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ARTICLE INFO ABSTRACT
Keywords: Analyzed in this paper are three-dimensional Direct Numerical Simulation (DNS) data obtained earlier by the
Premixed turbulent combustion present authors from (i) 16 statistically planar and one-dimensional, lean complex-chemistry hydrogen-air tur-

Flame speed
Flame surface area
Stretch factor

bulent flames propagating in forced turbulence in a box and (ii) nine counterpart equidiffusive flames. The
simulation conditions cover a wide range of non-dimensional turbulent combustion characteristics. Specifically,
Differential diffusion root-mean-square turbulent velocity is varied from 0.3 to 55 laminar flame speeds, integral length scale of
Lewis number turbulence is varied from 0.5 to 2.6 laminar flame thicknesses, Damkohler and Karlovitz number are varied from
Thermodiffusive instability 0.01 to 5.2 and from 0.7 to 1300, respectively. Three equivalence ratios, 0.7, 0.5, and 0.35, are addressed.
Results of complementary two- and three-dimensional simulations of thermodiffusively unstable laminar flames
are also reported. They show that neutral wavelength of laminar flame instabilities (both hydrodynamic and
thermodiffusive ones are enabled in the simulations) is smaller (larger) than computational domain wide in ten
(three, respectively) cases characterized by a low Lewis number. Accordingly, in three of these cases, the in-
stabilities are suppressed. The focus of the study is placed (i) on contributions of flame surface area increase and
stretch factor to turbulent burning velocity and (ii) on the influence of differential diffusion effects on these
contributions. The computed results show that the flame surface area (i) is substantially increased by both
turbulent rms velocity and length scale, (ii) is mainly controlled by turbulence, but (iii) is weakly affected by an
increase in Lewis number. On the contrary, the stretch factor (i) is much larger than unity in low Lewis number
flames, (ii) is significantly increased with decreasing equivalence ratio, and (iii) is weakly increased by rms
turbulent velocity, but (iv) a notable influence of turbulence length scale on the stretch factor is not observed.

1. Introduction velocity Uy is often estimated [1-4] to be a product of sg, ¥, and ], i.e.,

Various models [1-4] of the influence of turbulence on burning rate Ur= SE ZL M
separate large-scale and small-scale effects, which are often associated If molecular diffusivities of fuel and oxygen are close to one another
with an increase in flame surface wrinkled by larger eddies and varia- and Lewis number Le = a/D > 1, low values of I < 1 are commonly
tions in the local flame structure stretched by smaller eddies, respec- expected in sufficiently intense turbulence [6,7] due to reduction in T,
tively. Such a paradigm goes back to the pioneering work by Damkéhler by turbulent stretching and local combustion quenching. Here, a and D
[5] who highlighted an increase X in flame surface area but did not designate molecular heat diffusivity of a mixture and molecular diffu-
consider variations in the local flame structure. Later, such variations sivity of deficient reactant in that mixture. Nevertheless, recent Direct
were proposed [6,7] to be modeled using a stretch factor I, which Numerical Simulation (DNS) studies [8-12] have indicated that the
quantified difference in a mean local consumption velocity % in a tur- simple Eq. (1) can well perform even if the factor I is set equal to unity in
bulent flow and the speed S of the unperturbed (stationary, planar, and highly turbulent flames characterized by Karlovitz numbers Ka ~ 75 /7x
one-dimensional) laminar flame. Accordingly, turbulent burning larger than unity. Here, the time scale 7 = &,/S characterizes the
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Table 1
Major characteristics of simulated flames.
Gr. Case 0] 89, m/s 57, mm Le u L Da Ka Re; Ax N M A, mm
9 s 1

DsposA 0.5 0.58 0.41 0.39 0.34 0.61 1.8 1.0 3.6 0.22 64 16 1.32 U

1 DsosB 0.5 0.58 0.41 0.39 1.0 0.61 0.6 4.2 10 0.25 128 16 1.32 U
s 5Bl 0.5 0.78 0.29 1.0 0.74 0.86 1.2 4.2 9.4 0.40 128 16 S
DuposA 0.5 0.58 0.41 0.39 1.0 1.1 1.1 3.5 14 0.24 128 16 2.4 8]
DmysAl 0.5 0.78 0.29 1.0 0.74 1.6 2.1 3.3 14 0.40 128 16 S
ImbosB 0.5 0.58 0.41 0.39 2.2 1.1 0.53 9.9 21 1.08 64 18 2.4 8]
ImysB1 0.5 0.78 0.29 1.0 1.6 1.6 1.0 5.4 19 1.08 64 18 S

