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Propagation of a single-reaction wave inja staﬁgdensity turbulent flow is studied by
considering reaction rates that depend t%ﬂﬁ progress variable ¢ in a highly nonlin-
ear manner. Analysis of Direct Numg;{x&@ulation (DNS) data obtained recently from
26 reaction waves characterized by low Damkohler (0.01 < Da < 1) and high Karlovitz
(6.5 < Ka < 587) numbers rev Me& llowing trends. First, the ratio of consumption

velocity Ur to rms turbulen city ' scales as square root of Da in line with Damkoh-

ler’s classical hypothesis: d, the ratio of fully-developed turbulent wave thickness to

an integral length scale of turbulence decreases with increasing Da and tends to scale with
inverse square root@Qf Da.jin line with the same hypothesis. Third, contrary to the widely-
accepted co t of distributed reaction zones, reaction-zone broadening is quite moderate
even at Dg} % {Ka = 587. Fourth, contrary to the same concept, Ur/ u' is mainly

contr eﬂ“’y reaction-surface area. Fifth, Uz / u' does not vary with laminar-reaction-zone

ness provided that Da is constant. To explain the totality of these DNS results, a new
tl_}go /is developed by (i) exploring the propagation of a molecular mixing layer attached
to an 'fslﬁnitely thin reaction sheet in a highly turbulent flow and (ii) hypothesizing that the
area of the reaction sheet is controlled by turbulent mixing. This hypothesis is supported
b) order-of-magnitude estimates and results in the aforementioned Damkohler’s scaling
S ““for Ur/ u'. The theory is also consistent with other aforementioned DNS results and, in

particular, explains the weak influence of the laminar-reaction-zone thickness on Uy /u/'.
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b Also at Central Aerohydrodynamic Institute (TSAGI), 140180 Zhukovsky, Moscow Region, Russian Federation
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The problem of the influence of turbulence on reaction waves is directly relevant to various phe-

4

nomena ranging from reactions in aqueous solutions', turbulent combustion’™, or deflagration-to-

detonation transition® under terrestrial conditions to evolution of therrgphuclear Ia supernovae®8

in the Universe. This highly nonlinear and multiscale fundamental_pro attracted much at-

ch was discovered. The
effect was first explained by Damkéhler® who hypothesized twoN
tur

of turbulence on combustion depending on the ratio of an@:]\ ulence length scale L to
of t

laminar flame thickness 8;. Subsequently, various regiines

tention since the 1940s when significant flame acceleration by tu

gimes of the influence

influence of turbulence on a
reaction wave were widely discussed and several regime rams were proposed by considering
self-propagation of a dynamically passive reacti iaxe ir@onstant-density turbulence'%!'2. For
brevity, these regime diagrams will be called Classica e%’i’me Diagrams (CRDs) in the following.

Despite strong simplifications, the regimj%approach has clearly demonstrated impor-
tance for understanding of fundamental m: chanisms governing more complex phenomena. Ac-
cordingly, the CRDs are widely accepte \aS)ﬂQ ropriate framework for speculating what phys-
ical mechanisms govern the influe f turbulence on a reaction wave and under what condi-

tions. In particular, “Oversimpﬁ\ Ds are discussed in almost every second archival publi-

cation on premixed turbulent combustion, even though important effects such as (i) preferential

20-22 gre well documented

4,23-26

diffusion®*13-13_ (ii) vari ity16‘19, and (ii1) complex chemistry
for flames but disre i CRDs (certain recent combustion-regime diagrams allow
for thermal expa {It is also worth noting that a regime of premixed turbulent burning
that was cont ll&)b%'sbustion chemistry was hypothesized by Shetinkov?’ as early as 60 years
ago.

A\ 'lg‘:[h CRDS are well accepted and widely used, there still remains a challenging area of

(1
‘Rﬁ) Damkohler numbers
N T
Da=— <1, )
TL
and correspondingly high Karlovitz numbers
2 2 1/2
L oL _1({ vk Re,
T C<77K) ‘ (SL) Da = ®
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Publish |Hg1 >, rms velocity u/, integral length scale L, and time scale T = L/u’ characterize large turbulent
eddies; the Kolmogorov microscales vg = Ng /T, Nk = (v3/€)'/4, and tx = (v/€)'/? character-
ize the smallest turbulent eddies; 7, = 8. /S, 6 = D/Sr, and Sy, are the laminar-wave time scale,
thickness, and speed, respectively; Vv is the kinematic viscosity of the fresh mixture; D is the molec-
ular diffusivity of the deficient reactant; Sc = v/D is the Schmidt number; & = 2vS;;S;; o u” /L
is the mean dissipation rate?®??; and S;; = 0.5(du;/dx; + du;/dxd)is,_the sate-of-strain tensor.
Henceforth, the summation convention applies to repeated indexes.

Indeed, on the one hand, by referring to the pioneering work'by Damkohler® and Shchelkin®®, a
Distributed Reaction Zone (DRZ) regime was hypothesized at'Rd <“#«and Re; > 1 in CRDs'%-12.
In that regime, reaction zones are said to be “thickened:‘19, “distributed*!!, “well-stirred*“!2, or
“broadened !

On the other hand, it is difficult to find a diréet evidence of DRZs in intense turbulence. In

particular, the DRZ concept is often supported by experimental and DNS data that yield
St o< SLRetl/2 < 1'Da'/? 4)

for turbulent reaction-wave speed.{ In the Case of L < d; and Sc = O(1) = const, this scaling
was first predicted by Damkohler® by, réducing the influence of turbulence on a reaction wave
to intensification of mixing within“sgaction waves. Subsequently, Eq. (4) was confirmed (i) in
experiments on reaction-ffont propagation in aqueous solutions! and flames at low Da>? and (ii)
in 2D DNSs of constafit-density reaction waves>>, 3D DNSs of thermonuclear deflagration®, and
3D DNSs of lean méthane-air dnd hydrogen-air flames®*. However, strictly speaking, validation of
Eq. (4) is not sufficientgvidence in favor of the DRZ concept, because the same scaling was also
obtained by,déveldping alternative approaches, e.g., see a recent paper by Chaudhuri et al.?6 At
the same tune /Statistically significant reaction-zone broadening is rarely documented for reactions
whoseé rates varyin a highly nonlinear manner across the wave (e.g., with temperature in a flame),
asqdiscussed in detail in Section II C 1.

Thus, ¢haracterization of a single-reaction zone in a constant-density turbulent flow at Da < 1
and Ka > 1 is still of fundamental interest. This paper reports the results of a study originally
conceived with a view to numerically exploring the eventual reaction-zone broadening and exam-
ining the scaling given by Eq. (4) under a wide range of conditions such that Da < 1 and Ka > 1.
However, the DNS data obtained were not fully expected: Eq. (4) was very well validated, but no

statistically significant reaction-zone broadening was detected. As a consequence, we expanded

3
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Publishitig scope of our work to include the development of a model consistent with the DNS data.

The three aforementioned tasks appear to be of fundamental interest in themselves. Moreover,
they are directly relevant to the various phenomena mentioned in the beginning of this section,
e.g. to premixed turbulent flames. Since the problem at hand is relatively simple, a DNS study
can be performed for a much wider range of conditions than those afenable to a 3D DNS of
turbulent burning with complex chemistry. Furthermore, interpretation-ef resulis, and particularly
model development, is much easier when considering the propagation_of a single-reaction wave
in constant-density turbulence. At the same time, since the/mechanigsms underlying turbulence
effects on the wave are also of importance for premixed turbulent combustion, results presented
below could also contribute to better understanding highly turbulent premixed flames. Indeed,
the influence of turbulence on a reaction-wave surfdce and structure is an important ingredient of
flame-turbulence interaction and a submodel of the former phenomenon is a basic building block
for a typical model of premixed turbulent combustion *!1%-11:24-26  Even if effects due to pref-

24,13-15 &3 20-22 are well documented

erential diffusion , variable density. , and complex chemistry
for turbulent burning but ignored in the{presentstudy, target-directed investigation of the influence
of turbulence on a reaction-wave under the/simplest conditions has its own value. Nevertheless,
bearing in mind the above reseryations, cage Should be taken when applying the results reported in

the following to premixed turbulentcombustion.

The last remark motiyates adding a supplementary goal to this work. Since there are both
common features anddlistinctigns between the propagation of a single-reaction wave in constant-
density turbulencefand “premixXed turbulent burning, it is of interest to explore what phenomena
observed in flames can'(gr cannot) be qualitatively predicted by investigating the greatly simplified
model outlined“abéve. Accordingly, in the rest of the paper, results of the present study will often
be compdred with published results obtained from premixed turbulent flames in order to clarify
common and distinctive points. The focus of the comparison will be placed on highly turbulent
flames Characterized by Ka > 1 and Da < 1. Such conditions were realized in recent laboratory
experiments with (i) piloted Bunsen flames studied in Michigan®'3-38, (ii) piloted jet flames
studied in Lund**2, Sydney*’, or Sandia**, as well as counter-flow reactant-product flames. In
faet, over the past decade, the focus of experimental research into premixed turbulent combustion
was strongly shifted to these flame configurations, because they offer an opportunity to study
burning under conditions of high (low) Karlovitz (Damkdohler) numbers. Such flames are of great

practical importance because burning in combustion chambers of modern gas turbines is often

4


http://dx.doi.org/10.1063/1.5090192

! I IDT hin reacqionmmmnusmpt was accepted by Phys. Fluids. Click here to see the version of record.

Publishietgracterized by high Ka and Da.

