to account for the effect of sub-grid eddies, be-
cause these eddies may be too weak to stretch the flame. [14], by modelling the tangential
strain rate acting on flame surfaces in RANS, introduced this efficiency function. It was de-
rived by combining turbulence theory and DNS results to account for the fact that the strain
generated by the vortex (i.e. the rate of strain (r/d;) - (v,./r) induced by a vortex dipole of
characteristic velocity and length scale v, and r) is not entirely converted into effective flame
stretch (i.e. (1/A)(dA/dt)). This function mainly reduces or eliminates the influence of the
smallest turbulent motions (i.e. smaller than a size of the order of few flame thicknesses), which
are found to be unable to wrinkle the flame front. This work was subsequently extended to
LES, and further developed by[10, 1T, 15, 16]. On the basis of experiments, however, [17], [18|
concluded that not only was an interaction between a vortex pair and a planar flame surface
comparatively rare, but also that the straining and wrinkling of the flame surface were not well
characterised by the vortical structures. Instead, straining and wrinkling were generally caused
by large groups of multiply curved and intertwined structures. In addition, they found that
stretch-efficiency functions developed from simplified vortex—flame interactions substantially
over-predict the measurements.

Be that as it may, the efficiency function correctly highlights what might be expected, namely
that length scales larger than the flame thickness can stretch the flame more ‘efficiently’” than do
small scales. In this context, [19, 20] concluded that the Kolmogorov scales had lower efficiency
for flame stretching; [21], 22] in contrast, suggested that this scale produced the highest stretch.
[22, 23] suggested the Taylor timescale to be an appropriate scaling factor for the tangential
strain rate but thermo-diffusive instabilities may affect the flame-turbulence interaction in these
hydrogen- air flames. Such contradictory views raised two questions, namely (1) what is the
smallest turbulence scale imparting significant flame stretch and (2) what is the implication for
modelling of the filtered reaction rate in LES? As already stated, the flame wrinkling and strain-
ing are caused, respectively, by the vorticity- and strain- dominated structures in turbulence.
In turn, the vortical structures are produced by the vortex stretching mechanism in turbulence
and hence the influence of the turbulence-flame interaction on this mechanism also becomes of
interest.

To answer these questions, [24] analysed five premixed flames generated by Direct Numerical



Simulation (DNS), spanning from the corrugated-flamelet to the thin reaction zones in the
regime diagram of Peters. They analysed the instantaneous velocity field by educing turbulent
eddies of various sizes using the multiscale analysis called bandpass filtering [25] which filters
out scales smaller than the specified one, and larger ones less sharply: the analysis is briefly
described in [subsubsection 2.4.1} This allowed the construction of filtered rate-of-strain fields,
efjs, and filtered vorticity fields, w’~ = V x gf“ (where L, and L refer to the characteristic
length scales chosen to filter the vorticity and strain rate fields). The intensity of vorticity of the
velocity field which is bandpassed at length L, is quantified in terms of the filtered enstrophy

field 0.5|w™|?.

In terms of flame wrinkling, the results show that downstream of the flame there are fewer small
scale vortical structures (in terms of the enstrophy structures at length scale L, comparable
to the flame thickness structures), confirming that a flame dampens turbulence, as might be
expected. Nevertheless, the influence of the flame on the mechanism of vortex stretching, and
the role of relative eddy sizes on this mechanism, were not unduly influenced by the presence
of chemical reactions and heat release. These conclusions were established by investigating the
vortex stretching mechanism which produces enstrophy at scale L,, due to straining structures at
scale Ly, namely wl-L“”onL“ eiLjS = |wh[? (ot cos? O, + B cos? B3 + yF= cos? 6,,) where o=, 3%+ and
~Fs are the principal components of eiLjS with a®s > Bl > 4% and the 0; are the corresponding
angles between the vorticity vector and these principal components. The alignment between
the vorticity vector, w, and the principal components of strain rate tensor was similar to the
non-reacting flow results in [25], namely that there is a preferential alignment of w with « from
eddies larger than the vortical structure and the alignment with ( is approached when L, is less
than or equal to L,. Specifically, the peak probability of 0.98 < |cosf,| < 1 as a function of
L/ L, occurred between 3 and 4 for the flames, implying that the vortical structure is stretched
mostly by structures 3 to 4 times bigger than itself.

