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Abstract

Direct Numerical Simulation (DNS) data obtained from two lean (the equivalence ratio ¢ =
0.5 or 0.35) complex-chemistry hydrogen-air flames propagating in forced turbulence in a box
are analysed. Karlovitz number Ka is varied from 1.2 to 6.4 or from 86 to 125 at ¢ = 0.5 or
0.35, respectively. The focus of consideration is placed on qualitative changes in morphology
of instantaneous flame surfaces with increasing rms velocity u' from zero to double laminar
flame speed in the moderately lean (¢ = 0.5) case. DNS data obtained from unstable laminar
and weakly turbulent (Ka < 1.5) flames show predominance of similar regular large-scale
wrinkles of instantaneous flame surface. This observation indicates that diffusional-thermal
instability dominates turbulence under such conditions. On the contrary, DNS data obtained
from other explored turbulent flames show appearance of irregular small-scale wrinkles of
instantaneous flame surface, but the lack of regular large-scale wrinkles associated with
unstable laminar flames. This observation implies a decreasing role played by diffusional-
thermal instability with increasing Ka. Since the analyzed DNS data do not show any solid sign
of an important role played by the instability at Ka > 3.5, the data are consistent with a
recently introduced criterion of importance of laminar flame instabilities in turbulent flows.

Introduction
A significant increase in turbulent burning rate with decreasing Lewis number Le = k/D was
well documented in numerous measurements reviewed elsewhere [1,2], in recent experiments
with lean hydrogen [3-5], syngas [6,7], or ammonia/hydrogen [8-10] turbulent flames, and in
recent direct numerical simulation (DNS) studies of turbulent combustion of lean Ha/air [11-
15] or NHa/H/air [12,16] mixtures. Here, x is molecular heat diffusivity of a mixture and D is
molecular diffusivity of deficient reactant in that mixture. The phenomenon is commonly
attributed to differential diffusion effects, i.e., local variations in temperature, mixture
composition, and reaction rates within stretched, inherently laminar reaction zones due to
imbalance of molecular fluxes of chemical energy to and heat from such zones [1,2,17-21].
While this governing physical mechanism is widely accepted and significant influence of
differential diffusion effects on turbulent burning velocity U, has been known over decades
[22,23], there is no well-recognized model capable for predicting the large magnitude of an
increase in Uy with decreasing Le (if Lewis number is significantly smaller than unity).
Among a few approaches put forward to accept this challenge and reviewed elsewhere [2],
there is a growing interest [7,9,14,16,20,22,24,25] in a paradigm that highlights Diffusional-
Thermal Instability (DTI) of laminar premixed flames characterized by Le < Le., < 1 [17].
While this instability is expected to be of substantial importance in weakly turbulent flames,
there is no consensus on a role played by the instability at high normalized rms velocities u'/S;
or high Karlovitz numbers Ka oc (u'/S;)3/2(L/8,)~/2. Here, L is an integral length scale of
turbulence; S; and &, are laminar flame speed and thickness, respectively. This situation
resembles long-term debates [1,19,26-28] on a role played by another premixed flame



instability, i.e., hydrodynamic or Darrieus-Landau (DL) one [17], in turbulent combustion.
Recent DNS [29] and experimental [30,31] studies have shown that DL instability plays a
substantial role in turbulent flames at low Ka < 1 only, in line with criteria proposed earlier by
Lipatnikov and Chomiak [19] or Chaudhuri et al. [28] based on different physical reasoning.

Similarly, one could expect that DTI is of importance if Karlovitz number is less than a
critical number Ka,,.. Such a criterion of

Ka < Kag = V15Tfwmax 1)

has recently been obtained by Chomiak and Lipatnikov [32] by extending their previous
analysis [19] of flames that are characterized by Le > 1 and, hence, are subject to DL instability
only. Here, Ka is equal to a ratio of the flame time scale 7, = 6, /5, and the Kolmogorov time
scale T, and wp.x = max{w(k)} is the maximum growth rate of laminar-flame-surface
perturbations of various wavenumbers k. Dispersion curves w (k) obtained numerically from
two-dimensional (2D) unstable lean hydrogen-air laminar flames [33,34] yield 7fwpax = 0(1),
i.e., Ka,, is expected to be of unity order, but larger than unity for lean Hz-air flames [32].