I DmysC 0.5 0.58 0.41 0.39 4.0 1.1 0.29 26.0 26 1.13 96 18 2.4 U
ImhosCl 0.5 0.78 0.29 1.0 3.0 1.6 0.54 13.9 26 1.13 96 18 S
Im¢osD 0.5 0.58 0.41 0.39 11.2 1.1 0.10 121. 44 1.85 128 16 2.4 U
DmeysD1 0.5 0.78 0.29 1.0 8.3 1.6 0.19 66.6 43 1.85 128 16 S
D1osA 0.5 0.58 0.41 0.39 0.25 2.6 10.4 1.2 4.9 0.10 256 12 5.6 U
D1¢osB 0.5 0.58 0.41 0.39 0.5 2.6 5.2 1.5 10 0.17 256 12 5.6 U

111 D1.¢05C 0.5 0.58 0.41 0.39 1.0 2.6 2.6 2.1 22 0.29 256 12 5.6 U
D1.¢o5D 0.5 0.58 0.41 0.39 1.5 2.6 1.8 3.9 27 0.39 256 12 5.6 U
P1¢osE 0.5 0.58 0.41 0.39 2.0 2.6 1.3 6.4 28 0.51 256 12 5.6 U
1o 43E1 0.43 0.58 0.31 1.0 2.0 3.4 1.5 4.9 28 0.51 256 12 S
Dstho3sA 0.35 0.12 0.92 0.36 11.2 0.5 0.04 125. 20 1.13 64 16 2.4 S
DspoasAl 0.35 0.30 0.43 1.0 4.5 1.1 0.24 24.3 20 1.13 64 16 S

v Dsp35B 0.35 0.12 0.92 0.36 54.1 0.5 0.01 1315. 44 1.85 128 16 2.4 S
Psho.35B1 0.35 0.30 0.43 1.0 21.6 1.1 0.05 268. 41 1.85 128 16 S
Lo sA(S) 0.5 0.58 0.41 0.39 1.0 0.58 0.6 4.1 11 0.24 128 16 1.26 S
Lo sAU) 0.5 0.58 0.41 0.39 1.0 0.61 0.6 4.2 10 0.25 128 16 1.32 U
Ly 5A1 0.5 0.78 0.29 1.0 0.74 0.86 1.2 4.2 9.4 0.40 128 16 S

A% Lo sB 0.5 0.58 0.41 0.39 1.0 1.1 1.1 3.5 14 0.24 128 16 2.4 U
LosB1 0.5 0.78 0.29 1.0 0.74 1.6 2.1 3.3 14 0.40 128 16 S
Zy5C 0.5 0.58 0.41 0.39 1.0 2.6 2.6 2.1 22 0.29 256 12 5.6 U
ZLossA 0.35 0.12 0.92 0.36 11.2 0.5 0.04 125. 20 1.13 64 16 2.4 S
Lo 35A1 0.35 0.30 0.43 1.0 4.5 1.1 0.24 24.3 20 1.13 64 16 S

VI Ly 35B 0.35 0.12 0.92 0.36 11.2 1.2 0.10 85.7 29 1.07 128 16 5.6 8]
ZLo35B1 0.35 0.30 0.43 1.0 4.5 2.5 0.56 85.7 28 1.07 128 16 S
bo7 0.70 1.42 0.34 0.41 4.6 1.3 0.29 41 51 1.48 160 16 2.4

unperturbed laminar flame of thickness §, and the Kolmogorov time
scale 7x characterizes small-scale turbulence. Accordingly, numerous
data on Uy /S‘L), reviewed elsewhere [4,13], are also directly relevant to
the area increase X under conditions associated with I = 1.

However, a simplification of I = 1 does not work in turbulent flames
characterized by a low Le, e.g., in very lean Hp-air mixtures. In such
flames, abnormally high ratios of Ur/S? were documented in numerous
experimental studies reviewed elsewhere [14-16]. This effect is
commonly attributed to local variations in temperature and mixture
composition due to imbalance of molecular fluxes of heat and chemical
energy from and to, respectively, inherently laminar reaction zones
stretched by turbulent eddies [14-18]. To allow for such effects, the
stretch factor should be significantly larger than unity.