In terms of tangential strain rate, their results suggested that eddies in the range 3 < L, /8y, < 17
have substantial effect on flame straining, while eddies smaller than 3 ¢;,, and eddies larger
than 17 d;,, contributed less than 20 % and 10 % to the total tangential strain rate respectively.
This was established by investigating ¢ (L), the fractional contribution of eddies of scale L} =

L/, (the normalised bandpass filtered scale) to the tangential strain rate ars = (d;; —ninj)efjsz

U (LF) = (L) [tim (4)

where ¢ (L}) is a surface-averaged value at the scale L7

¥ (L) = (IVela ) /(|Vel) (5)

and Y,y = fooo d L7 is the surface-averaged contribution coming from all scales in the flow.
The corresponding cumulative distribution is ¢* = fo “pdL}.

Equation {4f leads to the definition of two cut-off length scales: £} corresponds to the peak

surface-averaged tangential strain rate, 12, and £, corresponds to * = 0.1. The latter identifies
the eddy size below which the contribution to the total tangential strain rate experienced by
the flame is 10%. Other cut-off scales exist in the literature, including the Gibson length scale,



Lg = s?/e where ¢ is the dissipation rate of turbulent kinetic energy, and Lp which is an
empirically determined minimum vortex size that wrinkles the flame [20] (as further discussed
below in equation . [24] concluded, by comparing these four length scales, that the range
of eddies having weak influence on straining the flame is larger than originally thought. The
significance is that this implies that resolving turbulence scales down to a few multiples of d;,
would be enough to capture most of the flame straining caused by turbulence. These scales can
be captured by the LES equations and implies that additional modelling may not be required
for sub-grid scale flame stretching. The results of [24] relate to cases for u'/sy, the ratio of
characteristic fluctuating velocity to laminar flame speed, up to about 11 and for Rer, turbulence
Reynolds number, up to about 110. They concluded that investigation should be extended to
combustion at higher Rer and to flows with shear, which are common in practical combustors.

In this contribution, we seek to extend the work of [24] by examining an experiment data set,
rather than DNS, at high Rer and including the effect of Lewis number. The preceding DNS
analysis has been well controlled in every aspect, thereby opening the way for experimental
observations to be explained with greater confidence: in addition, experimental data can be
generated at substantially higher turbulent Reynolds number than is possible with DNS. There
are differing opinions on the effect of increasing levels of turbulence (is there a higher impact
of smaller scales of turbulence? Or change in the combustion regime in the Borghi-Peters
diagram, for example?) so it is interesting to see if there is any consistency in the results. The
experimental data used for this analysis are described in Section 2 and the bandpass filtering
technique is discussed in Section 3. The results are presented and discussed in Section 4, and
conclusions are summarised in the final section.

2. Experiments and Instrumentation

2.1. Burner

Three experiments were conducted on premixed, turbulent, V-flames stabilised on a 1.02
mm diameter stainless-steel wire, mounted 10 mm downstream of a square duct’s exit plane:
figure [1| shows elevation and isometric views. Sponfeldner ([26], [27]) describes the experiments
in detail. The premixed reactant stream, fuel (methane or propane) and air, flowed through
the square duct (600 x 62 x 62 mm) which contained a series of flow-conditioning elements
and, lastly, a fractal ‘square grid’ (designated ‘FG3’ in [26]) to initiate a turbulent flow 100
mm upstream of the exit. Fractal grids (|28]) produce substantially larger turbulence intensities
than regular grids and create vigorous turbulence near the flame, appropriate for the study of
turbulence-flame interaction. A comprehensive description of the details of the evolution of the
turbulence downstream of the grid can be found [29].