Existence of a critical Karlovitz number is in line (i) with experiments [35], which showed
substantially different time-dependencies of mean radii of lean Hy/air expanding spherical
flames at u’' < S;, ux < S, <u', and S, < ug, or (ii) with DNS data [14,36,37], which
indicated that various characteristics of flame-flow interactions scaled differently in unstable
laminar flames and in turbulent flames characterized by high Ka. Here, ux is Kolmogorov
velocity. Besides, by analyzing DNS data obtained from two V-shaped flames characterized by
u'/S, = 0.72 and 2.8, Day et al. [38, p. 1043] have stated that “with increasing turbulence
levels fluctuations, at even the lowest intensity levels, appear to suppress to some extent the
growth and propagation of the spherical burning cells characteristic of the thermodiffusive
instability.” Howarth et al. [37, p. 15] have also noted that “turbulence is beginning to dominate
thermodiffusive effects” at moderate values of Ka.

The criterion given by Eq. (1) was supported by two recent target-directed DNS analyses
[39,40]. Specifically, first, Lee et al. [39] simulated laminar and weakly turbulent combustion
in narrow domains, with the domain width A being either slightly smaller or slightly larger than
the neutral wavelength A,, = 2t /k,, of DTI [41-43], found using a constraint of w(k > k,) <
0. Thus, DTI was enabled in the wider domain only, whereas the smoothing effect of molecular
transport on flame surface overwhelmed the instability in the smaller domain [41-43]. The
major idea of that DNS study goes back to the work by Matalon et al. [29,44] who proposed
such a simple method to explore a role played by DL instability of laminar flames in turbulent
burning. Results reported in Ref. [39] show that an increase in u'/S, affects the flames in the
two domains differently when Ka < Ka*, but similarly when Ka > Ka*. This finding indicates
that laminar flame instabilities (enabled in the wider domain only) do not appear at Ka> [Ka
] Ka > Ka*, with Ka* being close to Ka,, yielded by Eq. (1) under conditions of that study.

Second, Lipatnikov et al. [40] continued their previous DNSs [45,46] of lean Ho/air flames
in forced turbulence by switching of the forcing at different instants. Due to the turbulence
decay, DTI was supposed to appear at sufficiently low Ka. Analyses of flame-surface images
sampled at different instants did show appearance of regular large-scale perturbations
(characteristic of the instability) during the turbulence decay, with the numbers Ka associated
with that transition agreeing with Ka,,. in Eg. (1) within an order of magnitude.

Due to importance of the discussed issue (a large increase in Uy /S, with decreasing Le and
contribution of DTI to this effect), the two aforementioned tests [39,40] of Eq. (1) are not
sufficient and further research into the issue is required. Accordingly, the present work aims at
exploring a role played by DTI in turbulent combustion by analyzing instantaneous flame-



surface images generated in newly designed target-directed simulations that differ substantially
from the previous ones [39,40]. These new DNS cases are described in the next section. Results
are presented and discussed in the third section followed by conclusions.

DNS Attributes and Diagnostic Methods
Since the present simulations are similar (with the exception of conditions) to earlier DNSs
discussed in Refs. [13,39,40,45-51], only a brief summary of the used numerical tools follows.

Unsteady three-dimensional (3D) DNSs of statistically one-dimensional and planar, lean
H»-air flames propagating in forced turbulence in a box under room conditions were performed
using a chemical mechanism (9 species and 22 reversible reactions) by Kéromneés et al. [52],
with mixture-averaged molecular transport and chemical reaction rates being modeled using
open-source library Cantera-2.3 [53]. Navier-Stokes, energy, and species transport equations
written in the low-Mach-number formulation were integrated using solver DINO [54].