The paper is organized as follows. In the next section, recent DNS data* !

are analyzed in
order (i) to explore eventual broadening of reaction zones by small-scale turbulent eddies in the
case of Da < 1 and Ka > 1, (ii) to test Eq. (4), and (iii) to gain further insight into physical
mechanisms responsible for the increase in consumption velocity due {6 turbulence. In the third

section, to explain the DNS data, a simple phenomenological theor O%he uence of constant-

density turbulence on propagation of an infinitely thin reaction zon¢'g‘developed for the case of
Da < 1 and Ka > 1 and Eq. (4) is derived. Conclusions are Nl the fourth section.
T—
-~
II. DIRECT NUMERICAL SIMULATIONS 3

A. DNS attributes L D
\L_
Because the simulations analyzed in the fi N e discussed in detail in recent papers* !,

we restrict ourselves to a summary of the equations, numerical methods, and turbulence

and mixture characteristics. The reade 'ncqsest in details is referred to the cited papers.
~
1. Equations \&\

The background turb nﬂ'lﬁ is described by the continuity and Navier-Stokes equations
V-u=0, 5)

£
/\ %+(U'V)UZ—P1VP+VV2U+J”7 (6)

QI {x,y,z} is the spatial coordinate vector, u = {u,v,w} is the flow velocity

where t is tifig,
and viscosity Vv are constant, p is pressure, and a vector-function f is added

vector, th, del}sity
taiﬁ a constant turbulence intensity by using forcing at low wavenumbers.

in ordefte m.
Prc(@tio& of a reaction wave is modeled by the convection-diffusion-reaction equation

R 9
(\\_> §§+u.va:Dv%+wv 7

bre&ction progress variable c, i.e., the mass fraction of a reactant or product species normal-
iz

so that ¢ = 0 and 1 in unburned reactants and equilibrium products, respectively. Here, the

molecular diffusivity D is constant and the reaction rate
1 1-c  Ze(1+ 1)
TR

= — €X
1+7 18

)
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Pubhshmga highly nonlinear function of ¢, because we use Ze = 6.0 or 17.1 and 7 = 6.0. As discussed
in detail elsewhere*®®, Eq. (8) allows us to mimic the behavior of the reaction rate in a flame by
considering constant-density reacting flows. Before each DNS run, the values of Sy, and 6, were
set and the required values of D and a reaction time scale Tg were determined in pre-simulations

of the planar 1D laminar reaction wave modeled by Egs. (7) and (8).

2. Numerical setup and methods

The computational domain was a rectangular box off size of. A x A X A and was discretized
using a uniform staggered Cartesian grid of N, x N X Neeells:Most results reported in the following
were obtained using three different domains (thzee “different A), but retaining the same spatial
resolution Ax = Ay = Az = A, /Ny = A/N.

The boundary conditions were periodic.not only inrthe transverse directions y and z, but also in
the direction x normal to the mean wavg surfaeg. Accordingly, when the reaction wave reached the
left boundary (x = 0) of the computational domain, an identical reaction wave entered the domain
at the right boundary (x = A,). Such'a method*® allowed us to greatly improve sampling statistics

by simulating a number of cycles'ef wave propagation through the computational domain.

Atthe end t =1, of thedimesnterval (0,7;) required to generate fully-developed, homogeneous,
isotropic turbulent field, see«Section II A 3, a plane wave c(x,t = 0) = (&) was released at
X0 = A, /2 such thdt [9Lcr (E)dE = [°[1 — cr(E)]dE and & = x —x°. Here, ¢z (&) is the pre-

computed laminar-wavg profile with dc/dé > 0.

Simulatigns«were performed using a simplified in-house DNS solver’? developed for low-
Mach-nufaberdeacting flows and equipped with a standalone stiff chemistry solver for a general
kineti¢ mechanism. For the goals of the present work, the solver was simplified and temporal
advancément by a full time-step (Af = "1 — " = 0.029Ax/u’) was performed using the Adams-
Baghforthymethod in multiple sub-time steps, as described by Yu and Lipatnikov*’. The convection
term in Eq. (7) was discretized using a fifth order Weighted Essentially Non-Oscillatory (WENO)
scheme™3, whereas all other spatial terms were discretized using sixth order centered schemes.
The pressure field was computed by integrating the constant-coefficient Poisson equation with the
help of an accurate spectrum solver using an open source, parallel version of FFTW3 (mpi-fftw).

The DNS code is implemented in vector form enabling 1D, 2D, and 3D simulations.

6
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TABLE I. Six turbulence fields
Field Rey  N.xNxN  He Rg, 1 Re, I A T

A 50 256x647 0.20 41 0.13 26 0.68 0.51 55 12 18
100 512x1282 0.26 105 0.12 49 0.86 2{47 6.2 17 37

0)5\7.4 25 68

0.71 566 0.20 157 1.3 }.79 9.1 38 135

200 1024x256° 0.30 241 0.11 84 1.06

" © 0.14 114 0.06 50 0.8 : 6.4 18 42

50 ¢ 0.20 41 0.13 26 @9\ Sl 55 12 18

n

)
3. Turbulence generation C
[ -

The initial turbulence field was generated"swén.d esizing prescribed Fourier waves®* with
scal

mom O QO W

an initial rms velocity u;, and a turbulenge len

—

troduced into Eq. (6) to maintain statistically, stationary turbulence was specified adapting the
55

e Lo = A/4. The forcing function f in-

methods proposed by Eswaran and¢Popéy’ /and-Lamorgese et al.’°, as discussed in detail by Yu
and Lipatnikov#’. After a transient pNt >t = 51’9 = 5L /ug, the generated turbulence was

homogeneous, see Fig. 2 in Ref. 1Setropic, see Fig. 1 in Ref. 47, and statistically stationary,
see Fig. 2 in Ref. 48, withfv e-averaged values of «’ or the dissipation rate € being very close
to u;, or weakly oscill m% 1.6u63 /Ly, respectively, see Fig. 1 in Ref. 46.

Most results reporte "/n thé following were obtained by adapting one of the basic turbulence

fields A, B, a CN&: by setting three different values for the width A of the computa-

tional domain and hence three different “initial* turbulent Reynolds numbers Rey = u6L0 /v =150,

100, or Z@f characteristics of the three turbulence fields, calculated by averaging the dis-
Tate €

sipatign

,¢) and various moments of the velocity field over the computational volume
12

and.time.at >> t1, are listed in Table I. Here, the rms velocity u' = <<u~u)/3) , L1 =

Jo 2R¥1®)dr% fOL/Z Ry, (r)dr= fOL/zvavl(r)dr and 77 = Ly /u’ are the longitudinal integral length

?tﬂe and the corresponding time scale, respectively; R, (r) = (u(x,y,z)u(x+r,y,2)) /u’ 2, Ry, (r) =

-~
(M, v, 26,y +1,2)) /u'?, and RY, (r) = (w(x,y,2)v(x,y,2+ 1)) /u'* are auto—correla;}cz)n functions
vanishing at r = A/2 in all three cases, see Fig. 1 in Ref. 47; L = ((u : u>/2> /{€) is an-

other turbulence length scale often used in DNS papers; Re; = u'Ly1/V and Reye = u' Ly, /v are the

Reynolds numbers based on the two length scales; and (g) designates the value of the quantity ¢

7
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Adapting the method proposed by Lamorgese et al.>®, we generated*’ two more turbulence
fields, D and E, by changing spectral characteristics of the forcing function f in order to vary
the ratio Ly /A while retaining the same u’ and v. The generated turbulence fields are ranked in
descending order of the spectral width of the -5/3 slope range?%*° OK , see Fig. 3 in Ref. 48:
D>C>B and E>A, in line with the values of Rey, given in Table 1 3

as fi

For each velocity field, the Kolmogorov length scale ng 33”1 e order of the grid cell size
n

Ax, thus implying sufficient grid resolution. Nevertheless, to

—~
to grid resolution, field F was generated, with the same f ancSA s in case A but with Ax/ng

rm.the low sensitivity of results

}

smaller by a factor of four.

4. Studied cases \ S\\

Various cases were set up by a turbulence field and specifying Sz, 0, and Ze. Since
the reaction wave did not affect the flow, the choice of a turbulence field was independent of the

choice of Sy, 07, and Ze.“The values of D, T, and Sc required to obtain the specified S; and

or, were found in 1 re/cory) tations of the laminar wave. Overall 45 cases characterized by
Da = 0.01 —24. =086 —587, u'/S;, = 0.5—90, and L/&, = 0.39 — 12.4 were simulated,
including cas€s being designed to demonstrate the weak sensitivity of computed results to grid
resolutiovqi: c. Reasons for selecting each of the 45 cases were discussed elsewhere*3.

In the followi é, we consider only the 26 cases where Da < 1. Note that case K4, with Da =
0.01, . was omitted in the present study, because the viscosity in that case was higher compared to
o(%lisases and, consequently, Re; = 14 was too low. Nevertheless, the results computed in
?aeﬁ\ are consistent with those obtained in other 26 cases with Da < 1. The characteristics of
these 26 cases are summarized in Table II. In certain cases, the length A, of the computational
domain was increased in order for the total thickness of the reaction wave brush to be significantly
less than A,. To retain the same resolution, the number N, of grid points in the axial direction was

increased accordingly.
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TABLE II. Studied cases

Field % Ny Ze Sc Da Ka % % ZSLLE

B4 A 4 256 6.0 0.39 0.41 134 5 2.1 32

B5 © ¢ © ©
B9 B © 3.7 8.0

B10 “ ¢ “ “
BI15 C ¢ 6.7 18.2
Dl © 8 3.46 9.4
D2 © © 2.35 6.4
D3 ¢ © 1.76 4.8
D4 © © 1.16 32
D5 B © 1.95 4.2
D6 “ “ 0.78 1.7
D7 © ¢ 0.39 0.85
D8 ¢ ¢ 1.29 2.8
D9 “ “ 0.65 14
D10 A © 0.70 1.1
T2 C 4 © 0.24 0.21 36.2 10 2.1 5.7
T3 “ 8 fujb “ 3.13 0.08 97.4 60 4.67 12.7
T4 © v / “ 7.04 0.08 97.6 90 6.94 18.9
TS5 © \ 1024 © 0.03 0.67 11.0 2 1.34 3.7
T6 4 © © " 0.20 0.68 11.0 5 3.39 9.3
K3 2048 “ 28.2 0.09 62.1 90 8.27 12.7
H1 e 4 1024 © 0.78 0.21 27.7 10 2.1 32
R} C “ “ “ 0.24 ¢ 36.2 ¢ ¢ 5.7
%li “ 8 2048 © 0.78 0.02 389. 60 1.16 32
E 4 1024 6.0 © 0.39 16.1 10 3.88 9.1
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FIG. 1. Normalized instantaneous turbulent consumption velogity &r (¢ )/’ vs. normalized time ¢ /77. Cases

are indicated at curves. 3

-

5. Sampled statistics ‘\\ L:.)

Statistics were sampled using the foll wmkthods. First, for each characteristic g(x,7) of
the reaction wave c(x,t), its time-dependentsimean* value §(x,7) was evaluated by averaging
the DNS data over transverse coo inat%zﬁd z, and the instantaneous turbulent consumption

velocity Ur(t) was calculated ag follows

\
A Ax A
Q Oy () = /O W (x, 1)dx. )

