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Propagation of a single-reaction wave in,a censtant-density turbulent ow is studied by
considering reaction rates that depend of the reaction progress variable ¢ in a highly nonlin-
ear manner. Analysis of Direct Numeri¢al Simulation (DNS) data obtained recently from
26 reaction waves characterized by4ow Damk hler (0:01 < Da < 1) and high Karlovitz
(6:5 < Ka < 587) numbers reveels the following trends. First, the ratio of consumption
velocity Ut to rms turbulentwelocity u’ scales as square root of Da in line with Damk h-
ler’s classical hypothesissSeeand, 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 rootQf Da,jin line with the same hypothesis. Third, contrary to the widely-
accepted conéept of distributed reaction zones, reaction-zone broadening is quite moderate
even at D4 =.0:01"an0 Ka = 587. Fourth, contrary to the same concept, Ur=u’ is mainly
contralfed by reaction-surface area. Fifth, Ut =u’ does not vary with laminar-reaction-zone
thiekness provided that Da is constant. To explain the totality of these DNS results, a new
theory, is deVeloped by (i) exploring the propagation of a molecular mixing layer attached
to an ig nitely thin reaction sheet in a highly turbulent ow and (ii) hypothesizing that the
area-of the reaction sheet is controlled by turbulent mixing. This hypothesis is supported
by order-of-magnitude estimates and results in the aforementioned Damk hler’s scaling
for Ur=u’. The theory is also consistent with other aforementioned DNS results and, in

particular, explains the weak in uence of the laminar-reaction-zone thickness on Ut =U’.
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The problem of the in uence of turbulence on reaction waves is directly relevant to various phe-
nomena ranging from reactions in aqueous solutions?, turbulent combustion? #, or de agration-to-
detonation transition® under terrestrial conditions to evolution of thermofuclear la supernovae® 8
in the Universe. This highly nonlinear and multiscale fundamental_problem attracted much at-
tention since the 1940s when signi cant ame acceleration by turulence was discovered. The
effect was rst explained by Damk hler® who hypothesized two limitingegimes of the in uence
of turbulence on combustion depending on the ratio of an“qtegral turbulence length scale L to
laminar ame thickness d.. Subsequently, various regimes of the in uence of turbulence on a
reaction wave were widely discussed and several regime diagrams were proposed by considering
self-propagation of a dynamically passive reaction Wwave in gonstant-density turbulence!® 2. For
brevity, these regime diagrams will be called ClassicalkRegime Diagrams (CRDSs) in the following.

Despite strong simpli cations, the regime-diagram approach has clearly demonstrated impor-
tance for understanding of fundamental meehanisms governing more complex phenomena. Ac-
cordingly, the CRDs are widely accepted assan appropriate framework for speculating what phys-
ical mechanisms govern the in uence«f turbulence on a reaction wave and under what condi-
tions. In particular, oversimplised~CRDS are discussed in almost every second archival publi-
cation on premixed turbulent combustion, even though important effects such as (i) preferential
diffusion®*13 15 (ii) variable density® 19 and (iii) complex chemistry?® 22 are well documented
for ames but disregarded'in the CRDs (certain recent combustion-regime diagrams*23 26 allow
for thermal expanSien effeets). It is also worth noting that a regime of premixed turbulent burning
that was contrglled\by combustion chemistry was hypothesized by Shetinkov?’ as early as 60 years
ago.

While thecCRDS are well accepted and widely used, there still remains a challenging area of

researeh: reaction waves at high turbulent Reynolds numbers
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eddies; the Kolmogorov microscales vk = hx=tk, hx = (n=€)', and tx = (n=€)'2 character-
ize the smallest turbulent eddies; tg = d =S, d. = D=S,, and S| are the laminar-wave time scale,
thickness, and speed, respectively; n is the kinematic viscosity of the fresh mixture; D is the molec-
ular diffusivity of the de cient reactant; Sc = n=D is the Schmidt number; & = 2nS;;S;; u’=L
is the mean dissipation rate?®2%; and Sjj = 0:5(fu;j=1x; + Tu;=Txi)"is _the“rate-of-strain tensor.
Henceforth, the summation convention applies to repeated indexes.