A rectangular computational domain of SA x A X A was discretized using a uniform
Cartesian grid of SN X N X N cells (the values of A, £, and N will be reported later). The
adopted numerical meshes ensure more than 20 grid points across the thickness &, in low Le
cases. Along the streamwise direction x, inflow and outflow boundary conditions were set.
Other boundary conditions were periodic. Turbulence was generated using a variable-density
modification [55] of the linear velocity forcing method within a rectangular domain of 0.5A <
x < 8A, with the turbulence evolution being simulated for at least 50 integral time scales 7, =
L/u'. This method yields L = u'3 /¢, ~ 0.19A [45], where g, = 2v(S;;S;;) is dissipation rate
averaged over forced turbulence volume; S;; = O.5(6ui /0x; + 0u; /axi) is the rate-of-strain
tensor, and the summation convention applies to repeated indexes.

Combustion simulations were started by embedding a steady planar laminar flame solution
obtained using Cantera-2.3 [53] at x = BA/2. Subsequently, the simulations were run for at
least 307;. To keep the flame within the forced-flow domain, the mean inlet velocity was
manually changed when necessary.

Table 1. Characteristics of laminar flames.

¢ Le Sp, m/s 5T, mm Ka,., Ap, MM
0.35 0.36 0.12 0.92 7.7 2.7
0.43 1.0 0.58 0.31 - -
0.50 0.39 0.58 0.41 4.3 1.3

Characteristics of the aforementioned steady planar laminar premixed flames for the studied
mixtures are reported in Table 1. Here, ¢ is the equivalence ratio; 6, = (T, — T,)/max|VT|;
subscripts u and b refer to unburned and burned gases, respectively; and T is the temperature.
These characteristics have been computed using the same chemical mechanism [52] and open-
source library Cantera-2.3 [5]. The quantities Ka., and A,, will be discussed later.

The simulation conditions are summarized in Table 2, where Da = 7./t is Damkohler

number; the Reynolds number Re; = u'A/v,, and Karlovitz number Ka = 7 /7y are evaluated
using Taylor length scale A= u’(15vu/@le)1/2 and Kolmogorov time scale 7, =

(vu /@le)l/z, respectively; the dissipation rate (),, is averaged over flame-brush leading zone
characterized by 0.01 < (cp)(x,t) < 0.05; cg = 1 — Yr/Yr,, designates combustion progress
variable defined using the fuel mass fraction Yz , with (cz) being its transverse-averaged value;

Ng = (vﬁ/@le)l/4 is Kolmogorov length scale; and Ax = A/N is the grid spacing.



Table 2. DNS conditions.

u L Ax | Ax A,
Case 0] Le S_L S_LT Re;, | Ka | Da T TI_K N B mm
LF025 | 05 | 039 |025] 26 | 49 | 12 104 /0.02 | 010 | 25 | 12 | 56
LFO5 | 05 |039| 05 | 26 [100 ]| 15 | 52 |0.02]0.17 | 256 | 12 | 56
LF10 | 05 [039 ]| 10 | 26 | 220 | 21 | 26 | 002 | 029 | 256 | 12 | 56
LF15 | 05 |039| 15 | 26 [270]| 39 | 18 | 0.02 039 | 256 | 12 | 56
LF20 | 05 |039 | 20 | 26 | 281 | 64 | 1.3 |0.02 051 | 25 | 12 | 56
LF20/1 043 | 10 | 20 | 34 | 281 | 49 | 15 | 0.02 051 | 25 | 12 | 56

E 035036112 | 05| 20 |[125.]0.04 | 008 | 11 | 64 | 16 | 24

F 035036112 | 1.2 | 29 | 857010004 | 11 | 128 | 16 | 5.6

The five cases LF025, LFO5, LF10, LF15, and LF20 have been designed to assess the
criterion given by Eqg. (1) in a wider computational domain (A = 5.6 mm) when compared to
all previously simulated moderately lean (¢ = 0.5) flames [20-28]. Accordingly, in these flame
names, letters L and F refer to “larger flames™ and numbers show u'/S;. Flame LF20/1 is an
equidiffusive counterpart of flame LF20, with ¢ being decreased to retain the same S; .