Second, computati 9dlly developed statistics were started after the end #, of a transient
phase characte 'zewbs antial and almost monotonic increase in Uy (t). The duration t; — 1

Qse varied from case to case and showed a trend to an increase with decreasing

with 13" bbing as long as 150077 in some cases. During that time interval, the normalized
t bulen@onsumption velocity Ur(t)/u’ oscillated around its fully-developed value Ur /u’ (see

~“Fully-developed mean quantities g(x) and Ur were evaluated by averaging §(x,t) and

N
(1), respectively, over time within (2,,23).
Moreover, at t; <t < 3, 3D joint Probability Density Functions (PDFs) P(c,q,¢) were com-
puted for various quantities ¢ such as |Vc| in the run-time mode, i.e., each grid cell and each

sampling time step contributed to the PDFs, as discussed in detail by Yu and Lipatnikov*’. Using

10
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FIG. 2. Typical 2D images of the reaction progress varia le (t(;)) row) and normalized reaction rate

Wc(,t)] (bottom row) in an x — y slice plane. The r te 1zed to the maximum value max{W(c)}

of the function W (c) defined by Eq. (8), where 7, gz and aré'kept constant. Black dashed and solid lines

represent boundaries of the reaction zone, i.e. c d cr2, respectively. The thickness 9, is equal
to the distance between the planes c(x,7) = ¢,, d c = ¢ in the unperturbed laminar reaction wave.

(a) Case T4, Ze = 6.0, Da = 0.08, andKa ,Qa) ase H4, Ze = 17.1, Da = 0.02, and Ka = 389.

such joint PDFs, values of g ¢ d on an interval (cy,c;) were evaluated as follows:
o0 1 (653

+oo 1 2
(@)c z;m/qP(q,c,E)dcdqu/ / / /P(q,c,é)dcdqu- (10)
0,61 —(cy

4

In particular, two s€ts o eac}fon-zone boundaries were used; (i) ¢c; = ¢,.1 and ¢ = ¢, such that
Wicr1) =W( %NW(C)}/Z and c,; < ¢ or (ii) ¢; = ¢, —0.005 and ¢, = ¢, 4 0.005,
where ¢, i d by W(cy) = max{W(c)}. In the following, a quantity g averaged over a

thicker refetiof Z(?C i) and a thinner reaction zone (ii) are denoted by (g), and (g),,, respectively.
,ﬁ

“Res nd discussion

)

S’anlcal 2D slices of 3D fields of reaction progress variable c(x,¢) and reaction rate W (x,1)

shown in Fig. 2, and other slices were reported in Fig. 3 in Ref. 47. Both fields are strongly
perturbed by turbulence, and both broadened and narrowed reaction zones are observed. Reaction-
zone broadening seems to be more pronounced in case T4, characterized by a lower Ze but a higher

Da and a lower Ka. In this case, the ratio of the mean reaction-zone thickness to the thickness of

11
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FIG. 3. (a) Normalized consumption velocity Ur/u’ vs. ng&hkﬁ) number Da. Symbols show DNS
data fitted with a straight line. (b) Normalized consump@ Vel$:ity Ur /Sy (circles), area increase (0A),
(squares), and contributions to (0A), due to broadening,(triangles), inclination (diamonds), and folding

(crosses) vs. the product of Schmidt and turbuled% Ids numbers.

the laminar reaction zone is largest, as i&:;;sed in Section II B 2, and Fig. 2(a) apparently
indicates the broadening effect. It is worth §tressing, however, that these images are presented as
illustrations. They should not be u&* draw conclusions regarding reaction-zone broadening,
because inclination of 3D reactic%ﬂ’es with respect to the 2D slice plane may significantly

ne?ssof the zones. Accordingly, in the rest of the section, we discuss
the results of a statisti¢gal analysis/of the 3D DNS data.
£

/ /4
1. Turbulen cm)y%ﬁ\on velocity

increase the apparent thi

Figuref3(a)fshows that, in all 26 cases characterized by Da < 1, the computed turbulent con-

Sumptff‘;elo 1 'e/s (symbols) presented in a log-log plot are very well fitted by a straight line
P

C ding to Eq. (4), with a correlation coefficient of 0.9997. There are fewer than 26 distinct

symbols 3,'1 Fig. 3(a), because (i) some sets of cases were designed*® to keep ' and Da constant

‘wgle\varying Li1, Sr, and & and (ii) similar values of Ur /u’ were computed within each of these
séts, in line with Eq. (4). If the entire DNS database (27 waves characterized by Da < 1 and 18

waves characterized by Da > 1) is fitted as Ur o u’Da?, then p = 0.48 but the scatter in computed

data is much larger*® for Da > 1.

As noted in Section I, Eq. (4) was earlier validated by experimental data obtained for reaction-

12
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Publishifrgnt propagation in aqueous solutions! and by 2D DNS data (Da > 0.025) on constant-density
reaction waves>>. In Section IIC 1, Eq. (4) will be further supported by discussing experimental
and DNS data obtained from premixed turbulent flames at low Damkohler numbers.

To explore the physical mechanisms responsible for the increase in the normalized consumption

velocity Uy /u’ with Da, a relative increase in the mean area of the (éaction—zone surface was

3
B 1 3 A A AV H(C)

where I1(c) = H(c — ¢,1) —H(c — ¢,2) is difference betw, en viside functions, ¢r1 and ¢, are

evaluated as

the reaction-zone boundaries. Subsequently, the normalized mea‘s local consumption velocity was

estimated as C 3

(12)

using the DNS data on Ur and (0A),. e%‘\c /Sr may be larger than unity due to mixing
enhancement within reaction zones b &ma%l—s e turbulent eddies’. However, the ratio may be

zones® by larger but still small-scale eddies'3%.

smaller than unity due to stretching.of t

When i, /Sy > 1, the former effe &\qtes and the zones are statistically broadened, because
local consumption velocity is aMc\a‘ely equal to the characteristic reaction rate multiplied by
the local reaction-zone t ckr%For these reasons, and because i /Sy, > 1 in all simulated waves

eferred to here as the magnitude of broadening contribution to

1.1>e values of (8A), (squares) are significantly larger than those of i, /Sy (trian-
in all cases studied, the increase in Ur /Sy is mainly due to an increase in the
©

» of the reaction-zone surface, whereas the increase in i, is of substantially

whieh s

he simulated increase in (0A), is explained by two effects; (i) inclination, i.e. deviation of the

less 1 pgr‘tani: ven at Da as low as 0.01. Nevertheless, the DNS data reveal some increase in i,
Id ot be disregarded.

WQormal vector . from the x-axis, and (ii) folding, i.e. multiple intersections of reaction zones
with a ray normal to the mean wave brush. The magnitudes £, and = of the contributions of the

former and the latter to an increase in (§A), can be respectively estimated as

- 1 o _ (64),

13
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The estimate of the magnitude =, of the fol&qgc:ﬂ ibution is based on assumptions that (i)
old1

(8A), is solely controlled by the inclination an: g effects and (ii) they do not correlate. To
. . . —_ \
verify this estimate, Zy was also evaluated as'fgllows
S A pA A
/ / / I(c)dxdt, (14)
n Jo Jo Jo

where [, = (¢ —cr1)/(|Vicl|) - estimatesthe mean axial distance between boundaries c(x,t) = ¢,

_
:,fN

x(t3

and c(x,t) = ¢, of the eaabszone and the integral estimates the mean total x-length of all

reaction zones. Since Eqs. (

will be reported i?fhe owilg.

The diamo ﬁn osses in Fig. 3(b) indicate that the corresponding Z, and Zy are com-
parable at 1 alties of ScRe;, but the folding contribution is more significant at larger ScRe;.
i§ on
£

and (14) yielded similar values of = ¢, solely the former magnitude

However,% slightly larger than unity in cases D5-D7 and T5. These cases are charac-
terized by a lowsgatio ScRe; between turbulent and laminar diffusivities (less than four) and a low
u' /Sy otfand L1 /8. Accordingly, large-scale turbulent eddies are either weak or/and too small
a cann§t fold reaction zones, while the influence of turbulence on consumption velocity is also
\m?k.,\ 7/S1 < 1.8. Nevertheless, even in these four cases, Ur /Sy, is mainly controlled by (3A),,

ereas the broadening contribution is less than 10 %, i./S; < 1.1.

The graphs of the broadening and inclination contributions to Uz /Sy, are enlarged in Fig. 4(a).
The latter rapidly increases with ScRe; at low values of this product before reaching a plateau

around £, = 2. The broadening contribution is significantly less than =, and weakly increases

14
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FIG. 5. (a) Mean values of normalized reaction-zone thicknes Valuatgd using Eq. (15) withc,1 <c <cpp

(crosses) or ¢, —0.005 < ¢ < ¢, +0.005 (circles). (b) Cﬁarison of normalized reaction-zone thicknesses

computed using Eq. (15) (crosses) and Eq. (16) (circlcb\ ;__‘_)

with ScRe;, but the data point are widely s@ same data on ii. /Sy, plotted vs. u’/Sy show

a more clear trend, see Fig. 4(b).