Indeed, on the one hand, by referring to the pioneering work'by Damk hler® and Shchelkin®, a
Distributed Reaction Zone (DRZ) regime was hypothesized atRd <4and Re; 1 in CRDs0 12,
In that regime, reaction zones are said to be thickened, °, distributed *, well-stirred 12, or

broadened 3.
On the other hand, it is dif cult to nd a dirégt evidence of DRZs in intense turbulence. In

particular, the DRZ concept is often supported by experimental and DNS data that yield
St SERe4 u'Dal™ (4)

for turbulent reaction-wave speed.{ In the €ase' of L  d_ and Sc = O(1) = const, this scaling
was rst predicted by Damk hler® by, reducing the in uence of turbulence on a reaction wave
to intensi cation of mixing within“kgaction waves. Subsequently, Eq. (4) was con rmed (i) in
experiments on reaction-ffont propagation in aqueous solutions! and ames at low Da? and (ii)
in 2D DNSs of constafit-density reaction waves3, 3D DNSs of thermonuclear de agration®, and
3D DNSs of lean méthane-air @nd hydrogen-air ames3*. However, strictly speaking, validation of
Eq. (4) is not suf_cientevidence in favor of the DRZ concept, because the same scaling was also
obtained by develaping alternative approaches, e.g., see a recent paper by Chaudhuri et al.?6 At
the same tine Statistically signi  cant reaction-zone broadening is rarely documented for reactions
whoseg rates vary.in a highly nonlinear manner across the wave (e.g., with temperature ina ame),
asddiscussed in detail in Section 11 C 1.

Thus, ‘tharacterization of a single-reaction zone in a constant-density turbulent ow atDa<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<1and Ka 1.
However, the DNS data obtained were not fully expected: Eq. (4) was very well validated, but no

statistically signi cant reaction-zone broadening was detected. As a consequence, we expanded
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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 ames. Since the problem at hand is relatively simple, a DNS study
can be performed for a much wider range of conditions than those amenable to a 3D DNS of
turbulent burning with complex chemistry. Furthermore, interpretation-@f results, 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/mechanmisms underlying turbulence
effects on the wave are also of importance for premixed turbulgnt combustion, results presented
below could also contribute to better understanding highly turiulent premixed ames. Indeed,
the in uence of turbulence on a reaction-wave surface and strueture is an important ingredient of

ame-turbulence interaction and a submodel of the former phenomenon is a basic building block
for a typical model of premixed turbulent combuystiond 4101124 26 Even if effects due to pref-
erential diffusion®*13 15, variable density2® 12 ‘and complex chemistry?° 22 are well documented
for turbulent burning but ignored in the(presentstudy, target-directed investigation of the in uence
of turbulence on a reaction-wave under the/simplest conditions has its own value. Nevertheless,
bearing in mind the above reseryations, care 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 and.distinCtigns between the propagation of a single-reaction wave in constant-
density turbulence/and premixXed turbulent burning, it is of interest to explore what phenomena
observed in ames cany{Qr cannot) be qualitatively predicted by investigating the greatly simpli ed
model outlinedsabeve. Accordingly, in the rest of the paper, results of the present study will often
be compdred with published results obtained from premixed turbulent ames in order to clarify
common and distinctive points. The focus of the comparison will be placed on highly turbulent

ames Characterized by Ka 1 and Da < 1. Such conditions were realized in recent laboratory
experiments with (i) piloted Bunsen ames studied in Michigan33> 3 (ii) piloted jet ames
studied Tn Lund®® 42, Sydney*3, or Sandia**, as well as counter- ow reactant-product ames. In
faet, over the past decade, the focus of experimental research into premixed turbulent combustion
was strongly shifted to these ame con gurations, because they offer an opportunity to study
burning under conditions of high (low) Karlovitz (Damk hler) numbers. Such ames are of great

practical importance because burning in combustion chambers of modern gas turbines is often
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The paper is organized as follows. In the next section, recent DNS data*® 5 are analyzed in
order (i) to explore eventual broadening of reaction zones by small-scale turbulent eddies in the
case of Da<1and Ka 1, (ii) to test Eq. (4), and (iii) to gain further insight into physical
mechanisms responsible for the increase in consumption velocity due 10 turbulence. In the third
section, to explain the DNS data, a simple phenomenological theory<of.the in,_uence of constant-
density turbulence on propagation of an in nitely thin reaction zoneig‘developed for the case of

Da<1landKa 1andEq. (4) is derived. Conclusions are suminarized in the fourth section.

I1. DIRECT NUMERICAL SIMULATIONS
A. DNS attributes

Because the simulations analyzed in the following were discussed in detail in recent papers® 51,
we restrict ourselves to a summary of the gaverning equations, numerical methods, and turbulence

and mixture characteristics. The readerinterested, in details is referred to the cited papers.