In addition, to the newly designed larger-scale moderately lean flames, two leaner flames
E and F studied by us earlier [13,48-51] are further explored here from another perspective. The
point is that results plotted in Fig. 1b in the next section show that DTI is enabled in wider
computational domain (case F), with perturbations with the maximum growth rate developing
in that domain. On the contrary, DTI is not enabled in case E, because the domain width A was
occasionally set too small in that case, i.e., A < A,. Nevertheless, Ur/S, is significantly
increased by differential diffusion effects not only in flame F but also in flame E [13].

The fact that A < A,, in case E was revealed by simulating unsteady 2D and 3D unstable
laminar flames. Those simulations were performed using the same chemical mechanism [52],
the same transport model, and the same solver DINO [53]. To trigger instability of an initially
planar laminar flame, a weak sinusoidal perturbation of the axial inlet velocity with a
wavenumber k was imposed at t = 0. Subsequently, evolution of the burning velocity

UL(8) = ——— [[flor(x,t)|dx (15)

(pYp)ypAn1

was computed. Here, p is the density; wy, (x,t) is Fuel Consumption Rate (FCR); n = 2 or 3
in 2D or 3D case, respectively; and integration is performed over the entire domain.

Results and Discussion

Figures 1a and 1b show typical evolution of the normalized burning velocity U, (t)/S, and the
dispersion relations w(k), respectively. The dispersion relations have been calculated by setting
k = 2m /A, varying the domain width A, and fitting the obtained U, (t)/S,-curves with an
equation of In[U, (t)/S, — 1] < 2wt, which results from the flame instability theory [56]. Very
similar dispersion relations were earlier obtained from 2D unstable lean hydrogen-air complex-
chemistry laminar flames by other research groups, e.g., see Refs. [33,34]. It is worth stressing
that the growth rate w vanishes at the neutral wavenumber k,, and, i.e., perturbations decay if
k > k,. Stability of laminar flames to small-scale perturbations was earlier predicted by various
theories [41-43] and is attributed to dampening such perturbations by molecular transport.
Accordingly, perturbations with length scales A < 4,, = 2m/k,, observed in images of turbulent
flame surfaces, discussed later, are hardly associated with intrinsic laminar flame instabilities.
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Figure 1. (a) Evolution of normalized burning velocity U, (t)/S, computed for k =
2mt/A. Red solid or blue dashed line shows 2D results computed at ¢ = 0.35and A = 5.6
mm or ¢ = 0.5 and A = 2.4 mm, respectively. Black dotted-dashed line shows 3D results
obtained at ¢ = 0.5 and A = 2.4 mm mm. Black solid straight lines show fits to the
U, (t)/S,-curves, used to calculate instability growth rates. Time is normalized using .
(b) Dispersion relations obtained at ¢ = 0.35 (red triangles) or ¢ = 0.35 (blue circles).
3D results are plotted in filled symbols, with open symbols showing 2D results. Gtowth rate
and wavenumber are normalized using 7, and &, respectively.
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Figure 2. Images of the instantaneous iso-surfaces cx(x,t) = 0.5, with color bars
showing the local FCR wy, (x, t) normalized with the maximum rate wy.;, obtained from the

unperturbed laminar flame. Unstable laminar flame, ¢ = 0.5, A = 5.6 mm, initial sinusoidal
perturbation with wavenumber k = 2m/A.
@t/tr =124, (b) t/1, = 14.1,(C) t/1y = 14.5, (d) t /7, = 17.2.

Comparison of open and filled symbols in Fig. 1b indicates that the growth rates computed
in 2D and 3D cases are close to one another, in line with earlier simulations with single-step
chemistry [57] and complex chemistry [58]. The normalized neutral wavenumbers &, k,, are
also almost the same in 2D and 3D cases. However, the burning velocity U, is larger in 3D
case, cf. curves plotted in blue dashed and black dotted-dashed lines in Fig. 1a. Values of Ka,, ,
evaluated using the computed maximum growth rates and neutral wavelengths 4,, are reported
in the two last columns, respectively, in Table 1.