While large values of I > 1 were indeed reported in recent DNS
studies of lean Hy-air turbulent flames [19-22], investigations of (i) the
influence of Le on T or/and (ii) the behavior of the stretch factor I in
premixed turbulent flames characterized by a low Le have yet been
limited. Specifically, as far as complex-chemistry DNSs of turbulent
burning of lean Hy-containing mixtures are concerned, Berger et al. [19,
Fig. 7] reported I ~ 5 and weak differences in X obtained from low Le
and equidiffusive (i.e., molecular diffusivities of all species are changed
to a, with all other things being equal) flames, but that study was
restricted to a single jet flame. DNS data by Rieth et al. [20, Fig. 9c] also
imply weak influence of Le on X in a single case, but the stretch factor I
was not addressed in the cited paper. Lee et al. [23] reported weak
differences in X obtained from low Le and equidiffusive flames in four
cases, but the stretch factor I was beyond the focus of that study. Rieth
et al. [24, Fig. 18] documented I as large as seven but discussed neither
its dependence on the equivalence ratio ® and turbulence characteristics
nor the influence of Le on X. Finally, Howarth et al. [21] simulated 33

turbulent flames and reported an increase in @, by Ka. However, the
focus of the study was placed on variations in pressure and temperature.
Accordingly, there were only four cases “A” characterized by different
rms velocities v/, the same turbulence length scale L, and the same ®, but
there were no cases characterized by different ® or L and the same
values of the two other quantities, i.e., v’ and L or ' and @, respectively.
Moreover, the influence of Le on ¥ was beyond the scope of the cited
work.

To bridge the knowledge gaps outlined above, the present work aims
at (i) comparing contributions of ¥ and I to an increase in UT/Sg in low
Lewis number flames and (ii) systematically exploring dependencies of
the area increase X and the stretch factor I on turbulence and mixture
characteristics by analyzing DNS data obtained from 16 lean hydrogen-
air turbulent premixed flames and nine counterpart equidiffusive flames
in a wide range of conditions (u'/S? = 0.34 +~54, L/§;, = 0.43 + 2.6;
® = 0.35 0.5, and 0.7). As those simulations were discussed in detail in
our earlier papers [11,23,25-30], the DNS attributes are briefly reported
in Sect. 2. Results are discussed in Sect. 3, followed by conclusions.

2. DNS attributes and diagnostic methods

DNS data analyzed in the following were obtained from statistically
planar and one-dimensional, complex-chemistry, lean Hy-air flames
propagating against incoming reactant flow in a box A x MA x A
along y-direction. For this purpose, unsteady, three-dimensional conti-
nuity, Navier-Stokes, energy, and species transport equations written in
the low-Mach-number formulation were numerically solved using soft-
ware DINO [31], a chemical mechanism by Kéromnes et al. [32], and
mixture-averaged molecular transport model [33]. Numerical meshes
consisted of N x MN x N cells. The width A and the numbers M and N
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Fig. 1. Normalized instability growth rate 7z® vs. normalized wavenumber 6! k.
Open and filled symbols show results obtained in two- and three-dimensional
simulations, respectively. Black circles and red triangles show results ob-
tained at ® = 0.5 and 0.35, respectively.
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Fig. 2. Evolution of flame-surface-area increase (t) (black and blue solid lines)
and stretch factor I(t) (red and yellow dashed lines) in unstable laminar flames
characterized by ® = 0.5, 1 = A = 2.4mm (black and red lines) or ® = 0.35, 1
= A = 5.6mm (blue and yellow lines).

are specified in Table 1. Along the streamwise direction, inflow and
outflow boundary conditions were set. Other boundary conditions were
periodic.

Turbulence was generated adopting linear forcing method [34-36],
specifically, its variable-density modification introduced by Bobbit et al.
[37,38]. This method yields “the correct scaling of the energy spectrum
and capture accurately the energy cascade at the large scales” [37, p. 8
and Fig. 3]. Moreover, the method offers the opportunity to maintain
roughly the same target value of transverse-averaged turbulent kinetic
energy both upstream and within entire mean flame brush, as reported
elsewhere [26]. Combustion simulations were started by embedding a
pre-computed planar laminar flame in the center of the computational
domain, i.e., aty = MA/2,att = 0.