1. Equations

The background turbulent “ew is described by the continuity and Navier-Stokes equations

u=0; ©)

L p+n 2u+t; (6)

ﬂﬂ_Ltj +(Uu J)u= r
where t is timg, xJ= fX;y;zg is the spatial coordinate vector, u = fu;v;wg is the ow velocity
vector, the'density ¥ and viscosity n are constant, p is pressure, and a vector-function ¥ is added
in ordertae maigtain a constant turbulence intensity by using forcing at low wavenumbers.

Propagation of a reaction wave is modeled by the convection-diffusion-reaction equation

%+u c=D Zc+W 7)

for/reaction progress variable c, i.e., the mass fraction of a reactant or product species normal-
ized so that c = 0 and 1 in unburned reactants and equilibrium products, respectively. Here, the
molecular diffusivity D is constant and the reaction rate

11 c., Ze(1+t)?

= - - @7 8
1+t tR ¢ t(1+ tc) ®)
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in detail elsewhere*®, Eq. (8) allows us to mimic the behavior of the reaction rate ina ame by
considering constant-density reacting ows. Before each DNS run, the values of S| and ap 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 of; size of Ly L L and was discretized
using a uniform staggered Cartesian grid of Ny N  N-eells:“\Most results reported in the following
were obtained using three different domains (thgee “different L), but retaining the same spatial
resolution Dx =Dy = Dz = Ly=Nx = L=N.

The boundary conditions were periodic.not only in-the transverse directions y and z, but also in
the direction x normal to the mean wave surfaee. 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 = Ly). Such'a methad*® allowed us to greatly improve sampling statistics

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

At the end t =t; of thedimesgterval (0;t1) required to generate fully-developed, homogeneous,
isotropic turbulent eld, see«Section 11 A3, a plane wave c(x;t = 0) = ¢ (x) was released at
X0 = Ly=2 such that Ro¥c|_(x)dx = R0¥[1 cL(x)]dx and x =x  x°. Here, c . (x) is the pre-
computed laminar-wave pro ‘le with dc=dx 0.

Simulationswyere performed using a simpli ed in-house DNS solver®? developed for low-
Mach-numberseacting ows and equipped with a standalone stiff chemistry solver for a general
kineti¢ mechanism. For the goals of the present work, the solver was simpli ed and temporal
advancément by a full time-step (Dt =t"*1  t" = 0:029Dx=u") was performed using the Adams-
Baghforthymethod in multiple sub-time steps, as described by Yu and Lipatnikov*’. The convection
termn in Eq. (7) was discretized using a fth order Weighted Essentially Non-Oscillatory (WENO)
scheme®3, whereas all other spatial terms were discretized using sixth order centered schemes.
The pressure eld was computed by integrating the constant-coef cient 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 elds

Field Reg Ny N N Y  Rg, L1 R [ I A A
A 50 256 642 020 41 013 26 068 051 55 12 18
100 512 128 026 105 012 49 086 Q47 62 17 37
200 1024 256> 030 241 011 84 106 ‘022 74 25 68
071 566 020 157 133 079 91 38 135

Y © 0.14 114 0.06 50 0.88 025 6.4 18 42

m m O O

50 © 0.20 41 0.13 26 2.69 0.51 5.5 12 18

3. Turbulence generation

The initial turbulence eld was generated by synthesizing prescribed Fourier waves®* with
an initial rms velocity u% and a turbulenge lengih scale Lo = L=4. The forcing function f in-
troduced into Eq. (6) to maintain statistically, stationary turbulence was speci ed adapting the
methods proposed by Eswaran and«Popa2®sand-Lamorgese et al.*®, as discussed in detail by Yu
and Lipatnikov*’. After a transient phase, att > t; = 5t$ = 5Lo:u%, the generated turbulence was
homogeneous, see Fig. 2 in Ref. 45, isetropic, see Fig. 1 in Ref. 47, and statistically stationary,
see Fig. 2 in Ref. 48, with/otume-averaged values of u’ or the dissipation rate e being very close

13

to u?) or weakly oscillating argund 1:6u,”=Lo, respectively, see Fig. 1 in Ref. 46.

Most results reporteduin thé following were obtained by adapting one of the basic turbulence
elds A, B, and.C generated by setting three different values for the width L of the computa-
tional domain andhence three different initial turbulent Reynolds numbers Reg = u%Lo:n =50,
100, or 20Q. The characteristics of the three turbulence elds, calculated by averaging the dis-
sipatign rate e(%;t) and various moments of the velocity eld over the computational volume
and.time.at t/> t;, are listed in Table I. Here, the rms velocity u’ = hu ui=3 1:2, Ly =
ROL:2 RY, (h)dr R0L=2 RY, (r)dr "Lz

seale and the corresponding time scale, respectively; RY; (r) =hu(x;y; 2)u(x +r,y;z) i=u?, RY; (N =