Measurements from a single-component hot-wire anemometer gave the axial mean and r.m.s.
fluctuating velocities, w;, v). Computation of the temporal autocorrelation of the x; (stream-
wise) velocity gave the integral length scale, A, the Taylor microscale, A, and the turbulent
Reynolds number, Rer, listed in Table [l Equation [6] provides the means to calculate the
Kolmogorov length scale, 1, assuming homogeneous, isotropic turbulence (with v being the
kinematic viscosity):
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Figure 1: Schematic of the burner, wire flame holder and field of view of the PLIF (grey) and SPIV (red)
instruments with the definition of the coordinate system (based on [27])
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Figure 2: Fractal grid for generation of turbulence. Dy is the fractal dimension Dy = —log(4)/log(R;); N is the
number of fractal iterations; R; = t;/t;—1 and R; = [;/l;_1 are the fractal iteration ratios for turbulence grid bar
thickness, ¢, and length, [; o is the blockage ratio.
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Table 2] summarises the properties of the three flames. Flame 1 was a methane-air flame
with an equivalence ratio of 0.8. Flames 2 and 3 were selected to change both the laminar
burning velocity, s;, and Lewis number, Le, variables which might have an effect of interest in
this investigation. To do so, the equivalence ratio of Flame 2 was increased to ¢ = 0.9 and for
Flame 3 propane was used instead of methane. Flame 3 also had the largest laminar burning
velocity while having the same heat release parameter, 7, as Flame 2. The magnitudes of the
Damkoéhler Da and Karlovitz Ka numbers, together with values of the integral length scale
A, the thermal flame thicknesses, d;,, the characteristic turbulent velocity, v}, and the laminar
flame speeds sy, placed the flames close to the boundary between the corrugated flamelet and
thin reaction zone regimes, in the Borghi/Peters diagram figure . Flames 1, 2 and 3 are
represented respectively by open circles: the flames studied in the work by Doan et al. [24] are
represented by blocked black squares. For convenience, Table 2| summarises the values of A/dy,
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Property Value Property Value
u(m/s) 55 o (m/s) 0.75
A (mm) 9 Rer 450
A(mm) 36 n(mm) 0.12

Table 1: Isothermal turbulence properties at the flame stabilising wire and flame parameters ([26]

Flame Fuel ¢ Oy, mm sp,m/s 7 Le Da Ka A/6y u)/sp

1 CHy 0.8 0.55 0.25 5.8 1.01 545 083 164 3.0
2 CH, 09 0.48 0.33 6.3 1.01 825 049 188 2.3
3 CsHs 0.9 0.45 0.36 6.4 183 96 042 20.0 2.1

Table 2: Properties of the three investigated flames. Details of calculation of &y, sr, 7 and Le in [27]

and u'/sp.

Ka =100

broken reaction zone

thick reaction zone

A Experimental
flames

® DNS flames

Ka=1

corrugated flamelets

. wrinkled flamelets
laminar flames

0,1 1 10 100 1000

A/8,

Figure 3: Borghi-Peters diagram

2.2. Stereoscopic particle image velocimetry

Stereoscopic particle image velocimetry (SPIV, details in [27]) measured the aerodynamic
field in an @1,y plane. The principle features of the system are given in Table [3] Such
measurements yielded four components only of the strain-rate tensor: this two-dimensional
information of the strain-rate field is a tolerable estimate of the nine-component strain-rate
tensor, e;;, because the investigated flow field was also predominantly two-dimensional and
close to homogeneous in the z3 direction. This was because out-of-laser-sheet derivatives of
velocity are small compared to the derivatives within the measurement plane. The spacing
of the velocity vectors was 0.39 mm. The field of view was about 25mm by 22mm. Vector
validation, and a 3 x 3 Gaussian smoothing filter, were applied to the vector fields for the
subsequent analysis. [27] quotes errors of 6.5% for the in-plane velocity components and 10.5%

for the through-plane velocity.
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Table 3: SPIV parameters [27]

Parameter Value

Stereo-angle 90 deg.
Camera resolution HSS8 1024 x 1024 (z; X x2)
Camera resolution HSS6 1024 x 992 (x; x x9)

Field of view 25 mm x 21 mm

Vector spacing 0.39 mm

2.3. Planar laser induced fluorescence

Planar laser-induced fluorescence imaging of the OH radical (OH-PLIF, details in [27]) was
applied simultaneously in an imaging plane that was co-planar with that of the SPIV instrument
to identify the reaction zone location of the flame in the SPIV measurement plane. OH-PLIF
images from flames in the thin flame regime permit the extraction of the flame front location by
the identification of the high gradient in the OH fluorescence signal between the unburnt and
burnt gases. The images were corrected for background noise, for inhomogeneities in the imaging
system sensitivity, and for non-uniform laser illumination. The corrected images were smoothed
with a Gaussian convolution filter (1.6mm kernel size) and a nonlinear diffusion filter (contrast
parameter 0.05, kernel 4 pixels, 25 iterations) to reduce noise and enhance flame contours.