Major characteristics of the studied flames are reported in Table 1,
where v and L = u? /€0 are target values of turbulent rms velocity and
integral length scale, respectively; eo = 2u(S;Sy) is dissipation rate
averaged over forced turbulence volume before embedding a flame; v is
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kinematic viscosity of fresh gas; Sy = (du; /0x; +0u; /0x;) /2 is the rate-of-
strain tensor; and the summation convention applies to repeated in-
dexes. The linear forcing method yields L = 0.19A [26,37,38]. The un-
perturbed laminar flame speed S?, thickness 6] = (T, — T,)/max|VT],
and time scale 7z = &7 /SY are computed using the same chemical
mechanism [32] and software Cantera [33]. Here, T is the temperature
and subscript u or b refers to unburned or burned gas, respectively. The
Reynolds number Re, = u'A/v, Damkohler number Da = 7;/7r, and
Karlovitz number Ka = 75 /7 are evaluated using Taylor microscale 1 =
(10,1 /,)*/?, integral time scale 7, = L/1/, and Kolmogorov time scale
% = (L /ele)l/ 2. Here, the dissipation rate ¢ is averaged over
flame-brush leading zone where transverse-averaged combustion prog-
ress variable 0.01 < Cr(y,t) < 0.05. It is defined using fuel mass fraction
Y, i.e., cg = 1 — Yg/Yp,,. Finally, Ax is grid spacing, 7, = (v3/sle)1/4 is
Kolmogorov length scale, Le = a,/Dp, 4, letters U (unstable) and S
(stable) in the last column indicate whether thermodiffusive instability
of laminar flames can affect the turbulent flames. The instability cannot
appear in equidiffusive cases or if the domain width A is smaller than the
instability neutral wavelength A,, see Fig. 1 discussed in Section 3. If
A > Ap, the instability can appear, and such cases are marked with U.
The bottom right cell is empty in the moderately lean case F7, as it is not
known whether this mixture is thermodiffusively unstable.

To investigate the influence of differential diffusion on combustion
characteristics, certain low Le flames are accompanied with equi-
diffusive flames, which are marked with the number 1 in the end of the
case names. Furthermore, to explore effects due to variations in (i) u//S?,
(i) L/&T, or (iii) @ by retaining two other parameters unchanged, the
DNS conditions are divided in six groups I-VI, based on characteristics of
the low Le flames. These six groups are separated with horizontal dashed
lines in Table 1.

Specifically, in each group, the equivalence ratio is kept constant and
equal either to 0.5 or to 0.35 (a single flame ¢ characterized by ® =
0.7 does not belong to any group, see the bottom row in Table 1).
Accordingly, symbol ¢, 5 or ¢, 35 in the middle of a case name refers to
® = 0.5 or 0.35, respectively. All low Le flames in each of the first four
groups are characterized by the same L /57, with the subscript (S, M, or L)
after the first letter & (“domain”) in the case name referring to L/s]
(small, medium, or large, respectively). Within each of these four
groups, u'/S? is increased from case A to case B, D, or E, see the last
capital letters in the case names, used also in Refs. [11,23,25-30].
Similarly, all low Le flames in the fifth and sixth groups are characterized
by the same u/'/S? but different L/57, as indicated with the first letter %’
in the case names. Within each of these two groups, L/5! is increased
from case A to case B or C.

For each of the six groups to cover a wider range of variations in v/ /S?
or L/6T, four low Le flames and their equiduffusive counterparts are
included with different names in two groups each. These are cases (i)
DsposB and Ly sA(U) in groups I and V, (ii) Zme¢sA and Z ¢ 5B in
groups II and V, (ili) Z1¢,5C and Z¢,sC in groups III and V, (iv)
Dspo3sA and L 55A in groups IV and VI.