W Aeomparison of calculated (0A), or Ur /S, between

=

It is also worth noting the following
waves D4 and H4 or H1 and H2 shc&\

turbulent reaction waves. Indeed, X 5.71 and 6.0 in cases D4 (Ze = 6.0) and H4 (Ze =17.1),
.@Nscases H1 (Ze = 6.0) and H2 (Ze = 17.1), respectively. While
some increase in (A )£ with'Ze i observed, the effect is weak. Similarly, Ur /S, = 7.59 and 7.37

in cases D4 and H4/( é 0.92), respectively, or 4.09 and 4.07 in cases H1 and H2 (Da = 0.21),

ery weak influence of Ze on these key characteristics of

respectively, or 3.65 and

respectively, with the'waves in each pair being characterized by the same values of /Sy, L1 /8y,
Re;, Sc, Da, a a, see Table II. Weak influence of Ze on Ur was also observed in a recent DNS

study of ent, single-step chemistry, premixed flames®?. These results are explained in

Sectioft TH.
)
Z.K&ac jon zone thickness

\ <

Figure 5 reports normalized mean values of local reaction-zone thickness, which was evaluated

hly‘tur

using either of the equations

Y/|Ve !
<51’>E,c]<c<c2 = < /‘ |>C1<c<c2 _ |

(15)
<Z>cl<c<c2 <|VC‘>C1<C<C2
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1
<6r>c]<c<cz - <|V_c|>c1<c<62 (16)

and normalized to the thickness obtained by averaging either |Vc| or 1/|Vc¢|, respectively, over

Publishing

¢1 < ¢ < ¢ in the corresponding 1D laminar reaction wave. Here, X = |Vc¢| is the reaction-wave-
surface density and c¢; = c,x, see crosses in Fig. 5(a) and all symbéls in Fig. 5(b), or ¢; =
¢y —0.005 and ¢; = ¢, +0.005, see circles in Fig. 5(a). Equation (15) gives thethickness weighted
by Z. In particular, such a type of averaging is widely used in ptemixed turbulent combustion?
Equation (16) defines the thickness averaged over the reactiop’zone velume.

Figure 5(a) shows that the former normalized thickness.is quite close to unity even at Da as low
as 0.01 and Ka as high as 587. The normalized mean thickness <5,>2¢1<C<C2 is smaller than 1.4
in all cases with the exception of waves K3 and T4 fwhich are*characterized by the highest ratios
ScRe; of turbulent and laminar diffusivities. Even'in these two cases, the thickness is smaller than
1.6, i.e., reaction-zone broadening is weakly prongunced after averaging.

For the thickness (0;)c, <c<c,,,» Whicl is.avesaged without weighting by X, the broadening
effect is more pronounced, cf. circles @nd crosses in Fig. 5(b). Nevertheless, when Da < 0.1, no
consistent variation in the normalizéd thickness <5r>cr,1<c'<cr,2 with decreasing Da is observed and
the thickness values are scattered between2.1 and 2.8 with the exception of two cases. The largest
normalized <6r>27c,1] <c<c,, and <5r>cr.1<c<cr,2’ respectively 1.6 and 3.3, were computed for case T4,
see also slices in Fig. 2(d). Note the substantial difference between these thickness values; i.e.,
the ratio (6y)c,; <c<c,of (Or) 2 e dec,, 1S close to two when Da < 0.1. This can be attributed to the
existence of region§ where thefreaction rate W (c) is high while the gradient |Vc| is low due to an
overlap betweenreaction zones. High local values of 1/|Vc¢| imply large values of thickness given
by Eq. (16),and the probability of finding such regions apparently increases with decreasing Da.

Figure'g(a)Showsthat PDFs of the normalized local thickness |Vc|,.1/|Vcl,, peak near unity at
various Da, including Da < 1. In Fig. 6(b), the probability of finding |Vc|,,1/|Vc|,, > 2 increases
with.deereasing Da, which implies a more frequent occurrence of reaction zones broadened by
small-scale turbulent eddies. At the same time, there is a substantial probability of finding nar-
rowed reaction zones, where |Vc|,,1/|Vc|, < 1 due to the local turbulent stretching. The former
prebability is close to 50 % in the few cases (D3, D4, D9) characterized by the lowest Da, while
the latter is about 20 % in these extreme cases. In most other cases such as T2 and B15, the former
and latter probabilities are significantly smaller than 50 % and larger than 20 %, respectively.

An increase in Ze reduces the probability of |Vcl,,1/|Vc|y > 2, cf. cases D4 and H4, but this
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\ -

effect is also moderate. \

All in all, the present DNS results de mu:xkthat reaction-zone broadening is weak or mod-
erate in the statistical sense, i.e. both ( Q;ZX and (6;)x. ¢, <c<c,, are sufficiently close to the
counterpart measures of the lamin fvg\\iai‘ness, but are much less than the mean wave brush
thickness 87 discussed in SectiQ”\x
3. Mean reaction rate \

£
It is of intere?/[o nete thdt, even though the PDFs plotted in Fig. 6 indicate a significant

probability of u%ﬁcio thin reaction zones characterized by values of |Vc|~! lower than
the correspondi ﬁaminar values, the PDFs of ¢ presented in Fig. 7(b) show that non-negligible
probabilifies of finding various values of ¢(x, ) fall within a relatively narrow interval of ¢, shifting
from ¢ =0 to &&= 1 with increasing ¢(x). The behavior of the PDFs implies weak fluctuations
0 c)sand }s consistent with the key assumption made by Damkéhler” that the influence of
turbulence on the mean reaction rate W is negligible compared to mixing enhancement by
?ﬁyll—\scale turbulent eddies. This feature of P(c) is well pronounced in case D9, characterized by
avery low Da = 0.01, see Fig. 7(b), but is not pronounced in case T2, characterized by a larger
Da = 0.21, see Fig. 7(a). Moreover, the PDFs computed in case D9 show that the probability of
finding values of ¢, for which reaction rate W (c) does not vanish, is negligible when ¢ = 0.1 and

0.3, and is very low when ¢ = 0.5. Accordingly, the mean reaction rate W should be non-negligible
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FIG. 7. Probability density functions of ¢ obtained at differe ¢(x) specified in legends. (a) Case T2,
Da = 0.21. (b) Case D9, Da = 0.01.

FIG. 8. Normalize{kq%le us and mean reaction rates, W/ max{W(c)} (symbols) and W / max{W(c)}

(curves), vs. 'n@ius and mean reaction progress variables, ¢ and ¢, respectively. Cases are specified in
the legend4For gompasison, results simulated in case L2 (u'/SL.=1,L11/8, =124, Re; = 158, Ka =0.72),

which fs reépresentative for the flamelet combustion regime, are plotted in cyan dashed line.

only whéj ¢ > 0.5. Such variation of W with ¢ is similar to that of W (c) in laminar reaction waves

is Stgnificantly different from the variation of W with ¢ in reaction waves characterized by

Indeed, Fig. 8 shows that the graph of computed mean reaction rate W plotted against mean
reaction progress variable ¢, see curves, changes shape significantly with decreasing Da. When

Da < 1, it has a very different shape from that of W(¢) in case L2, which is representative for the

18
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by Da < 0.044, and five cases characterized by Da < 0. respjctively. Data points are fitted with black

dotted-dashed, blue dashed, and red solid lines, res% | -

flamelet combustion regime (Da = 12.4)%, W (¢) approaches the laminar profile W(c),

see symbols, as Da decreases. This tr consistent with Damkohler’s hypothesis.

The trend implies that modelin higlily turbulent reacting flows can be simplified; i.e., the
influence of turbulent fluctuations gr&}wan reaction rate W can be neglected at sufficiently high
Ka (low Da). Indeed, Duwig e;\a“Qe orted reasonable agreement between the results of their
large eddy simulations p. rfoamiljy discarding the subfilter fluctuations in W and experimental

data obtained by Duns et al a highly turbulent piloted flame.

4. Mean wav. lckness

Figur shpws S results (black symbols) on the mean wave brush thickness

~ 1

~ max{|V,e|(x)}’

QQ){t?d -dashed black line fitting the data points with &7 /L;j o< Da~%3!. It is worth remem-
“&

(7)

at the integral length scale L1 is evaluated by integrating the auto-correlation function

, see Section II A 3, and ratios of L1/ reported in the next-to-the-right column in Table

IT vary from 0.39 to 8.27. Other symbols and lines are discussed in Section IIC2. Similarly to
Ur /', the ratio 87 /Ly decreases with increasing Da, but the data are more scattered compared to

the DNS data on Uy /u’ vs. Da in Fig. 3(a).
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Publishi@g Discussion
1. Relevance of constant-density single-reaction waves to combustion

The present DNS results agree qualitatively with available experimentdl and DNS data obtained
from premixed turbulent flames. For instance, Eq. (4) was validated by combustion experiments>?
Moreover, Eq. (4) was also validated by DNS data® obtained from thermonuclear turbulent flames
characterized by moderate density ratios o < 2; Ka = 230; and Da 0.006, 0.025, and 0.1. It is
worth noting that DNS data computed at Da = 0.4, see Fig.“3 in/Ref. 8, showed some deviations
from Eq. (4). Furthermore, Eq. (4) was recently validated by“complex-chemistry DNS data
obtained from highly turbulent lean methane-air and hydrogen-air flames, see Fig. 4 in Ref. 34. It
is of interest to note that, in those DNSs, Eq. (4),was.validated even under conditions where the
concept of DRZ was not expected to apply and, this finding was considered “unclear®, see p. 6 in

Ref. 34.