In this work, an additional offset of the PLIF coordinates was applied until a satisfactory
alignment is achieved, by about 1.6mm (40 pixels), which was found to give the best result in
all the sampled frames.

2.4. Data processing

The experimental data provided the u;, uy and uz components of the velocity (respectively
along x1, zo and xj axis).

2.4.1. Multiscale analysis method

In the analysis to be performed in the next few sections, the multiscale analysis method used
is the bandpass filtering method presented in [24, 25] which allows us to educe the effect of
eddies associated a particular ‘characteristic’ length scale L. A summary of the steps to execute
the method are described next. First, the original velocity field, u, is Fourier transformed
and the Fourier coefficients, denoted u where . indicates the Fourier-transformed quantity,
are multiplied by a bandpass transfer function, Ty(h) = /8/Lh* exp(h?) with h = kL/2 where
k = |k| is the magnitude of the wavenumber. The spatial filter extends between about L and 4L,
with a peak at v/5L and results in an instantaneous, spatially bandpass filtered velocity field,
denoted uf, appropriate to the chosen length scale L. Second, the resulting Fourier coefficients,
noted @bL , are then inverse Fourier-transformed to obtain the bandpass filtered velocity field, u4
which represents the effect of eddies which have a typical length scale L. Finally, using this
bandpass-filtered velocity field, further quantities of interest can then be computed related to
the specified length scale L, such as the vorticity field w’ = V x gf“, strain-rate efjs, and
tangential strain rate aés. However, given the planar nature of the measurements, the latter
quantity can be evaluated in a given 1, x5 plane only. Hence, the spatial derivatives in the z3
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direction remain unknown :

Several authors have discussed how to infer three-dimensional statistics from two-dimensional
data in the context of the flame surface density ([30]; [31]; [32], among others). [31] advised
linking the fluctuations in both transverse directions rather than relating the fluctuations in one
transverse-, and the downstream-, directions as initially proposed by[30]. [32] assumes the case
of isotropic scalar fields and turbulence and discusses the estimation of the tangential strain rate
in the flame surface density balance equation, arriving at a factor of 2 as the conversion factor
by which the two dimensional (measured) tangential strain should be multiplied to obtain the
three-dimensional result.

2.5. Out-of-plane velocity derivatives approximation

The approach to the problem of inferring three-dimensional statistics from two-dimensional data
adopted in this work was to analyse a DNS data set of a similar turbulent V-flame, to investigate
approximate values for the missing experimental components. The DNS data set, being fully
three dimensional, had all velocity and ¢ spatial derivatives available through finite differencing
and thereby allowed for a self-consistent analysis of velocity and scalar gradients. This approach
allows us to deduce qualitative information which are consistent with many previous studies

The DNS data used here was generated by [33]: the simulation was fully compressible, three
dimensional and the turbulence intensity v} /s, = 2 is similar to that of the experimental flames
presented in Table 2l The domain was a cube of side 12.77mm, meshed with a 5123 points
uniform grid. The spatial step was ~ 0.025mm.

2.5.1. Quz/dz3 approximation

The adopted method was, with reference to the DNS data, to find two different approxima-
tions for reacting and non-reacting regions, to study the behaviour of g—;‘i relatively to the full
‘3D’ divergence of the flow and to the divergence of the flow based on the measured velocities
restricted to the two dimensions (2D) of the laser sheet. It can be shown that [34]:

T Dc
1+ 7eDt

div(u) (7)

where 7 = with Tj, T, being the temperatures of the burnt products and unburnt reac-
tants respecti\;ely. This equation, known as the dilatation equation, allows one to deduce the
dilatation rate using the scalar field information at a given instant, which is often the case while
post-processing saved DNS data, since Dc¢/Dt = (w.+ V - pDVec) /p (note that tomography
with high-speed laser diagnostics will also allow the deduction of D¢/ Dt directly and thus V - u
can be estimated). From the definition of dilatation, we would have

Ty Ty
T,

— =div(u) - — — — (8)

and we introduce the quantity divyp(u)
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divap(u) = g_xi + g_xz 9)
The separation of reacting from non-reacting regions was based on the spatial gradient of the
reaction progress variable, |grad ¢| < 1mm™! for non-reacting regions and |grad c| > 1mm™!
for reacting regions. This results in the partition of the PIV window (figure he sensitivity
of the choice of the threshold level to discriminate between reactions and non-reacting regions
has been investigated by halving, and doubling, the threshold gradient. We find that there is
little influence.