Flames DMy sB, IusC, DImosD, Ds¢o.35B,
Dspo 35D/ Lo s5A, and L 55B (as well as their equidiffusive coun-
terparts) were discussed in earlier papers [11,23,25-29], where these
flames are labeled A, B, C, D, E, and F, respectively (or A1-F1, respec-
tively). Flame ¢, , is discussed in Ref. [29], where this case is simply
labeled G. Moreover, flames Zs¢pys5A, ZsosB/ L hosANU), Ly sA,
and Zm¢pysA/ L pysB or their equidiffusive counterparts were dis-
cussed in another paper [30], where these flames are labeled LT/U, T/U,
T/S, and T/UM, respectively, or T/U1l and T/UMI, respectively. Five
new cases Zr¢ysA - Y1y sE in group III were designed to assess the
following criterion Ka < Ka, = v/157rmax{w(k)} [39] of importance of
thermodiffusive instability of laminar flames in turbulent flows. From
this perspective, these DNS data will be explored in a future publication,
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Table 2
Time-averaged area-factor, stretch factor, and burning velocity in groups I-IV where u'/S? is varied by retaining L/5: .
Group IL® =05 I, ® =05
Case DsthosA DsosB DsosBL ImposA T sAl DmposB TmosB1 TmeosC TmehysC1 TmposD T mposD1
m 1.2 1.2 1.1 1.8 1.7 21 2.8 2.5 3.3 3.3 4.3
](T) 1.4 1.5 1.0 1.8 1.0 1.9 1.0 2.1 1.0 2.4 1.0
Ur(t) 1.7 1.8 1.1 3.2 1.7 4.0 2.8 5.4 3.3 7.9 4.3
Group I, ® = 0.5 IV, ® =0.35
Case DiposA D1osB D1y sC D1osD D1osE V1po.43E1 D5ho.35A V5o 3sA1 Dsho.35B 5tho.35B1
% 1.7 2.1 2.5 3.2 3.8 3.9 2.2 2.2 2.6 3.6
1(t) 1.4 1.5 1.6 1.7 1.8 1.0 5.3 1.0 5.8 1.0
Ur(t) 2.3 3.2 4.0 5.4 6.8 3.9 12.1 2.2 15.1 3.6
Table 3
Time-averaged area-factor, stretch factor, and burning velocity in groups V and VI where L/8! is varied by retaining u'/S?.
Group V,® =05 VL, ® =0.35
case ZLosAS) Lo sAU) ZLosAl ZLhosB ZLhosBl ZhsC LossA ZLho3sAl Lo 3B Lo 35B1
% 1.2 1.2 1.1 1.8 1.7 2.5 2.3 2.2 4.4 4.3
](T) 1.5 1.5 1.0 1.8 1.0 1.6 5.3 1.0 5.2 1.0
Ur(t) 1.8 1.8 1.1 3.2 1.7 4.0 12.1 2.2 23.9 4.3

whereas the present study is solely restricted to evaluating Ur(t), Z(t)
and I(t).

When analyzing the DNS data [11,23,25-30], turbulent burning
velocity is calculated by spatially integrating fuel consumption rate
Ci)‘)?(X7 l’), ie.,

UT(t):fﬁ / / / ir(x%, £)dx.

Here, Wr is fuel molecular weight, p is the density. The area-factor X(t) is
evaluated by measuring the instantaneous area of a surface of cp(x,t) =
0.5. As discussed elsewhere [11, Fig. 1], this and other methods tested
therein yield similar results. Finally, the stretch factor I(t) is obtained
using Eq. (1).

(2

3. Results and discussion
3.1. Unstable laminar flames

To compare turbulent and unstable laminar flames, two- and three-
dimensional simulations of the latter flames were also performed
using the same software [31], the same chemical mechanism [32], and
the same transport model [33], as discussed in detail in the case of ® =
0.5 elsewhere [30]. Dispersion relations w(k) obtained by setting
perturbation wavelength k equal to 2z/A and varying the width A are
shown in Fig. 1. Here, w is the instability (both thermodiffusive and
hydrodynamical ones) growth rate found using a scaling of
In[U;(t) /S; — 1]x2wt, which results from the flame instability theory
[40]. Similar dispersion curves were also computed by other groups [41,
42], while the normalized growth rates reported by us earlier [30, Fig. 2;
43, Fig. 3b] were evaluated using another fit, i.e., Uy(t) /S xexp(wt),
and, hence, were underestimated by a factor of about two. The data
plotted in Fig. 1 show that Ka,, = 4.3 at ® = 0.5 and Ka,, = 7.7 at ® =
0.35.

The normalized growth rates 7zrw obtained in two- and three-
dimensional simulations are close to one another (cf. open and filled
symbols). The neutral wavenumbers k, such that w(k > k,) < 0 are also
almost the same in both cases. It is worth stressing that A, = 27 /k, =
2.68 mm is larger than the width A = 2.4mm of the domain used in the
previous DNSs [23,28,29] of leaner (& = 0.35) flames Zg¢,35B and
Dspg 35A/ L Py 35A. Hence, laminar flame instabilities were not enabled

in these two cases, as indicated using letter S in the last column in
Table 1. Besides, A, = 1.3mm is larger than the width A in flame
Lo sA [30]. Accordingly, this case is also marked with letter S. The
instabilities can affect other 13 low Le flames.