R} (r)drand tr = L11=u’ are the longitudinal integral length

QG y; 2v(x;y +r; z)i:u°2, and RY; () = hw(x;y; 2)v(x;y,z+ r)i:u02 are auto-correlation functions
3=

vanishing at r = L=2 in all three cases, see Fig. 1 in Ref. 47; Lyc = hu ui=2 =hei is an-

other turbulence length scale often used in DNS papers; Re; = u’L11=n and Reye = U'Lye=n are the

Reynolds numbers based on the two length scales; and hqi designates the value of the quantity

7
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Adapting the method proposed by Lamorgese et al.*®, we generated*’ two more turbulence
elds, D and E, by changing spectral characteristics of the forcing function ¥ in order to vary
the ratio L11=L while retaining the same u’ and n. The generated turbulence elds are ranked in
descending order of the spectral width of the -5/3 slope range®2° as follows, see Fig. 3 in Ref. 48:

D>C=>B and E>A, in line with the values of Rey, given in Table I

For each velocity eld, the Kolmogorov length scale hx was on‘the order of the grid cell size
Dx, thus implying suf cient grid resolution. Nevertheless, to'egn/rm.the low sensitivity of results
to grid resolution, eld F was generated, with the same f and.L*as in case A but with Dx=hg

smaller by a factor of four.

4. Studied cases

Various cases were set up by seleeting a turbulence eld and specifying S, d,, and Ze. Since
the reaction wave did not affect the 0w, the choice of a turbulence eld was independent of the
choice of Sy, d, and Ze.*Ihe values of D, tg, and Sc required to obtain the speci ed S, and
d. were found in 1Dpre4computations of the laminar wave. Overall 45 cases characterized by
Da=0:01 247 Ka=0%96 587, u'=S, =0:5 90, and L=d, =0:39 12:4 were simulated,
including cas€s being designed to demonstrate the weak sensitivity of computed results to grid

resolutionsdL11=Letc. Reasons for selecting each of the 45 cases were discussed elsewhere®@.

In the following, 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
other 44 cases and, consequently, Re; = 14 was too low. Nevertheless, the results computed in
case K4 are consistent with those obtained in other 26 cases with Da < 1. The characteristics of
these 26 cases are summarized in Table Il. In certain cases, the length Ly of the computational
domain was increased in order for the total thickness of the reaction wave brush to be signi cantly
less than L. To retain the same resolution, the number Ny of grid points in the axial direction was

increased accordingly.
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Field b Ny Ze Sc Da Ka g‘—i "d—lLl Ej—f

B4 A 4 256 6.0 039 041 134 5 2.1 3.2
B5 & o o & 078 020 269 4 10 & &
B9 B < 512 < 039  0.75 8.36/ \ 3.7 8.0
B10 o o o o 078  0.38 D 10 o o
B15 C o 1024 o 078 067 \40\ 10 6.7 18.2
D1 o 8 2048 o & 0.1 ‘)43& 20 346 9.4
D2 o o o o o Q’i 4 30 235 6.4
D3 o o o o Y 1) 3 173. 40 176 48
D4 o o o & : Q 0.0 390. 60  1.16 3.2
D5 B o 1024 o .(N(Lfé? 6.53 2 1.95 4.2
D6 o o o o X 016  40.8 5 0.78 1.7
D7 o o o - \\ 004  163. 10 039 085
D8 o o “ : \ “0.78 004  147. 30 129 2.8
D9 o o o \\\ o 001 587 60  0.65 1.4
D10 A o 512%& o 002 238 30 070 1.1
T2 C 4 o 024 021 362 10 2.1 5.7
T3 o 8 gﬂj\:b o 313 008 974 60  4.67 12.7
T4 © / S y . © 7.04 0.08 97.6 90 6.94 18.9
T5 o \ 024 o 003 067 11.0 2 1.34 3.7
T6 y 3 o o o 020 068 110 5 3.39 9.3
K3 V. 2048 o 282 009 621 90 827 12.7
HL (@ 4 1024 o 078 021 277 10 2.1 3.2
2 3 o o 17.1 o o o o o o
;\3 C o o o 0.24 o 36.2 o o 5.7
\Hz ~ 8 2048 o 078 002 389. 60 116 3.2
E 4 1024 6.0 o 039 161 10 388 9.1



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

Al

Publishing

Thin revalon Q8 Bfanuscript was accepted by Phys. Fluids. Click here to see the version of record.