0 2 4 G 8 10 12 14 16 18 20 22 24 26 28

}(2+

Figure 4: Partition of the PIV window: figure depicts the 1,z plane (numbers on ordinate and abscissa are
distances normalised by d;,). Non-reacting regions in blue, reacting regions in yellow.

e Non-reacting regions

Figures [5] and [7] show that the 3D divergence is very close to zero for a large majority
of grid points (the error being associated with the method of separating the reacting from the
non-reacting regions of the flow). This is confirmed by figure |§| which shows that the zero
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divergence assumption is a good approximation : o N T~ B

when processing experimental data for non-reacting regions.

. This assumption was used

e Reacting regions

Figures [6land [§show that in combustion, as expected, the divergence increases consider-
ably towards positive values and figure [10|confirms that the no divergence assumption is invalid.
However, importantly, Figure |§| shows that the measured divep(u) is a tolerable approximation
to divsp(u). Hence, the contribution of g%s to divop(u) is here neglected in reacting regions and

3%3 = 0 was the assumption adopted for reacting regions.
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Figure 5: divop against divsp in non-reacting regions Figure 6: divop against divsp in reacting regions
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2.5.2. Ouy/0z3 and Ous/0z3 approximation

The method for these two terms, once again in relation to the DNS data, is to use random
distributions, on the basis that we expect - in this flow which is a close approximation to being
two-dimensional in the mean in the 1, x5 plane - neither Qu; /03 nor duy/0z3 to be correlated
with other terms in the rate of strain tensor. This in turn is owing to there being, in the mean,
no shear stress in the z, 3 plane. This method comes down to using two randomly generated
matrices a and b such as

8u1 811,1

~ == 1
8953 a(?xl ( O>
8uQ au2

2 p== 11
(91'3 b@xg ( )

The DNS data set was used to find distributions for a and b components. A double exponential
distribution is chosen, defined by its Probability Density Function (PDF) :

pf () = =eap (— L “') (12

where v is either a or b, as appropriate. The best-fit parameters determined for both matrices
were zero mean velocity, pu, = up, = 0, and B, = 1 and S, = 1.9. The degree of fit is shown in
Figures [11] and The error that we incur with this practice is expected to be small because
the experimental flame is statistically two dimensional. It is difficult to quantify the resulting
error without full data.
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2.6. Reaction progress variable gradient approximation, dc¢/0z3

No method for recovering 83—;3 has been found. Thus, our aim is to estimate the magnitude

of its contribution to the tangential strain rate. First, we define the reactive contribution a’. to
the tangential strain rate :

aTT = NN €5 (13)

The terms of a] involving ng are compared to a;. Those terms are ninse;s, nonsess and nsngess.
It is found that these are not negligible in a substantial part of the window: Figure [13| shows
this for one term, nsnsess normalised by nsnsess + a’, and a similar result is found for the other
two.
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Figure 13: Contribution of nznsess to the reactive part of the tangential strain rate, normalised by nsnsess +ar.
(numbers on ordinate and abscissa are in distances normalised by d4,)

Second, we note that the quantity of interest, following the work of Doan et al. [24], is
the surface-averaged strain rate 1 (L) for a given bandpass filtered scale L, as defined in
equation |5| (here, the divergence of c is taken as a proxy for the flame surface density by which
one weights the quantity of interest. Thus, a large divergence of ¢ means locally large surface.
The definition was originally for a thin flame but can be generalised to a thick flame [5]. The
fractional contribution of each scale is defined in equation E[) We perform a multiscale analysis
with the assumption of n3 = 0 to investigate the magnitude of the discrepancy in the magnitude,
and location, of the peak contribution and also to the general shape of the distribution. This
approach rests on the fact that the flow is close to spatially homogeneous on average in the z3
direction, hence the neglect of its contribution may nevertheless allow conclusions to be drawn.