Typical evolutions of the area-factor X(t) and stretch factor I(t) in the
two unstable laminar flames are reported in Fig. 2. In both cases, I(t) ~
2(t) during the linear stage of instability development, characterized by
a rapid growth of both I(t) and X(t), but I(t) > 2(t) during a later quasi-
steady stage, with this difference being much larger at & = 0.35.

3.2. Turbulent flames

Fig. 3 reports time-dependencies of area factor X(t) (black solid lines)
and stretch factor I(t) (red dashed lines) computed in 15 turbulent cases.
Area factors obtained from equidiffusive flames are plotted in blue
dotted lines. Results computed in case .Z¢, sA are not shown in Fig. 3,
because they are very close to the results obtained from flame ¢, A

[30]. Time-averaged values of Ur(t), X(t), and I(t), calculated excluding
initial evolution stages, are reported in Tables 2 and 3 at ® = 0.5 and
0.35, respectively. The following trends are worth noting.

First, with the exception of the weakly turbulent small-scale flame
DsposB/ZL o sAU), cf. black solid and blued dotted lines in Fig. 30, the
area-factor X in a low Lewis number flame is either statistically smaller
than in its equidiffusive counterpart, see Fig. 3d-e and n, or I(t) and X(t)
are comparable in both cases, see Fig. 3b, ¢, and m. As a low Le flame is
characterized by a lower /S, when compared to its equidiffusive
counterpart, see Table 1, this difference does not explain the observed
trends, because a smaller u'/S;, is associated with a smaller X, e.g., see

Fig. 4a. The lower values of Z(t), reported in low Le cases Zy¢, B -
ImposD and Zggh35B in Tables 2 and 3, may be attributed to lower
ratios of L/5! in these flames when compared to their equidiffusive
counterparts. Indeed, flame speed and surface area are known to be
larger when this length-scale ratio is higher [10,13,44-47]. The values
of X(t) obtained from groups I-IV and flame ¢, , show this trend also, cf.
L/5T in Table 1 and filled symbols in Fig. 4a.

Following suggestion by a Reviewer, an extra equidiffusive case
P14 43E1 was run by reducing ® to counterbalance an increase in Sy,
with increasing Le from 0.39 to 1.0. However, the thickness 67 is still
larger in the equidiffusive flame. Comparison of results obtained from
flames ¢, sE and Z1 ¢, 43E1, see Fig. 3k and Table 2, shows almost
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Fig. 4. Dependencies of time-averaged (a, c) area-factor % and (b, d) stretch factor m on normalized (a-b) rms velocity u’ /sg and (c-d) length-scale L / 5LT, with the

flame-group number being specified in legends. Open symbols and dashed lines show X(t) in equidiffusive flames.

equal X(t), thus, implying that the influence of a large difference in Le on
the area-factor is counterbalanced by a moderate difference (about 25
%) in L/57.

In any case, the present DNS data do not indicate a large increase in
3(t) with decreasing Le, whereas I(t) is significantly larger than unity in
low Le flames characterized by ® = 0.35 or 0.5 (in flame ¢, ,, the mean
I(T) = 1.45). A stronger influence of Le on stretch factors when
compared to flame surface areas was also reported in DNS studies of
single-step chemistry flames [48] and complex-chemistry flames [19].
DNS data by Rieth et al. [20, Fig. 9c] also indicate a weak influence of Le
on X.

Second, the time-averaged X(t) is significantly increased by u' /S?
and L/5] both in low Lewis number flames, see filled symbols and solid
lines in Fig. 4a and 4c, and in equidiffusive flames, see open symbols and
dashed lines. To the contrary, the present DNS data do not reveal a
notable dependence of the stretch factor I on L/&}, see Fig. 4d, but
indicate a weak increase in I by u//S?, see Fig. 4b. Application of the
power-law fitting Joc(u /sg)" to the DNS data plotted in Fig. 4b yields q
=0.10 and R? = 1.0 (two points only), g = 0.119 4+ 0.008 and R? =
0.995,q = 0.12 + 0.02 and R> = 0.988, g = 0.06 and R? = 1.0 for flame
groups I, II, III, and IV, respectively. For all these 13 flames fitted
together, ¢ = 0.15 4+ 0.02 and R?> = 0.967, see insert in Fig. 4b. Recent