Moreover, the present DNS results, plotted in Fig. 3(b) are fully consistent with DNS data
obtained recently by Nivarti and Cant? from/five different premixed turbulent flames characterized
by 6 =7.33, Da > 0.5, Ka < 50, u' /S "< 304u’ /S, < 18 at the leading edge of the simulated mean
flame brushes), and a single value of'£/5;. Those data show that an increase in Uy /Sy, by u' is
mainly controlled by an inefease in the flame-surface area by «/, see Fig. 7 in Ref. 62. The present
DNS data indicate thefsame trend, but in the constant-density case and in significantly wider
ranges of 0.01 < Da < 1£6.5 < Ka < 590, and 2 < «’/S; < 90. Note that in experimental and
DNS papers cited'in‘the present subsection, different definitions of the laminar flame thickness oy
were adapted{but all of them yielded Oy, significantly larger than 6y = D,, /S, used in the present
work. Hepé, subsctipt # designates unburned reactants. Accordingly, the values of Damkohler and
Karlovitznumbers reported in those papers are significantly lower or higher, respectively, than the
values'ef Da @r Ka, respectively, re-calculated using Eqgs. (2) and (3), respectively. Reported in

the present subsection are the latter (re-calculated) values of Da or Ka.

Results of complex-chemistry DNSs performed for various paraffin fuels (methane, toluene,
n<heptane, and iso-octane) also show that the ratio Uy /Sy is mainly controlled by the area of

reaction-zone surface at Ka as large as 260, see Figs. 5-7 in Ref. 63.

The fact that turbulent consumption velocities simulated in the case of a constant density and

single-step chemistry agree well with experimental and DNS data obtained from premixed tur-
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Pub||sh|Tnlg< nt flames characterized by Lewis numbers Le = 1 is not surprising. Indeed, first, turbulent
burning velocities evaluated using single-step and multi-step chemistry were recently compared in
two independent DNS studies®3%4. Obtained results show that “mean turbulent flame properties
such as burning velocity and fuel consumption can be predicted with the knowledge of only a few
global laminar flame properties®, see p. 294 in Ref. 63, and “the global siechanism is adequate for
predicting flame speed”, see p. 53 in Ref. 64. Moreover, target-diregted expesiments® performed
using the well-recognized Leeds fan-stirred bomb facility do ngt shew a notable effect of com-
bustion chemistry on turbulent flame speed either. Such effeefs<are e@mnionly expected to be of
substantial importance when local combustion extinction occtg! but«this phenomenon is beyond

the scope of the present study.

Second, (i) the vast majority of approximatiofis of experimental data on turbulent flame
speed”>? do not invoke the density ratio o, thils, implying a weak influence of ¢ on S7, (ii)
recent target-directed experiments®, as well as‘earlier measurements®, did not reveal a substan-
tial influence of ¢ on S7, and (iii) recent DNS studies, e.g., see Figs. 10 and 11 in Ref. 18 or Fig.

2a in Ref. 67, do not indicate such an influence.¢ither.

As far as the reaction zone thickness 1s €oncerned, Figs. 5 and 6 also agree qualitatively with
DNS and experimental data obtained\from turbulent premixed flames. For instance, Driscoll®®
thoroughly reviewed experimental data available a decade ago, but did not find any clear evidence
of existence of distributedfreaction zones in premixed turbulent flames. More recently, Chowdhury
and Cetegen® analyzel expesimental data obtained from highly turbulent flames stabilized using
a bluff body and coficluded that there was “no evidence of broadly distributed heat release zones*,

see p. 320 in Ref. 69.4n other recent experimental studies3!-3642

of flames characterized by high
(low) values ofiK a/(Da), reaction-zone broadening was observed, but the effect was moderate. In
particulariithe #atio 0f a mean thickness of a reaction zone in a turbulent flow to the corresponding
thicknéss of theddaminar reaction zone was less than 2.0, see Fig. 11 in Ref. 31, or 3.0, see Fig. 8

inRef. 42, at Karlovitz numbers as high as 300 or 135, respectively.

Statistically significant broadening of reaction zones was not documented in earlier DNS stud-

70-72 73-19 chemistry. Thévenin’? did

ies.of premixed turbulent flames with single-step or complex
not observe a significant influence of turbulence on reaction zone thickness at moderately low
(high) Da (Ka), see p. 635 in Ref. 73. Figures 7 and 8 in Ref. 70, Figs. 4, 6, and 7 in Ref. 74,
and Fig. 6 in Ref. 76 do not show such an effect either. Figures 7 and 8 in Ref. 71 and Fig. 12

in Ref. 72 indicate some reaction-zone broadening, but the effect is weak. Figure 3 in Ref. 77
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Pubhshu:lg) vs statistical thinning of reaction zones with decreasing Da, but this effect appears to result
from Lewis number and preferential diffusion phenomena discussed elsewhere®!3. Figure 8 in
Ref. 78 also indicates statistical thinning of reaction zones with increasing Ka from 13 to 700,
but these data were computed during an early stage of flame development and the behavior of the
mean reaction-zone thickness was subject to transient effects.

Figure 13 in Ref. 75 shows an increase in the normalized mean thiCkaess of reaction zone from
unity to 2.6, with the thickness being calculated as “the local distance*atbund the peak source term
where its value* was “above 5% of the laminar value*. HowgVes, thes¢hoice of the 5%-boundary
appears to overestimate the reaction-zone thickness and the magnitude of the broadening effect.
For instance, even in the case characterized by the highest Ka and the aforementioned normalized
mean thickness equal to 2.6, only 20% of fuel consumption oCeurred outside reaction layers whose
thickness was equal to the laminar reaction-zone thickness, see p. 3350 in the discussed paper. In
other words, fuel consumption was mainly localized to thin zones in those simulations.

Figures 12 and 14b in Ref. 79 report dependencies of the ratio (|Vc|)./|Vc|c 1 of conditionally
averaged gradients |Vc| on the value of ¢ that'the gradients were conditioned to. Those data were
obtained from a highly turbulent méthane;air jét flame. At ¢ = 0.8 associated with the peak heat
release rate, this ratio was largep than'Q.5ythus indicating statistically moderate broadening of the
reaction zone, with the effect magmitudebeing comparable with the present DNS data obtained in
case T4, see Fig. 6a.

Figure 5a in Ref. 34 did nogshow statistically substantial broadening of reaction zones at Ka as
high as about 36504or lean methane-air flames. However, results obtained from lean hydrogen-air
flames characterized by, a comparable Ka were different. On the one hand, 2D images reported
in Figs. 2 and3 in the discussed paper appear to show significant (“by around two orders of
magnitude:’) bfoadening of heat-release zones. On the other hand, temperature gradient condi-
tioned to these*zgnes indicates statistically moderate (about 50 %) broadening of them. It is also
worth remembering that lean hydrogen-air mixtures are poorly suited for differing the influence
ofigmall-scale turbulence on preheat and reaction zones, because the thicknesses of the two zones
are.comparable in the laminar flames of such mixtures.

Finally, while 2D images reported by Aspden et al.”# also indicate reaction-zone broadening
at high Ka in thermonuclear and lean hydrogen-air flames, respectively, the magnitude of the
effect was not statistically quantified and contribution of inclined (to the 2D slices) zones to their

apparent broadening was not investigated in the cited papers. Moreover, the thermonuclear flames
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Pub||sh|n'g1 > subject to strong Lewis number effects.

As far as experimental or DNS data on fully-developed mean flame brush thickness or the
difference between W (¢) and W (¢) are concerned, the present authors are not aware of such data
obtained from highly turbulent flames.

Thus, the above comparison of the present DNS data with experimental and DNS data obtained
from premixed turbulent flames shows encouraging agreement for thé major trends (scaling of tur-
bulent consumption velocity, which is mainly controlled by an ificrease in reaction-zone-surface
area, and statistically moderate broadening of reaction zones){ thus, implying relevance of results
of research into a simple problem of propagation of a single*sgaction wave in constant-density
turbulence to turbulent burning. Therefore, in spite of the simplicity of the simulated problem, it
does offer an opportunity to catch certain governing physical'mechanisms of premixed turbulent
combustion. Accordingly, research into the problém may,provide better insight into fundamentals
of the influence of turbulence on premixed flames. Neyertheless, when applying the present re-
sults or results obtained in other (e.g., futire) studies of the simple problem to turbulent burning,
other important physical mechanismsassociated with preferential diffusion, thermal expansion,
and complex chemistry should be borne 1n mind.

In this regard, two issues aretworth, emphasizing. First, on the one hand, there is a widely ac-
cepted hypothesis that thermal expamgsion-effects may impede reaction-zone broadening by small-
scale turbulent eddies, be€ause'such eddies dissipate in preheat flame zones due to dilatation and
increased viscous dissipations!-362%-68  This hypothesis is based on results of numerous studies of
effects of a single yoOrtex«or voftex pair on a laminar premixed flame. Numerical and experimental
research into that problem was pioneered by Poinsot et al.?> and Roberts et al.3!, respectively.

Results obtained in subsequent studies are reviewed elsewhere3>33

. If the hypothesis is accepted,
then, an “efficiént” Ka experienced by constant-density reaction zones appears to be significantly
higher than an “efficient” Ka experienced by similar but variable-density reaction zones in statis-
tically the same incoming flow of reactants. Indeed, dilatation vanishes in the former case and
the rate of viscous dissipation is not increased due to the reaction if p =const and v =const. Ac-
cerdingly, the critical value Ka* associated with significant broadening of reaction zones should
be Jower in the case of a constant density.

On the other hand, baroclinic torque can overwhelm the influence of dilatation and viscous

84

dissipation and can increase vorticity in the reaction zone in a flame Moreover, in intense

Kolmogorov turbulence, the flux of energy from large to small eddies can allow the latter eddies
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Publishi itgsurvive and to penetrate into reaction zones.

Definitely, the issue requires further research. Nevertheless, we may note that (i) if statisti-
cally significant broadening of reaction zones is not observed in constant-density turbulent flows
addressed in the present DNS, then, such a result is unlikely to be reversed due to thermal expan-
sion in flames and (ii) the upper boundary Ka = Ka* of the Thin Rea€tion Zone (TRZ) regime
discussed in the next subsection is unlikely to decrease with increasing the density ratio. For in-
stance, DNS data’!8386 indicate that the influence of combustion-induCed thermal expansion on
turbulence decreases with increasing u’/S; and reduces to apfingrease, in the Kolmogorov scales
in burned gas if «’ /Sy is sufficiently large.