0.5 ‘

0'4]5;:!- éagi-* il} e 1t Ii:, .,~i:§,.:ii. :PG h

T ahans
D2

0.2 D7

e .,%,fw",».\_,g‘\‘,:‘;“M\."y’\;\'fruﬂ;-\r;:ﬁ'wwwmf"fm{‘.Mlj"wz

o
[

4

normalized consumption velocity

o

. SN ek ) ; /
,\,»‘;ﬁ‘\,'v.'., ',' N f\ll,i"l‘,"lu' i e e .';,Wq,y‘ l",,'\‘glnf Ak _“\‘«f",,“.'
| Y ) A 7 1 A
[ PO SN T N N S o DRSS Sy 8 P I e, F
e s e S A Ve O MmN 8 D{j
4

o

|
200

|
400

|
600

normalized time

80%\50\

T

FIG. 1. Normalized instantaneous turbulent consumption velogity Us (t)=u’ vs. normalized time t=t7. Cases

are indicated at curves. 3

-

\L
Statistics were sampled using the foll W@ds. First, for each characteristic q(x;t) of

5. Sampled statistics

the reaction wave c(x;t), its time-dependent« mean value q(x;t) was evaluated by averaging
the DNS data over transverse cooﬂn&t%
I

velocity Ut (t) was calculated as fol

\ZL

\ Ur = W t)dx:

£ . .
of pally developed statistics were started after the end t, of a transient

and z, and the instantaneous turbulent consumption

©)

Second, compgﬁti
phase characterized Dy, substantial and almost monotonic increase in Ut (t). The durationt, t;
Qse varied from case to case and showed a trend to an increase with decreasing

of the transi

Da. Howegvers analysis of data on this duration is beyond the scope of the present work. At
t >ty /sampli V\és performed at every 100th full time step over a time interval of t3 t, > 50t$,
with t3" b b)ing as long as 1500ty in some cases. During that time interval, the normalized
t buIenlSconsumption velocity Ut (t)=u’ oscillated around its fully-developed value Ur=u’ (see
‘Rg. %

(1), respectively, over time within (tz;t3).

Fully-developed mean quantities §(x) and Ut were evaluated by averaging q(x;t) and

Moreover, att, t t3, 3D joint Probability Density Functions (PDFs) P(c;q;d) were com-
puted for various quantities q such as j cj 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 variable c(%t) (top row) and normalized reaction rate

W c(x;t)] (bottom row) in an x v slice plane. The rate normajized to the maximum value maxfWw (c)g

of the function W (c) de ned by Eq. (8), where t , tg and
represent boundaries of the reaction zone, i.e. c(%;%‘k

to the distance between the planes c(x;t) = cr1 \dm,‘{-) = Cr2 in the unperturbed laminar reaction wave.

aré-kept constant. Black dashed and solid lines

nd cr, respectively. The thickness d; is equal

(a) Case T4, Ze = 6:0, Da = 0:08, and Ka @76,@ Case H4, Ze = 17:1, Da = 0:02, and Ka = 389:

such joint PDFs, values of q co@an interval (c1;c2) were evaluated as follows:

717 217
il 2:\ qP(q;c;df)dcdddg P(q;c;)dcddda: (10)
¥ 0

1 ¥0cC

£
In particular, two séts ofeaction-zone boundaries were used; (i) ¢; = ¢ and ¢z = ¢y such that
W (cr1) = W( })?%fw (c)g=2 and cr1 < cpp or (ii) cg =cy 0:005 and c; = cy + 0:005,
where cy i d by W(cw) = maxfw(c)g. In the following, a quantity q averaged over a

thicker reagtion zcy 1) and a thinner reaction zone (ii) are denoted by hqi, and hqiyy, respectively.
—

{ "Res nd discussion

)

STmlcal 2D slices of 3D elds of reaction progress variable c(X;t) and reaction rate W (X;t)
are shown in Fig. 2, and other slices were reported in Fig. 3 in Ref. 47. Both elds 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. Damk hlef number Da. Symbols show DNS
data tted with a straight line. (b) Normalized consumption.velocity Ut=S__ (circles), area increase hdAi,
(squares), and contributions to hdAi, due to broadening, (triangles), inclination (diamonds), and folding

(crosses) vs. the product of Schmidt and turbulent,Reynglds numbers.

the laminar reaction zone is largest, asavill be'discussed in Section 11 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 used te.draw conclusions regarding reaction-zone broadening,
because inclination of 3D reaction,zones with respect to the 2D slice plane may signi cantly
increase the apparent thicknesses of the zones. Accordingly, in the rest of the section, we discuss

the results of a statistigal analysis/of the 3D DNS data.