Figure 2 reports images of unstable laminar flame surfaces of cx(x,t) = 0.5 in a moderately
lean case of ¢ = 0.5. Initially, the large-scale inlet perturbation predominates, see Fig. 2a.
Subsequently, perturbations with a smaller wavelength appear, see Fig. 2c, because the growth
rate w(k) peaks at A = 2.4 mmor A = 0.4A in the studied case, see blue circles in Fig. 1b.
During a quasi-steady stage of the instability development, characterized by almost constant



U,(t) = 25, see curve plotted in black dotted-dashed line in Fig. 1a, the latter (smaller)
perturbations predominate, see Fig. 2d.
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Figure 3. Images of the instantaneous iso-surfaces cx(x,t) = 0.5. (a)-(d) flame LFO5,
t/1, = 4.1,6.3, 8.0, and 9.4, respectively, (e)-(h) flame LFO5, t/7, = 8.1, 10.0, 12.8, and
15.4, respectively, (i)-(I) flame LF10, t/7, = 11.0, 13.1, 15.7, and 17.1, respectively, (m)-(p)
flame LF15, t/7, = 7.7, 9.6, 11.5, and 13.4, respectively, (q)-(t) flame LF20, t/7; = 3.7,
5.5, 7.3, and 9.5, respectively.

Colour scales in Figs. 2a and 2d show that @y, [cp(x,t) = 0.5 ] is smaller than wy?}) =
max{chz,L (cF)} reached at ¢ = 0.87 in the unperturbed (steady, planar, and one-dimensional)
laminar flame. Nevertheless, in the unstable flame, wy,[cr(x,t) = 0.5 ] can be much larger
than wy, ; (cp = 0.5) = 0.05w} ] in the unperturbed flame.



Figures 3a-3d and 3e-3h show representative flame-surface images in weakly turbulent
cases LF025 and LF05, respectively. Sometimes, e.g., see Figs. 3a, 3b, 3e, or 3h, the surface
shapes resemble the shape of quasi-steady surfaces of the unstable laminar flame, see Fig. 2d.
Sometimes, e.g., see Figs. 3c, 3d, 3f, or 3g, wrinkles of the turbulent-flame surfaces are larger,
but comparable with large-scale wrinkles of laminar flame surfaces during the instability
growth, see Fig. 2a. In all these cases, only large-scale wrinkles (larger than the neutral
wavelength A,, = A/4, see blue circles in Fig. 1b) appear on the turbulent flame surface. The
lack of smaller wrinkles should not be attributed to the lack of small-scale turbulent eddies,
because 1, = 0.367 = 0.02A in case LF05. Small-scale wrinkles seem to be smoothed out by
molecular transport processes, which also known (i) to suppress small-scale perturbations of a
laminar flame surface if the perturbation length scale is smaller than A,, and, hence, (ii) to
control the neutral wavelength 4,, [41-43]. In cases LF025 and LFO5, turbulence is too weak
and cannot overwhelm such a smoothing effect. Since even weakly turbulent flames LF025 and
LFO5 are characterized by a small Kolmogorov length scale i < A, the lack of small-scale
wrinkles of these flame surfaces, see Figs. 3a-3d and 3e-3h, respectively, implies that DTI
predominates in both cases. Such an interpretation of these DNS results is also supported by
apparently narrow ranges of length scales of flame-surface perturbations in Figs. 3a-3h.

In case LF10, flame-surface images sometimes, e.g., see Figs. 3j and 3l, look like images
of unstable laminar flame surfaces, see Figs. 2a-2d, or weakly turbulent flame surfaces, see
Figs. 3a-3h. Specifically, there are sufficiently regular large-scale perturbations only, but small-
scale wrinkles of the flame surface are hardly observed. However, at other instants, see Figs. 3i
and 3k, flame-surface images are substantially different. Specifically, perturbations are less
regular, and small-scale wrinkles are well pronounced.