Figure |14] shows @ (L) against the range of filtered scales using both the exact value of ns as
well as the result of the calculation using the assumption that n3 = 0. The figure shows that
the assumption results in a peak which is overestimated, with underestimated L} value, but
that the general shape of the two distributions is comparable. The assumption that nz = 0 will
allow us to draw qualitative conclusions.
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Figure 14: Result from DNS data: surface averaged tangential strain rate, 12, from eddies characterised by
bandpass filtering scale scale LT, normalised by total contribution, for u’//Sy, = 2.

The 8‘% term is involved in the analysis of the flame stretch only. Hence, as for the
experimental data, the multiscale analysis will be conducted under the same assumption of

nz = 0 below.

3. Experimental Results

3.1. Influence of combustion on vortex stretching

The question to be addressed in this sub-heading is whether combustion modifies the vor-
tex stretching mechanism, by reference to non-reacting flow, whereby eddies of smaller size are
produced by the stretching and subsequent breaking of larger eddies. Here, this is investigated
in terms of the alignment between the vorticity vector of a filtered field, w’«, and the principal
component of a filtered strain rate tensor, eff. Note that L, and L, are independent variables
and not necessarily equal. The most extensional, the most compressive, and intermediate prin-
cipal components are denoted by a’s, v%s and 3% respectively and the degree of alignment is
given by the cosine of the angles, 6;, between the vorticity vector and the principal components
(i = a, B3,7). To produce enstrophy through stretching, the vorticity has to align with a’s or
the positive part of %s. In this work, we concentrate on the most extensional principal com-
ponent. The probability function, discretised into 64 bins of width 1/64 ~ 0.015, of | cos 6, for
bandpass filtered fields of premixed flame with «’/s;= 3.0, is shown in Figure [15|for L,-4 d;, and
20, < Ly < 1664,. The presented results are for the non-reacting regions of the flow only, i.e.
where [grad c| < 1mm™', although we include regions both upstream and downstream of the
flame front. All figures below are the result of averaging well over 2000 images. We perform the
analysis for the whole domain (which contains regions both close to the flame and further from
the flame effects) to have a general view on what is happening. We anticipate the results below
by stating that we observed similar behaviour to that for non-reacting turbulence so there was
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no strong effect of the flame on this vortex stretching mechanism (as could have been possible,
for example, in the downstream region after the flame dissipated some turbulence).

The uncertainties in the results below, based on estimates of the vorticity and rate of strain,
stem from uncertainty in the measurement of velocity by a PIV and the corresponding error
in the estimation of velocity gradients due to the finite spatial resolution of the PIV and the
implied spatial averaging (in these experiments, we expect errors from out-of-plane convection
and gradients on the results to be small in this flow because it is two dimensional in the
mean). [35] quantified these sources by reference to DNS calculations in homogeneous isotropic
turbulence. They advise a spatial resolution (to minimise loss of fine scale information) of the
order of 2 — 37, as used here, to resolve fine scale features and they report levels of gradient
uncertainty at around 20 percent. In an experiment closer to that reported in this work, [17]
and [I8] also indicate that a spatial resolution of 37 results in estimates of gradients that do not
suffer from excessive smoothing. [I7] report that for w; and e;;, the maximum r.m.s. error is be
expected as less than 7 per cent. The uncertainty in the estimation of | cos §;| is related to those
in w; and e;; and we thus estimate these quantities to be around 15 percent. The additional
errors that arise during the computation of the strain-rate on the flame, ar, they estimate as
less than 10 per cent.

Figure shows that, for the most extensional principal component, «, the results are quali-
tatively consistent with [24] in that indeed vorticity is more likely to be aligned with the most
extensive « strain direction, at all investigated scales of L, from 2 to 16 d,, although here there
is also evidence of prevalence at | cos6,| = 0. However, we are unable to confirm their observa-
tion that such preferential alignment disappears abruptly below L, = 3 d;, because we present
results for a vortical structure of L, = 4d;;, only while [24] were able to consider L,, = d;,. This
is a limitation of the experimental apparatus where we cannot have as high a resolution as in
DNS and we therefore cannot assess the impact of these smaller scales of turbulence. However,
from past studies from DNS [24], we see that the most important scales of turbulence are gen-
erally larger than the flame thermal thickness. So, the analysis that we can obtain from these
data is still meaningful.
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Figure 15: Probability of alignment (|cosf,|) between vorticity at scale L, = 4d;, and principal strain rate «
with scale Ly (Lgs = 2041, 404, 80tr, 160;,) as parameter with u'/s;, = 3.0 for flame 1