1. Turbulent€onsumption velocity

Figuret3(a)/shows that, in all 26 cases characterized by Da < 1, the computed turbulent con-
sumption velocities (symbols) presented in a log-log plot are very well tted by a straight line
carrespondingto Eq. (4), with a correlation coef cient of 0.9997. There are fewer than 26 distinct
symbols in Fig. 3(a), because (i) some sets of cases were designed*® to keep u’ and Da constant
While varying Li1, S, and dy_ and (ii) similar values of Ut=u’ were computed within each of these
sets, in line with Eq. (4). If the entire DNS database (27 waves characterized by Da < 1 and 18
waves characterized by Da> 1) is ttedasUr u'DaP, 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


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

Thin reaction @agefanuscript was accepted by Phys. Fluids. Click to see the version of record. |

Al

Publishifrgnt propagation in agueous solutions' and by 2D DNS data (Da > 0:025) on constant-density
reaction waves®. In Section 11 C 1, Eq. (4) will be further supported by discussing experimental
and DNS data obtained from premixed turbulent ames at low Damk hler numbers.

To explore the physical mechanisms responsible for the increase in the normalized consumption
velocity Ur=u’ with Da, a relative increase in the mean area of the réaction-zone surface was
evaluated as

1 el LAl L) GR()

hdAly = ——
"tz L2, 0 0 0 Cegwlri

dxag; (11)

where P(c) =H(c cr1) H(c crp) is difference between Heaviside functions, c.-1 and ¢, are
the reaction-zone boundaries. Subsequently, the normalized medh local consumption velocity was
estimated as

b _, Uy
S., hdAi S,

(12)

using the DNS data on Ut and hdAi,. The«atiol.=S, may be larger than unity due to mixing
enhancement within reaction zones by{small-seale turbulent eddies®. However, the ratio may be
smaller than unity due to stretchin@.of the"zones®’ by larger but still small-scale eddies3°8°9,
When =S, > 1, the former effect dominates and the zones are statistically broadened, because
local consumption velocity is approximately equal to the characteristic reaction rate multiplied by
the local reaction-zone thickness, For these reasons, and because 6l;=S, > 1 in all simulated waves
with Da < 1, the ratio ;=S g referred to here as the magnitude of broadening contribution to
hdAiy.

In Fig. 3(b)sthe values of hdAi, (squares) are signi cantly larger than those of d.=S_ (trian-
gles). Thergfore, in all cases studied, the increase in Ut=S, is mainly due to an increase in the
normalizéd.aréa hd At of the reaction-zone surface, whereas the increase in d; is of substantially
less importance'even at Da as low as 0.01. Nevertheless, the DNS data reveal some increase in i,
whieh sheuldnot be disregarded.

J he simulated increase in hdAiy, is explained by two effects; (i) inclination, i.e. deviation of the
local.normal vector n 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 X, and X¢ of the contributions of the
former and the latter to an increase in hdAi, can be respectively estimated as

1 hdAiy

hinkjir’ T Xn

: (13)

Xn=

13
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FIG. 4. (a) Broadening (triangles) and inclination (diamonds) contributions vs. product of Schmidt and

turbulent Reynolds numbers. (b) Broadening contributiol fi.=Sg vs. U’=S, .

The estimate of the magnitude X; of the folGigg contribution is based on assumptions that (i)
hdAiy is solely controlled by the inclination andkfolding effects and (ii) they do not correlate. To
verify this estimate, X was also evaluated as¥gllows

Ll L2 LL L

d P (c)dxdt;
0

L(ts \TL N, o

cr1)=hj xCjir estimateSthe mean axial distance between boundaries c(X;t) = c1

Xs (14)

where Iy = (Cr2
and c(x;t) = cr, of the geaction zone and the integral estimates the mean total x-length of all
reaction zones. Since Egs. (18) and (14) yielded similar values of X, solely the former magnitude
will be reported inhe fellowing.

The diamonds_and“erosses in Fig. 3(b) indicate that the corresponding X, and X; are com-
parable at lewwaldes of ScRe;, but the folding contribution is more signi cant at larger ScRey.
However, <X i§ onlysslightly larger than unity in cases D5-D7 and T5. These cases are charac-
terized by'a lowsatio ScRe; between turbulent and laminar diffusivities (less than four) and a low
u'zS,. orand L11=d . Accordingly, large-scale turbulent eddies are either weak or/and too small
and cannat fold reaction zones, while the in uence of turbulence on consumption velocity is also
weak, UT=S__ < 1:8. Nevertheless, even in these four cases, Ur=S_ is mainly controlled by hdAiy,
whereas the broadening contribution is less than 10 %, dl.=S_ < 1:1.