DNS data by Howarth et al. [21, Fig. 21] show that the mean local
consumption velocity T, (evaluated by integrating the rate wr(x, t) along
the local normal to flame surface, followed by ensemble-averaging),

scales as ﬂc‘x(u//sg):“/ ¢ (L/(SLT)A/ *. These and the present results are
consistent in two aspects: (i) the influence of differential diffusion on
local burning rate is increased by u'/S? and (ii) this influence depends
weaker on L/57. However, the scaling exponents q obtained here are
significantly less than the exponent q = 3/4 found by Howarth et al.
[21]. This difference is not surprising, because the stretch factor I and
the mean local consumption velocity . are different quantities and,
hence, may exhibit quantitatively different scaling. For instance, I
evaluated using Eq. (1) depends on the choice of an isoscalar surface
associated with a flame front, whereas u, does not. Moreover, substi-
tution of I with T, may make Eq. (1) wrong if the rate @r(x,t), which is
integrated to find %, correlates with |Vcg|, which is linked with X.
Third, comparison of I(t), see Fig. 3, or I(t), see Tables 2 and 3 or
Fig. 4b and d, obtained from richer (® = 0.5, groups I-III and V) and
leaner (® = 0.35, groups IV and VI) flames shows that the stretch factor
is much higher in the leaner mixture. This trend is also observed in case

¢o7, where I(t) =1.45). Moreover, I(t) obtained from leaner (® = 0.35)
turbulent flames Zs¢pg 35A/ L P 358, Dsg 35B, and L' 55B is signifi-
cantly higher than I(t) in the counterpart unstable laminar flame, see
Fig. 2b. At ® = 0.5, differences in the values of I(t) obtained from
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laminar and turbulent flames are smaller. Besides, in the latter case,
Fig. 4b, d, and the scaling exponents q reported earlier, imply that
dependence of the stretch factor I on ¢//S? or L /57 could be neglected for
modeling purposes to the leading order when compared to the signifi-
cant influence of ® on I.

Fourth, the present results do not show any notable difference be-
tween turbulent flames simulated in narrow domains where thermodi-
fusive instability cannot appear (cases ¢, s A(S) or Zspy 35A/ L g 35A
and sy 35B) and larger turbulent flame Zs¢ysB/ Z¢ysA(U) or
L, 35B, respectively. Specifically, the stretch factors are comparable in
flames ¢y 5 A(S) and by s A(U) or Fseh 35A/ L' po 358, Pseho 358, and
L ¢,.35B despite the instability can appear in the wider domain (flames
Z¢osAU) and L ¢ 35B) only. Besides, in the leanest case (¢ = 0.35),
the stretch factors are larger than 5, see Tables 2 and 3, i.e., are signif-
icantly larger than I(t) < 3 in the unstable laminar flame, see Fig. 2.

Finally, it is worth noting that weak dependence of I(t) on L /57, see
black squares in Fig. 4d, where L/5! is varied by a factor of 4.3, is in line
with a weak dependence of the stretch factor on the computational
domain width, observed in a recent DNS of a laminar flame [49,
Table 2]. These findings imply that the stretch factor is controlled by
small-scale phenomena and, hence, is not very sensitive to confinement
effects due to a finite computation domain width.

4. Conclusions

The present analysis of DNS data obtained earlier [11,23,25-30]
shows that the flame surface area (i) is substantially increased by both
turbulent rms velocity and length scale, (ii) is mainly controlled by
turbulence, but (iii) is weaker affected by Lewis number. On the con-
trary, the stretch factor (i) is substantially larger than unity in low Lewis
number flames, (ii) is significantly increased with decreasing equiva-
lence ratio, and (iii) is weakly increased by rms velocity, but (iv) a
notable influence of turbulence length scale on the stretch factor is not
observed.

Novelty and significance statement

The novelty of this research consists in (i) systematically exploring
effects of rms turbulent velocity, length scale, equivalence ratio, and
Lewis number on flame surface area and stretch factor in lean Hs-air
flames and (ii) showing that the area is primarily controlled by turbu-
lence characteristics, whereas the stretch factor is primarily controlled
by equivalence ratio and Le. These new results are significant for
developing high-fidelity models of turbulent burning of lean Hy-air
mixtures.
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