Figure[I6] for flame 1 in Table 2] quantifies which eddy length scales Ly impart the most stretch
on vortical structures of scale L, = 20,40, and 66y, by presenting the probability, P, for
63/64 < |cosf,| <1 with the magnitude of L, as parameter] The figure shows that there
is, consistently, a broad peak between 2 and 4 times the considered value of L,d;, (to avoid
ambiguity, this means that the peak for L, = 6d;,, which is at about 2.6L,,, corresponds to
Ls ~ 2.6 -6 - dy,) which accords with the expectation from the non-reacting work of [25]. Of
greater direct relevance is that there is also qualitative agreement with the findings of [24] in
premixed flames, although they were able to resolve down to L, = d;, which we are not able to
with this data set.

2Note that the probabilities are low in this figure because these events are conditional on occurring in the
narrow window 63/64 < |cosf,| <1

20



0.03 1

Lw = 25”1

T

0.028

0.026

T

T

Q. 0.024

T

0.022

T

0.02

0.018 —
4 5 6 7 8 9 10
L/L,

Figure 16: Probability of alignment (63/64 < |cosf,| <1) between vorticity at scale L, and principal strain
rate «v at scale Ly with the magnitude of L,, (L, = 26¢p,401,60:,) as parameter for flame 1.

3.2. Multiscale analysis of tangential strain rate

~

We estimate, as above, the normalised surface-averaged tangential strain rate, ¢ (L}), from
eddies of normalised bandpass filtered scale LT, equation
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Figure 17: Surface averaged tangential strain rate, ¢ (L), from eddies of scale L}, normalised by total contri-

bution, ¥;,;: 1Z =) (L) /tint with the assumption of nz = 0. Flames 1, 2, 3 averaged over 2816 frames.

Figure [17] shows the variation of the fractional contribution ¢ = ¢ (L) /tine with LT for
flames 1, 2 and 3. The result of figure does not permit the determination of the location
of the peak contribution with confidence, other than to say that it is above L &~ 2 in our
measurements and, using figure as a guide, may be at LT &~ 3 or 4. Note that the slight
evidence of the maximum in the figure is not due to curve fitting, but due to measurement:
indeed, more convincing maxima are to be found in individual frames. Also, the differences
between the three flames in terms of Lewis number, which is arguably the main distinguishing
parameter between these, and to a lesser extent the laminar burning velocity, does not result
in any noticeable change in the shape of the dependence. It is worth noting that length scales
of these magnitudes are similar to the inner cut-off scale estimates based on fractal analysis of
flame surface density[36H48| and scalar dissipation rate closures [49].

For flames with u’/s;, comparable to those here, [24] found peaks between 5 < L < 10 and, for
flames with higher turbulence intensity, found that the peak value is shifted towards values of L}
of about 2 to 3, which thus establishes a range of magnitudes comparable to the estimates here.
Furthermore, the rapid decrease in contributions from eddies of sizes larger than that associated
with the peak in the experiments has some parallel with the higher turbulence intensity flames
of [24] up to L} =~ 6. Nevertheless, the results presented here have been made assuming that
ng = 0 and therefore we cannot reliably estimate the relative contribution of eddies smaller than,
say, 20y, on the total tangential strain rate. A crude estimate, on the basis of the magnitude
of the correction to figure (17| implied by figure is that it is about 1/5 which is larger than
the value of 10 per cent quoted by [24]. In summary, the current experiments suggest that the
range of eddies which have a substantial effect on flame straining is comparable to the range
found by Doan, namely 3 < LT < 17.
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Estimates in the literature for the smallest length scales are, as mentioned earlier, Ly [20]

(Lr/ow) = (u'[51) """ (A)6n) 1/ (14)

Table 4: Ly [20] and Gibson cutoff scales

Flame Lgr/& La/owmn

1 1.8 3.3
2 2.2 8.7
3 0.9 12.1

and the Gibson scale L. Values for these length scales, normalised by dy,, are given in Table
(where we estimate ¢ = 15vu?/\?). These values are higher than the corresponding values
in [24], once again presumably because of the higher turbulent Reynolds number in the exper-
iments. The work of [50] provides some support for this suggestion from examination of data
from experimental and direct numerical simulation. They found that an inner cut-off scale of
flame surface wrinkling varied as Ka”, where Ka is the Karlovitz number, with 3 of the order
of —1/2 or —1/3. This therefore also suggests a decrease of this cut-off scale with increasing
turbulence intensity. However, particularly given the uncertainty here in the estimate of ¢, the
range of eddies having weak influence in straining flame needs further examination.