Images of flames LF15 and LF20, shown in Figs. 3m-3p and 3g-3t, respectively, differ
substantially from all images of the unstable laminar flame, see Figs. 2a-2d, or flames LF025
and LFO5, see Figs. 3a-3h. Specifically, in cases LF15 and LF20, both small-scale and large-
scale wrinkles are clearly visible, but the latter wrinkles are not regular, contrary to large-scale
wrinkles in Figs. 2a-2d or 3a-3h. Such irregular, large-scale wrinkles are not necessarily caused
by DTI but could also be attributed to large-scale turbulent eddies. Indeed, Figs. 4a and 4c show
that large-scale wrinkles can predominate on the surface of equidiffusive flame LF20/1,
whereas small-scale wrinkles predominate at other instants, see Figs. 4b and 4d. The major
difference between images of low Le flame LF20 and equidiffusive flame LF20/1, cf. Figs. 30-
3tand 4a-4d, respectively, consists of variations in wy, (x, t) due to differential diffusion effects

in the former case, whereas the flame-surface morphologies appear to be similar in both cases.
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Figure 4. Images of the instantaneous iso-surfaces cr(x,t) = 0.5 in equidiffusive flame
LF20/1. (a) t/7; = 17.8, (b) t /77 = 24.4, (c) t/7f = 34.1, (d) /7, = 76.6.

The flame images considered all together imply the following physical scenario. In weakly
turbulent flames LF025 and LFO5 (Ka < 1.5), DTl dominates turbulence. In flame LF10 (Ka =
2.1), both DTI and turbulence play an important role. However, flame-surface images generated
in cases LF15 (Ka = 3.9) and LF20 (Ka = 6.4) do not show regular large-scale wrinkles



characteristic of the instability, maybe, with the exception of Fig. 3p. Since Ka.,. = 4.3 for the
studied mixture, see Table 1, these results are consistent with the criterion given by Eqg. (1), at
least within the order of magnitude. Thus, the analysed DNS images indirectly support the
criterion given by Eq. (1) by exploring a set of cases that differ substantially from cases
addressed in the previous DNS studies of the same criterion [39,40]. Recall that the condition
of Ka = Ka,, is crossed by (i) varying ', (ii) using a sufficiently wide (for 3D complex-
chemistry DNS) computational domain, and (iii) forcing turbulence in the new cases LF025-
LF20, whereas, to assess Eq. (1), Lee et al. [39] varied the width A, which was rather small,
whereas Lipatnikov et al. [40] explored decaying turbulence in the case of a moderate A.

The following feature is also worth noting. The present analyses do not show an abrupt
transition between two burning regimes at Ka = Ka,,, i.e., (i) DTI-dominated regime (Ka <
Ka.,), where small-scale wrinkles do not appear on flame surface, and (ii) turbulence-
dominated regime (Ka > Ka,,), where regular large-scale wrinkles characteristic of DTI are
blurred. Results obtained from flame LF10 (Ka = 2.1 and Ka., = 4.3) imply that the two
regimes may alternate. For instance, Figs. 3i and 3k (or 3j and 3l) are associated with the latter
(former, respectively) regime.
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Figure 5. Images of the instantaneous iso-surfaces cx(x,t) = 0.5 in an unstable laminar
flame,.¢p = 0.35, A = 5.6 mm, initial sinusoidal perturbation with wavenumber k = 2m/A.
@ t/1y =5.1, (b) t/1; = 6.0, (c) t/1 = 6.7, (d) t /1, = 8.0.
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Figure 6. Images of the instantaneous iso-surfaces cx(x,t) = 0.5 in (a) flame Fat t/7f =
23.0 and flame E at (b) t /7, = 7.5, (C) t /1, = 28.0, (d) t/7 = 34.9, (e) t /17 = 40.6, (f)
t/1r = 46.2,(9) t/tr = 47.4. Colour bars show the local FCR wy, (X, t) normalized with the
maximum rate w?} obtained from the unperturbed laminar flame.