Second, in the simple case studied in the present work, the rfeaction surface cannot locally be
broken, i.e., it does not have holes?. On the contrary, due.to heat losses, preferential diffusion and
complex chemistry effects, local or global combustion quehching can occur in highly turbulent
premixed flames and, consequently, heat-relgase«zones €an locally be broken. However, available
data on conditions required for local or glgbal guenching are contradictory.

On the one hand, experiments with éxpanding statistically spherical flames®7~°

clearly showed
combustion extinction at moderately high Karlovitz numbers, see also recent experimental data
obtained by Chowdhury & Cetegen %%, Kariuki et al.?!, and Zhou et al.“? from other flame con-
figurations. Moreover, local combusgionextinction was also detected in a recent DNS study’> but
“only in non-unity Lewig'number simulations® (p. 3341), with the probability of the extinction
decreasing at higher Ka.

On the other hahd, 1fiburning is well supported by hot combustion products and the flame is
shielded from cegl air;*then, local combustion extinction seems to be of minor importance at least
at Karlovitzmumbers reached in recent experiments by Driscoll’s group®!-3-37_ In particular, these
authors clearly/stated'that (i) the studied six cases with high Ka did “not exhibit a substantial degree
of localized extinction*, while rare events of local extinction resulted from “cool gas entrainment*,
see p. 407 in Ref. 31, (ii) “broken reactions ... were not observed for any of the six cases, even for
extreme turbulence levels in the reactants of u’ /S = 243, see p. 1816 in Ref. 36, (iii) extinction
events were “rare”, see p. 4597 in Ref. 37, and any local extinction was “insignificant, see p. 1808
inRef. 35. In other very recent set of experiments with jet flames3°*? characterized by Ka > 1,
local combustion extinction was observed, but only far from the nozzle, with this effect being

80,93

attributed to cool air entrainment. DNS studies of lean hydrogen-air flames characterized by

Ka > 1 did not reveal any local extinction either.
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PublishingThus, regimes of highly turbulent burning characterized by the same Ka and the same Da seem
to be different depending on flame configuration and stabilization method. Accordingly, results
of the present DNSs appear to be relevant to highly turbulent flames supported by hot combustion
products, but not relevant to other, e.g., expanding statistically spherical, flames, where extinction
phenomena due to heat losses, preferential diffusion and complex chemistry effects play a crucial

role.

2. Regimes of the influence of intense turbulence on reactionwaves.

As far as Damkohler’s classical theory is concerned, on the one hand, certain present DNS
data are consistent with it. First, the data very wgllssuppert Eq. (4), which results from the
theory. Second, Fig. 8 shows a clear trend of W (¢) to-W (¢ ) with decreasing Da, in line with the
theory. Third, the computed decrease in 87 /L;fwwith inereasing Da is qualitatively consistent with
the theory. Indeed, if following Damkahler”, the infliience of turbulence on a reaction wave is
solely reduced to mixing enhancement, then*ég /o7, should be proportional to \/m < \/ScRe;.
Consequently,

% o pa P2, (18)
Ly

where Dy o u/L is turbulent diffusiyity~ Fitting dotted-dashed line in Fig. 9 shows a similar
dependence, but it is lessgpronounced (the power exponent is -0.31).

Figures 8 and 9, c@nsidered together, imply that, probably, lower values of Da (or/and higher
values of Ka) are rgquired in ofder for W to reach W(¢) and Eq. (18) to hold. For instance, even
at Da as low as£.01 (cage D9), there are differences between W and W (c) in Fig. 8. To assess
the above agsumption, the DNS data on 87 obtained (i) from eight waves characterized by Da <
0.044 and\(ii)Arom five waves characterized by Da < 0.023 were separately processed. Results
shown in (1) opén blue squares and dashed line and (ii) red filled circles and solid line, respectively,
indiig. 9do indicate that the fitting power exponent p is sufficiently close to —0.5 when Da is low.
Therefore, the DNS data plotted in Fig. 9 do not seem to contradict to Damkdohler’s theory.

On the other hand, certain DNS data appear to contradict to the DRZ concept. First, Fig. 5
does not indicate statistically substantial broadening of reaction zones. Second, and the most
important, comparison of circles and squares in Fig. 3(b) clearly shows that an increase in Ur /Sy,
is mainly controlled by an increase in the reaction-surface area and this result contradicts directly

to the concept. Probably, substantially lower (higher) values of Da (Ka) are required in order to
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Publishiq‘kg( ct mixing enhancement in broadened reaction zones as the primary mechanism of an increase
inUr/St.

At first glance, the present DNS data appear to be fully consistent with the TRZ concept of

highly turbulent premixed combustion, which was put forward by Peters® by considering the sim-

ple problem investigated by us (constant density, single-step chemistry,ié:.). At the same time, the

present DNS data indicate that the boundary Ka = Ka™* of this regi hould be associated with

suggested by Peters®. Furthermore, it is worth remembering

values of Ka* significantly higher, e.g., Ka = 587 in case D9, than thewsimple criterion Ka* = 100
ant ibuted “an upper limit

for the* TRZ regime to penetration of Kolmogorov eddies iI’l_:[\O dctionzones, see p. 122 in Ref. 3.

Subsequently, Peters obtained the criterion Ka* = 100 b@:‘%ﬂg hat the laminar reaction-zone

thickness &, = 0.18,. However, under conditions offthe presént-constant-density DNS, difference

in 8, and §; is much less?’, e.g., 0, = 0.726; if [LS.OLaonsequently, Nk < 6, if Ka > 2, i.e.,

in all 23 cases characterized by Ze = 6.0 and @tb Or/ Mk being larger than 17 in case D9.
d

Therefore, if Peters’ arguments are direc @
waves are not associated with the TR rg%ln s
Peters> not only introduced the PRZ régifne, but also modeled it and, in particular, obtained the
following equations \
U L& 12
T L 0:195Da + [(0. 195Da)? +0.78Da (19)

the present DNS data, then, the simulated

Y

or = byL, (20)

reasonably well, bu
becauge, when'Réa — 0, Eq. (19) with by = 0 reduces to Damkohler’s classical scaling given by
lowDa Iiit (Ur /u’ = v/0.78Da) is as low as 10 % when Da = 0.19.

\,ngvever, DNS data plotted in Fig. 9 contradict to Eq. (20), which was directly used by

e agreement is much better if b; = 0, see red crosses. This is not surprising,

" }fference between the values of Uz /u’ calculated using Eq. (19) with b; = 0 and its

ers? to arrive at Eq. (19). Moreover, Eq. (20) is contradicted by experimental data discussed
elsewhere*?* and by recent DNS data*®. Consequently, even if a single Fig. 10 appears to well
support the model by Peters>, the opposite conclusion should be drawn when assessing the model

by considering Figs. 9 and 10 jointly. The model in itself is critically discussed elsewhere**+96,
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FIG. 10. Comparison of the values of Ur /u’ extracted from th¢ DNS (ordmate axis) with the values of

Ur/u' calculated (abscissa axis) using Eq. (19) with b; = 1 ibl circis) or by =0 (red crosses).

III. INFINITELY THIN REACTION ZONENRI\E}NSE TURBULENCE: A

THEORY \

\
As discussed above, Peters’ theor 1sN1cted by certain present DNS data. Therefore,

of‘y~ of propagation of a thin reaction zone in intense

the data call for development of a

turbulence. This is the goal of t epr sentseetion.

b%

£
Let us consider statigtically planar, 1D, reaction wave that propagates from right to left along

A. Statement of the

x-axis in hom genNotropic turbulence, but does not affect it, because the reaction affects

neither the density/p nor the viscosity v. We address the case of a single-step chemistry, Le = 1,

and inten$e tugbulence characterized by a high Re; > 1, alow Da < 1 and, hence, a high Ka > 1.
Tofexplore aphysical scenario opposite to the widely accepted paradigm of distributed reac-

ti ns.\&tswt dy a reaction whose rate W depends on ¢ in the extremely nonlinear manner, i.e.,
(az,tB vanishes outside a very thin reaction zone, whose thickness o, is much less than both
WK& mogorov length scale Nk and the laminar wave thickness ;. A similar limiting case is of-
ten analyzed in theoretical studies of laminar premixed flames®”-"® following the pioneering ideas
by Zel’dovich and Frank-Kamenetskii who developed the well-known ZFK theory of laminar pre-
mixed flames® by seeking for a solution to governing transport equations for large Ze in Eq. (8).

In the considered limiting case, the reaction zone degenerates to a reaction surface c(x,,t) = 1,
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Publishi‘n'gi ch separates the mixture of reactants and products, where 0 < ¢(x,7) < 1, from the equilib-
rium products, where ¢(x,t) = 1 and « # x,. In the following, the mixture of the reactants and
the products is called reactants for brevity, i.e., 0 < ¢ < 1 in the reactants.

When considering length scales [ > & > Nk > 6, (if Ka is sufficiently high in order for the
latter inequality to hold), the thin reaction zone may be reduced to zi//eaction sheet. Then, the

following constraints>’-%?

21

hold at the reaction sheet. Accordingly, the reaction progress jablesds continuous, but its gradi-
ent drops from §; ! on the reactant side of the reaction sheet to z'sro on the product side. Equation
(21) warrants that the reactant flux D|dc/dn|, tow rd‘ the tion sheet is equal to the rate Sy,

of the reactant consumption per unit sheet area. nce ra subscript r designates quantities or
differential operators taken at the reactant side he r Cthl’l sheet, n = —(Vc¢/|Vc¢|), is the unit

vector normal to the reaction sheet, and n s distance counted from the reaction sheet along

the n-direction.