The broader conclusion of [24] stands, however, in that it is turbulent structures larger than
about 24, which have substantial effect and thus it may be unnecessary to resolve smaller scales,
at least in the context of flame stretch. Here it is recalled that the bandpass filter has a sharper
roll-off at scales smaller than the ‘centre’ value than at larger scales. Thus the results here
are, as noted by [24], conservative estimates and the practical implication is that, in large eddy
simulations (LES), the effort required to resolve scales as small as d;, may be unnecessary. This
is a tentative conclusion which certainly deserves further experimental study over a wider range
of parameter space in the Borghi-Peters diagram, with instrumentation that permits resolution
of L, = ¢4, and is able to resolve the full rate of strain tensor.

4. Conclusions

We have applied bandpass multiscale analysis to three sets of experimental measurements of
premixed, turbulent, V-flames straddling the border between corrugated flamelets and thin
reaction zone in the Borghi-Peters diagram. The turbulent Reynolds number investigated here
is a factor of about four larger than that examined previously using DNS, while the ratio of
characteristic turbulent velocity to laminar flame speed, v’ /sy, is between 2 and 3 while the DNS
studies extended this to about 11. For each flame there is a comprehensive data set in one plane
only. Approximations for the missing out-of-plane derivatives have been constructed, aided by
the flow being close to two - dimensional on average, and by recourse to comparisons with a
DNS calculation of a similar flow. For dus/0x3 we have used the approximation —0u;/0x; —
Ous/Oxs in non-reacting regions, and dug/drs = 0 where reaction takes place. For the out-of-
measurement-plane gradients of velocity, we have used exponential distributions curve-fitted to
the results from the DNS calculation for the probability functions of du /0x3 and Qus/dxs. For
the calculation of the reactive strain rate, we have used the approximation that ny = 0, once
again establishing the effect of doing so by recourse to the DNS data.
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This work quantifies two aspects of turbulence-flame interaction. The first aspect is that of
the flame interaction of eddies of size Ly on the turbulence as found by the statistics of the
alignment of vorticity with strain rate. We find that vortical eddies with scale about L, = 24,
are stretched by L, structures which are larger than about 2 L, with this factor broadly true
also for vortical eddies of scales L, = 46y, and L, = 6dy,. Within the limitations of the data
set, these findings are comparable to those of [24] in reacting and [25] in non-reacting flows,
although these authors were able to investigate resolutions down to L, = dy,. [24] concluded
that the premixed flame had negligible influence on the vortex stretching mechanism and our
results here are consistent with this finding.

The second aspect of turbulence-flame interaction examined is that of flame surface averaged
tangential strain rate imparted by eddies. Eddies with length scales L, estimated to be about
3 or 444, have the strongest individual contribution but may nevertheless contribute only about
1/5 of the total tangential strain rate. This is larger than the 10 % that has been reported by
[24] based on analysis of DNS predictions of premixed flames at turbulent Reynolds numbers
up to 110. Eddies with length scale L, larger than about 206, contribute a negligible amount
to the total tangential strain rate. The latter conclusion is also in accordance with that of [24].

In the context of large eddy simulations (LES) of premixed combustion, these results are prelim-
inary experimental evidence of the suggestion made in [24] that resolving turbulence scales down
to a few multiples of d;, might be adequate to capture much of the flame straining caused by
turbulence’] Further experimentation is required, with instruments which can: resolve scales
close to the flame thickness; permit estimation of the full rate of strain tensor without the
approximations used here; and for a broader area in the Borghi-Peters diagram. The aim of
further work is to establish the range of conditions flames that can be calculated adequately
by LES equations without additional modelling to describe sub-grid scale flame stretching. We
have found no evidence that the Lewis number up to about 1.8 has an observable effect, but
this may reflect the inability of the current instruments to resolve vortical structures down to
L, = 6y This is a topical question in view of the possible widespread adoption of hydrogen,
and its related vector fuels, in future combustion systems.
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