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

around X, = 2. The broadening contribution is signi cantly less than X, and weakly increases

14
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FIG. 5. (a) Mean values of normalized reaction-zone thicknessigvaluated using Eq. (15) with ¢r1 <€ <Cr»
(crosses) or ¢,  0:005 < ¢ < ¢y, + 0:005 (circles). (b) Comparison of normalized reaction-zone thicknesses

computed using Eq. (15) (crosses) and Eqg. (16) (circles):

with ScRey, but the data point are widely sgatteréd, The'same data on ti.=S, plotted vs. u’=S; show
a more clear trend, see Fig. 4(b).

It is also worth noting the following point: A"comparison of calculated hdAi, or Ut =S| between
waves D4 and H4 or H1 and H2.shows awery weak in uence of Ze on these key characteristics of
turbulent reaction waves. Indeed, fdA1,=5:71 and 6.0 in cases D4 (Ze = 6:0) and H4 (Ze = 17:1),
respectively, or 3.65 and8.914p cases H1 (Ze = 6:0) and H2 (Ze = 17:1), respectively. While
some increase in hdAi# with'Ze ig observed, the effect is weak. Similarly, Ur=S, = 7:59 and 7.37
in cases D4 and H4/(Da= 0:02), respectively, or 4.09 and 4.07 in cases H1 and H2 (Da = 0:21),
respectively, with the'waves in each pair being characterized by the same values of u’=S, L11=dl,
Ret, Sc, Da, . and Ka, see Table Il. Weak in uence of Ze on Ut was also observed in a recent DNS
study of highlyturbulent, single-step chemistry, premixed ames®®. These results are explained in

Sectiof TH.

2. Reaction zone thickness

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

using either of the equations

1 hS: C'i 1
hdr'5;01<c<c2 = ] CJlci<c<c, _

(15)

hSi¢,<c<c, hj Clic,<c<c,
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haric,<c<c, =

(16)

] d c1<c<cCy

and normalized to the thickness obtained by averaging either j cj or 1=j cj, respectively, over
C1 < C <y in the corresponding 1D laminar reaction wave. Here, S j cj is the reaction-wave-
surface density and cx = cr, see crosses in Fig. 5(a) and all symbals in Fig. 5(b), or c; =
cw 0:005and c, =cy +0:005, see circles in Fig. 5(a). Equation (15) gives the.thickness weighted
by S. In particular, such a type of averaging is widely used in premixed turbulent combustion?®.
Equation (16) de nes the thickness averaged over the reactiop’zege 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\hdyis:c, <c<c, is smaller than 1.4
in all cases with the exception of waves K3 and T4 fwhich arecharacterized by the highest ratios
ScRe; of turbulent and laminar diffusivities. Even'iq these two cases, the thickness is smaller than
1.6, i.e., reaction-zone broadening is weakly prongunced after averaging.

For the thickness hdric,.,<c<c.,, Whichl is.averaged without weighting by S, the broadening
effect is more pronounced, cf. circles @nd crossgs in Fig. 5(b). Nevertheless, when Da < 0:1, no
consistent variation in the normalized thiskness™hdric ., <c<c,, 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 hdis:c,, <c<c,, and ha Fegy <c=c,,., respectively 1.6 and 3.3, were computed for case T4,
see also slices in Fig. 2(&). Note the substantial difference between these thickness values; i.e.,
the ratio hdric,, <c<c,,ZN0r is;g<c=c,, is close to two when Da < 0:1. This can be attributed to the
existence of regions where the‘reaction rate W (c) is high while the gradient j cj is low due to an
overlap between reactien zones. High local values of 1=j cj imply large values of thickness given
by Eq. (16),and the probability of nding such regions apparently increases with decreasing Da.

Figure'g(a)showsthat PDFs of the normalized local thicknessj cjw.L=j Cjw peak near unity at
various Da, inCluding Da 1. In Fig. 6(b), the probability of ndingj cjwL=] Cjw > 2 increases
with.deergasing 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 nding nar-
rowed reaction zones, where j cjw..=] Cjr <1 due to the local turbulent stretching. The former
prohability 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 signi cantly smaller than 50 % and larger than 20 %, respectively.

An increase in Ze reduces the probability of j cjw.L=] cjw = 2, cf. cases D4 and H4, but this

16
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FIG. 6. (a) Probability density functions and (b) cumulative prolabilitigs for the normalized local reaction-

zone thickness j Cjw.L=] Cjw conditioned toc, 0:005 <,c < ey 0:005.

effect is also moderate.