Images of leaner (¢ = 0.35) laminar and turbulent flames, see Figs. 5 and 6, respectively,
are consistent with the above discussion of the interplay between DTI and turbulence.
Specifically, in the laminar flame, the inlet large-scale perturbation predominates initially, see



Fig. 5a, but a smaller length scale associated with the peak growth rate, see red triangles in Fig.
1b, predominates at a later nonlinear stage of the instability development, see Fig. 5d. In both
stages and during transition between them, see Figs. 5b and 5c, the range of length scales of
flame surface perturbations is narrow. There are no perturbations whose length scale is about
&, or less. Moreover, the laminar-flame-surface perturbations look regular.

On the contrary, small-scale irregular perturbations predominate in turbulent flames F and
E (note that A/8F = 5.9 and 2.6 in these two cases, respectively, see Table 1). While the
domain width A is larger and smaller than the neutral wavelength 4, in cases F and E,
respectively, both flame surfaces show similar morphology, cf. Figs. 6a and 6b-6g and note that
the image sizes are set different with a ratio of 56/24, because A = 5.6 and 2.4 mm in cases F
and E, respectively. Regular, apparently large-scale perturbations, which might be associated
with DTI, are only observed in Figs. 6¢ and 6g, but their scale is smaller than A,,, because A <
A, in case E. While these images are not claimed to prove a minor role played by DTI in flame
F characterized by Ka > Ka,,, the images are fully consistent with such a hypothesis.

Finally, colour scales in Figs. 2¢c-2d and 3a-3h show that the peak local FCRs wy =

max{@y, [cr(x, ) = 0.5]} are close to each other in the unstable laminar flame and weakly

turbulent flames LF025 and LFO5, in line with the previous discussion of importance of DTI
under such conditions. Note that FCR is normalized using the same @i} in all these images
of laminar and turbulent flame surfaces. Colour scales in Figs. 3m-3t indicate that
max{a')Hz[cF(x, t) = 0.5]} in turbulent flame LF15 or LF20 is significantly higher than in the
unstable laminar flame, thus implying that knowledge of FCR in the latter flame is not sufficient
to predict maximum local burning rate in turbulent flames characterized by a sufficiently high
Ka. Comparison of colour scales in Figs. 5 and 6 also show significant difference in
max{@y, ;. [cr(X,t) = 0.5]} and max{ay, [cr(x,t) = 0.5]} in unstable laminar and turbulent
flames. This large difference casts doubts on the utility of the former (laminar) quantity for
modelling the influence of differential diffusion on burning rate in turbulent flows.

Conclusions

DNS data obtained from weakly turbulent flames (u'/S, <1 and Ka < 1.5) show
predominance of regular large-scale wrinkles of instantaneous flame surface. Moreover, the
amplitudes of local perturbations of fuel consumption rate in these turbulent flames and
unstable laminar flames are close to each other. These findings imply that DTI dominates
turbulence under such conditions.

DNS data obtained from other explored turbulent flames show appearance of irregular
small-scale wrinkles of instantaneous flame surface, but the lack of regular large-scale wrinkles,
which are often considered to be characteristic features of unstable flames. Moreover, the
amplitudes of local perturbations of fuel consumption rate in these turbulent flames are
significantly higher than the counterpart amplitudes in unstable laminar flames. These trends
are more pronounced at a higher u'/S; and Ka. These results are consistent with a hypothesis
that a role played by DTI in turbulent flames is decreased with increasing Ka. Moreover, the
significant differences in the aforementioned amplitudes cast serious doubts on the utility of
results obtained from unstable laminar flames for developing an advanced high-fidelity model
of premixed combustion in intense turbulence.

Since the analyzed DNS data do not show any solid sign of an important role played by
DTl at Ka > 3.5, the data are consistent with the criterion given by Eq. (1).

Finally, DNS data obtained from flame LF10 imply that transition from DTI-dominated to
turbulence-dominated regime of premixed combustion is not abrupt and the two regimes can
coexist or/and alter in the same flame.
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