Under the above assumptions of p zhsi,\v = const, single-step chemistry, and Le = 1, the
state of the mixture in the reaction %\{ 1ly characterized by a single scalar variable®® ¢ and

the mixing zone 0 < c(x,t) <%%-eaction wave can be modeled by the standard diffusion

equation \
dc

y S, T uVe=DAc. (22)

Other initial an boun y condltlons read c(x,,0) =1, ¢c(x,t) = 1 in the products, and c¢(x,y,z,t) =

0 when x

To cl ro em and find a surface where the boundary condition given by Eq. (21) is
stated r atlon of the reaction sheet ¢(x,,t) = 1 and its advection by turbulent flow can
bedtra u31 g the displacement speed

3 S!, = D(Ac/|Vcl|), = DOL(Ac), (23)

the normal component u(x,,t) - n(x,,t) of the flow field u(x,). In an inhomogeneous flow,
$S’, can significantly differ’” from S;. For example, if term D(Ac), is rewritten in the spherical
coordinate system, the displacement speed S, involves an extra term whose magnitude 2D /R, is

inversely proportional to the curvature radius R, of the reaction zone. Accordingly, if R, = Jr,
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Publishiagl (dc/dr), < 0 (the curvature center in products), the extra term overwhelms S; and makes S,
negative. Strong variations in §’, can also be caused by local velocity gradients even in a planar
case®’. In the following theoretical analysis, the reaction sheet is not tracked and Eq. (23) is not
used.

The problem stated above differs fundamentally from the classical pr@blem of front propagation

in a turbulent medium!00-101,

The point is that molecular mixing{ #:¢., the term on the Right
Hand Side (RHS) of Eq. (22), is not directly addressed in the latter case. Accordingly, the latter
problem is associated with L > d; and Da > 1, whereas thé“present paper addresses the case
of a low Da. It is worth stressing that molecular mixing smeoths“eut small-scale wrinkles of
reaction-zone surface, generated by turbulent eddies, and itherefote, Significantly reduces turbulent
wave speed S7. Indeed, if Sc = O(1) and small-scale turbulent-eddies are assumed to be able to
wrinkle the reaction surface so that the local cimyature radius R, of a wrinkle is on the order
of the Kolmogorov length scale ng, then the aferementioned mixing contribution 2D /nk to the
displacement speed S, is locally comparable with,the Kolmogorov velocity vk and is much larger
than S; at Ka > 1. Moreover, the mixing-controlled displacement speed 2D /R, locally affects
the wrinkle even after dissipation of shertéliving Kolmogorov eddies that created the wrinkle.
Consequently, the wrinkle is rapidly\smeothed out. In other words, turbulence creates mixture
non-uniformities of the Kolmogorey scale, followed by rapid dissipation of the non-uniformities

102 A recent DNS study*’ does show that small-scale (when compared

by the molecular diffusion
to ;) wrinkles of a redction=zong'surface are efficiently smoothed out by molecular mixing, with
this effect significadtlyséducing St when compared to a linear dependence of St o< ' simulated

in the case of front prepagation in the statistically same turbulence*®.

B. Can reaction affect the c-field when Da is low?

Within the framework of the problem stated above, the reaction term vanishes everywhere with
exgeptionyof the reaction sheet and evolution of an iso-surface c(x,t) = & < 1 is described by the
standard diffusion Eq. (22). Accordingly, the direct influence of the reaction on the evolution of
the c(x,r)-field is expected to be weak everywhere with exception of a narrow layer of ¢* < ¢ <'1
close to the reaction sheet.

To support this claim, let us compare magnitudes of (i) concentration gradient |Vc|, due to the

reaction, 1i.e., 5L_ ], see Eq. (21), and (ii) concentration gradient |Vc|7 due to inert turbulent mix-
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Publishiig. The latter magnitude may be estimated as follows |Vc| o< (N/D)'/2. Since the mean scalar

dissipation rate N = D(Vc)2 is widely accepted®!9%19 to be independent of turbulent Reynolds

number and to be proportional to 7, ! when Re; >> 1, we arrive at

ScReV/?
Vely o 5 zf) / (24)
Therefore, the ratio of the magnitudes of the two gradients scales 3\
Vel St ~1)2 1 \
——— o< —L(ScR o< Darls . 25
\Velr - D (Scke) /) *)

T~
Thus, if Da < 1 and Re; > 1, scalar gradients generdted by tugbulent eddies are significantly
larger than scalar gradients due to the reaction and, consequently, turbulent mixing overwhelms

-

the influence of the reaction on the c(x,)-field in t largbjt part of the mixing zone 0 < ¢ < 1.
KK%CHhe c(zx,t)-field in a narrow transition

Nevertheless, the reaction appears to substantially
layer of ¢* < ¢ < 1 close to the reaction surfaee,
To estimate the thickness of the layer, %ﬁpand c(n) to Taylor series in the vicinity of the
reaction sheet ¢(x;,,t) = 1 S
n

.

2
Lol 2o, (26)

T30

c=1

tude of the linear term if n < d;. In a turbulent flow, small-scale eddies act to wrinkle the reaction

c= \

In the laminar reaction axxthe magnitude of the quadratic term is much less than the magni-
sheet, thus, sign:if 'rfmr?s-ng the magnitude of the quadratic term. Accordingly and since
the expansion ¢ ﬂkj%ls he linear term is solely controlled by the reaction, see Eq. (21), let
us assume thaf the thickness n* of the transition layer may be estimated by equating the linear and

quadratic rm} in‘Eg. (26), i.e.,

_— / —1
s nx~2 (5L ) ) (27)
— c=1

hen,SO estimate the order of magnitude of the second derivative }82c /dn

7
on?

?|._, in a turbulent

‘ﬁoy,&at us consider the simplest relevant model problem?>’-104

, 1.e., an 1D planar laminar reaction
ve stabilized in a 2D flow {u = —yx,v = yy}, with the velocity gradient y being on the order of
(7% ! In such a case, Eq. (22) reads
x dc d?c

Twd D4 8
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PublishiBg (21) holds, and other boundary conditions are c(xp) = 1 and ¢(—o0) = 0, where xj is the

coordinate of the reaction zone and n = xg — x. If 7x < 5L2 /D, i.e., Ka>> 1, integration of Eq. (28)

results in!0%

xo ~ S¢” ' ?ng+/In(Ka/27). / (29)
Moreover, at the reaction surface x = xo, Egs. (21) and (28) yield 3\
ok S
g ¢ & (30)
on? c=1 7712{ 6L
Finally, combining Eqs. (27), (29), and (30), we arrive at Q\\
-
* 2nk ~1/2
n < . 31
/Scln(Ka/2m) ﬁf GD

At the boundary of the transition layer, the differ ncgbetw‘e"n unity and the boundary value ¢* of
the reaction progress variable is less than € = 24[\{('% (Ka/2m) < 1, see the second, linear, term
on the RHS of Eq. (26) and note that the positive t

smaller. In order for the distance n, to be Km@er than the reaction-zone thickness, Ze should
ovided

£
be much lager than \/ScKaln(Ka/27) hat 8, = O(8./Ze).

C. Turbulent consumption ‘&%\

nihjestimates support the following scenario. If Da < 1, Ka > 1,

quadratic, term makes the difference even

The above order-of-

Re; > 1, and Sc = Q(1), an infigitely fast reaction can significantly affect the c(z,)-field solely
in a narrow layer %- nify of the infinitely thin reaction zone, with the thickness of this layer
ol

being less tha hbj(

and the isofSurfaeg c(x,r) = ¢* < 1 that bounds the transition layer is so small, we may assume

orov scale 1. Since distance n* between the reaction sheet c(x,,7) =1

that the t ‘{rfa?s move in a close correlation with one another and, hence, their areas A, and
tely equal to the leading order. Furthermore, since the evolution of the latter iso-

=
A+ ar approsi
S(f: ed to be weakly affected by the reaction, the latter area can be estimated as follows
C*

A Ac}lvoking knowledge on the area A, of an iso-scalar surface in the case of inert turbulent
»in,g. This is the key point of the present approach.
hus, turbulent consumption velocity, i.e., bulk rate Q of reactant consumption normalized with

the density and the area Ag of the mean reaction-wave surface, scales as

PAo

U .
T Ao Ao

(32)
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Publishin®reover, by hypothesizing independence of the PDF P(c) and mean scalar dissipation rate N on
turbulent Reynolds number at Re; > 1, Kuznetsov and Sabelnikov? have obtained the following

scaling

Ac o< Ag(ScRe,)'/? (33)

s % widely accepted

rface c(x,t) =const on

for the area of an inert iso-scalar surface. The same scaling
105,106

independence of the bulk inert scalar flux F; through

turbulent Reynolds number at Re; > 1. Indeed, since

F. = D/

see Eq. (24), A, should be proportional to (ScRe,)( der for the flux F, to be independent
of Re;. It is worth noting that the flux F. is C(}%@y the relative velocity of the surface
r

c(x,t) =const with respect to the local flow; \f&hi

the molecular diffusion. Accordingly, in tl(c\ casc Of a material surface, D = F, = 0 and neither Eq.

(33) nor Eq. (34) holds. >
Finally, Eq. (32) and A./Aq =< (8¢ e, yBld the following scaling

ScRe 12 — W Da'? (35)

5 TdA °‘Z (ScRe,) 1/2 cRe, 1/2, (34)

lative velocity being solely controlled by

for the turbulent consum t10h65001ty Ur. This scaling is basically similar to Damkdohler’s clas-
sical scaling glven by/Eq. }

D. Meanw e“lﬁ‘ush ickness

In ordeg tofarrivetat Eq. (35), we hypothesized (based on physical reasoning and estimates)

that the ﬁéld 0 x,t) is substantially affected by the reaction solely in a narrow (if Da < 1 and

7> Ddaye close to the reaction sheet. This assumption might be put into question by pointing
{% nce evolution of an iso-surface c(x,t) = & < ¢* is not affected by the reaction, mean
ulen wave-brush thickness o7 should permanently grow, similarly to the mean thickness of a

t bulent mixing layer.
However, it is worth remembering the following important difference between inert mixing and
propagation of a reaction sheet. In the former case, the mean position, e.g., ¢(x,7) = 0.5, of the

mixing layer is constant in the coordinate framework attached to the mean flow, whereas the mean
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Publishiregction-wave surface propagates in such a framework. Accordingly, we may assume that the mean
wave-brush thickness reaches the fully developed state when the speed of the leading edge of the
inert mixing layer is equal to the mean speed St of the wave, which is equal to Ur in the considered
statistically planar 1D case. Since the growth of the mean thickness of a turbulent mixing layer
follows the turbulent diffusion law, i.e., 87 o (i’ Lt)l/ 2if ¢ > 17107’1?/ time tg required for the

mean wave brush to reach the fully developed state may be estimate 33

/ 1/2
<%) ~ S. (ScRe,)"/? \ (36)

_—

s AT = — > $ (37)

using Eq. (35). Consequently,

and

81 o< (u'Ltg)'/? o< 8 (Sc
This scaling is qualitatively consistent with t@

with decreasing Da. However, the theoreti Mg (power) exponent differs from the scaling

exponent that fits the entire set of the pr %D\ data, see the black dotted-dashed line in Fig. 9.
Nevertheless, if solely DNS data % ed by the lowest Da < 0.023 are considered, see the

red solid line in the same figure, e theoretical and numerical scaling exponents agree well.

It is of interest to note th_%he present analysis, see Egs. (33) and (38), yields the following

I/L} LDa /2. (38)

NS data in the sense that 87 /L increases

scaling

1 V = Ar Ac* AC 1
57 SrAo  OrAy  SrAg &
djh%surface density X. While this result might appear to be unexpected due

£

(39)

for the integrat

to the lack lence characteristics on the RHS of Eq. (39), it is consistent with the above

reasoningthatdnolecular mixing efficiently smooths out small-scale wrinkles of the reaction sheet.
Indeed. Eq. ( 1{nplies that the mean distance between reaction surfaces is on the order of the
lami g@a hickness, i.e., the distance is directly controlled by molecular diffusivity. Since
th aforeﬁjlentioned reasoning were early used to stress importance of the mixing and to argue
ﬁg}li.f;lsant differences in Sz and S, but were not used to obtain Egs. (35) and (38), the scaling
given by Eq. (39) indicates self-consistency of the present analysis.

It is also of interest to note that, similarly to Eq. (35) which coincides with Damkdohler’s scaling

for Ur, Eq. (38) coincides with Damkohler’s scaling for d7 in spite of the fact that physical

mechanisms highlighted by Damkohler® and in the present work are substantially different.
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PublishiBg Discussion

Equation (35) is consistent with the present DNS data computed for low Da and high Ka, see
Fig. 3(a), and explains the weak influence of Ze on Ur in the present and other®® simulations.
Indeed, within the framework of the developed theory, an increase injhe reaction-sheet area is
controlled by turbulent mixing of the reactants and products. Application of,the same hypothesis
to the case of a thin reaction zone of a finite thickness implies that the réaction-zone-surface area
and, hence, Ur /Sy are weakly affected by the structure of thesgaction zone and, in particular, by
Ze at a low Da.

Moreover, Eq. (35) is consistent with experimental data obtained for reaction-front propaga-

SZ<aswell as with DNS obtained from

constant-density single-reaction waves in 2D turbéilence®>, 3D thermonuclear deflagration waves®,

tion in aqueous solutions! and premixed turbulent flathes

and 3D highly turbulent lean methane-air and hydrogen=air flames®*. Furthermore, the present the-
oretical analysis is also consistent with experintental®-26-42.68.69 and DNS3+70-79 gbservations of

thin heat-release zones in flames charagterized,by low Da and high Ka.

The present theoretical analysis/oes nof seem to be contradicted by DNS data’%7>-89 that (i)
indicate that the influence of the L.ewis nunber on the local instantaneous structure of flames in
highly turbulent flows reduces withsincreasing Ka and, therefore, (ii) imply a more important role
played by turbulent transport athigh Ka, in line with the hypothesis on mixing enhancement by
turbulence. However, guch data prove neither statistically important broadening of reaction zones
nor turbulence-controlled mixing within the zones. Indeed, according to the theory of stretched

laminar premixed flames®®-1%”

, the influence of the Lewis number on the local consumption ve-
locity and reaction/zone structure is mainly controlled by molecular fluxes towards/from the zone,
rather thafi bymixing within the zone. Accordingly, if (i) the molecular heat diffusivity k and
molectilardiffusivities of main reactants are different, (ii) turbulent mixing dominates in preheat
zones ofistretched flames, thus, reducing importance of these differences, but, (iii) within the flame
reaction Zones, the local mixing is controlled by molecular transport; then, the structure of the re-
action zones is likely to be changed anyway. Therefore, the aforementioned DNS data’-37>80 do

net seem to be a decisive proof of turbulence-controlled mixing within reaction zones.

While Eq. (35) coincides with Damkéhler’s classical scaling, the two results (i) were obtained
invoking different assumptions, i.e., L < & in Damkéhler’s paper”, but Da < 1 in the present

work, and (ii) are associated with different regimes, i.e., DRZs and TRZs, respectively. The gov-
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Publishiergiing physical mechanisms are different within the framework of the DRZ concept and in the
present work, i.e., mixing enhancement by turbulent eddies within broad reaction zones and an
increase in the area of reaction-zone surface due to turbulent mixing outside the reaction zone,
respectively. A common feature of the two approaches consists in highlighting an important role
played by turbulent mixing. /

In spite of the noted differences between the DRZ concept and th pssse\nNQde, the study does
not contradict to Damkdohler’s classical work. The point is that Damkdhlér himself did hypothesize
mixing enhancement by turbulent eddies within a reaction a;sgkkre uce modeling of such
effects solely to substitution of molecular diffusivity D wit_k: bulentdiffusivity Dr, but did not
discuss reaction-zone broadening. Accordingly, his gengral cotsce t is consistent both with the
present theory and with the present DNS data, buf the co t does not reveal the governing
physical mechanism of the influence of intense h%e;ﬁe})n burning rate. The concept admits
both (i) an increase in the reaction-zone s rw" olled by turbulent mixing ahead of the

surface, which is consistent with the pres nt;[h\l and DNS data, and (i1) mixing enhancement
Xpesent theory and is not highlighted by the present
N

within reaction zones, which is ignore b%t

DNS data.
Finally, it is worth noting that Me t theory has certain common features with Peters’
concept of TRZs. In particular, reaction zones are thin and their surface area is controlled by

mixing in both cases. Ne edﬂbﬁ:, there are substantial differences also. For instance, Eqgs. (19)

and (35) were obtain different methods and, in particular, ill-substantiated Eq. (20) was

. ) 4.
not invoked for tl?’pu 0se 1ythe present study.

N

IV. CONELUSIONS
£

Thé major dts of the present work are as follows.
Eirst; anhq')'hler’s classical scaling given by Eq. (4), which is commonly associated with
distributéd reaction zones, is numerically and theoretically shown to be also consistent with prop-
@iﬂl f thin reaction zones in intense turbulence at Da < 1 and Ka > 1.
Second, under conditions simulated in the paper (Da is as low as 0.01 and Ka is as large as
about 600), consumption rate is mainly controlled by the area of the surface of a thin reaction

zone.

Third, the present numerical results are consistent with the concept of thin-reaction-zone
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Publishiregime, introduced by Peters®, but show that the regime expands to values of Ka that are much
higher than a critical value Ka* estimated by simply comparing the reaction-zone thickness and
the Kolmogorov length scale.

Fourth, a new simple phenomenological theory of the TRZ regime is developed and validated
using the present DNS data, as well as recent experimental and DNS results.

All in all, the main message provided by this work is that reactions may«be confined to thin
zones even at a very high Ka and a low Da, with Eq. (4) holding under such conditions. Ac-
cordingly, the present study offers an opportunity to reconcilé’@), recent experimental3!-36:42.68.69
and DNS3*70-79 data that indicate statistically weak (or the laek’of) reaction-zone broadening in
flames characterized by high Ka and low Da, and (i) regent exferimental®? and DNS®3%34 data
that support Eq. (4) at high Ka and low Da.

Moreover, the present DNS data indicate that'the profile W (¢) of the mean reaction rate vs.
the mean reaction progress variable approaches the laminar profile W (¢) with decreasing Da. This
trend offers an opportunity to significantlygimplify modeling of the influence of intense turbulence
on reactions.

The DNS data also show that the meanfwave brush thickness normalized using a turbulence
length scale, e.g. 87 /L1, increases with'decreasing Da. If (i) the data are fitted by 0r /Ly o< Da?
in a range Da < Da* of low Damkghlers-numbers and (ii) the range boundary Da* is decreased,
then the power exponent# approaches ¢ = —0.5, which results from both Damkdohler’s classical
hypothesis and the preSent theory:

Furthermore, thé DNS data’evidence that, in line with the present theory, the thickness of the
reaction zone ip.a lamigar flow weakly affects Uy /i, provided that Da is kept constant and the
thickness is small.

Finallyy the’ present DNS data indicate that contributions of inclination and folding to the
reactign-surfacesarea increase are comparable for moderately large ratios ScRe; of turbulent and
meleculag diffusivities. When ScRe; is increased, the magnitude of the folding contribution is also
inereased\but the magnitude of the inclination contribution levels-off. Accordingly, the folding
contribution is of the most importance at the largest ScRe; reached in the simulations. The mag-
nitude of the broadening contribution is substantially lower than the magnitude of the inclination
contribution in the entire range of addressed ScRe;.

When applying the above results to more complicated problems, e.g., to premixed turbulent

combustion, it is worth remembering important effects, e.g., thermal expansion, preferential dif-
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Publishi:fugi on, complex chemistry, or/and heat losses, that vanish within the framework of the simple

problem addressed in the present paper.
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