All in all, the present DNS results dem@nstrate-that reaction-zone broadening is weak or mod-
erate in the statistical sense, i.e. both h@re, <c<e,, and hdris;c;<c<c,, are suf ciently close to the
counterpart measures of the laminat wavesthickness, but are much less than the mean wave brush

thickness dr discussed in SectionJ! BY.

3. Mean reaction rate

It is of interest/to nete that, even though the PDFs plotted in Fig. 6 indicate a signi cant
probability of eccurrénge of thin reaction zones characterized by values of j cj * lower than
the correspondiagdaminar values, the PDFs of ¢ presented in Fig. 7(b) show that non-negligible
probabilities of nding various values of c(x;t) fall within a relatively narrow interval of c, shifting
from ¢ =0 to ¢ 1 with increasing d(x). The behavior of the PDFs implies weak uctuations
of AM(c)«and_ is consistent with the key assumption made by Damk hler® that the in uence of
turbulence on the mean reaction rate W(c) is negligible compared to mixing enhancement by
small-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

nding values of c, for which reaction rate W (c) does not vanish, is negligible when d = 0:1 and

0.3, and is very low when & = 0:5. Accordingly, the mean reaction rate W should be non-negligible

17
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FIG. 7. Probability density functions of c obtained at differe (ﬂ(x)Sspeci ed in legends. (a) Case T2,
Da = 0:21. (b) Case D9, Da = 0:01.
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FIG. 8. Normalize iWe us and mean reaction rates, W=maxfW (c)g (symbols) and W=maxfW (c)g
(curves), vs. i raeous and mean reaction progress variables, c and d, respectively. Cases are speci ed in
the legend€For gomparison, results simulated in case L2 (U'=S. =1, Lyi1=d, = 12:4, Re; = 158, Ka = 0:72),
which istepres afl/ve for the amelet combustion regime, are plotted in cyan dashed line.
NS

Whetj @ > 0:5. Such variation of W with d is similar to that of W (c) in laminar reaction waves

ni cantly different from the variation of W with d in reaction waves characterized by

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

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

18
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FIG. 9. Mean wave brush thickness dr=L1; vs. Damk hler number. Blagk open circles, blue open squares,
and red lled circles show data obtained from all 26 cases characterized by Da < 1, eight cases characterized
by Da 0:044, and ve cases characterized by Da  0:023;respectively. Data points are tted with black

dotted-dashed, blue dashed, and red solid lines, respectively,

amelet combustion regime (Da = 12:4) £ Mareover, W (6) approaches the laminar pro le W (c),
see symbols, as Da decreases. This trefid.is fully, consistent with Damk hler’s hypothesis.

The trend implies that modeling of highly turbulent reacting ows can be simpli ed; i.e., the
in uence of turbulent uctuatiogs.on the mean reaction rate W can be neglected at suf ciently high
Ka (low Da). Indeed, Duwig et al‘®, reported reasonable agreement between the results of their
large eddy simulations pgrformed by discarding the sub lter uctuations in W and experimental

data obtained by Dunn'et al.*3from a highly turbulent piloted ame.

4. Mean wave brush'thickness

Figure® shows BINS results (black symbols) on the mean wave brush thickness

1
= ety 000

(17)

with dotfed-dashed black line tting the data points with dr=Ly;  Da %31 It is worth remem-
bering that the integral length scale Ly; is evaluated by integrating the auto-correlation function
RYy(r), see Section Il A3, and ratios of Ly1=d, reported in the next-to-the-right column in Table
Il vary from 0.39 to 8.27. Other symbols and lines are discussed in Section I1C2. Similarly to
Ut =u’, the ratio dr=L11 decreases with increasing Da, but the data are more scattered compared to
the DNS data on Ut=u’ vs. Da in Fig. 3(a).

19


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

Al

Thin reaction @agefanuscript was accepted by Phys. Fluids. Click to see the version of record.

Publishi@g Discussion

1. Relevance of constant-density single-reaction waves to combustion

The present DNS results agree qualitatively with available experimental and DNS data obtained
from premixed turbulent ames. For instance, Eq. (4) was validated by tombustion experiments®?.
Moreover, Eq. (4) was also validated by DNS data® obtained from thermonuclear turbulent ames
characterized by moderate density ratios s < 2; Ka = 230; and Da«= 0:0Q6, 0.025, and 0.1. Itis
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 bysgcomplex-chemistry DNS data
obtained from highly turbulent lean methane-air and hydrogen-air ames, 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 “ading 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 e different premixed turbulent ames characterized
by s =7:33, Da > 0:5, Ka <50, u’=S_ ‘< 30(u’=S, 18 at the leading edge of the simulated mean

ame brushes), and a single valle 0fk=0,.. Those data show that an increase in Ur=S, by u’ is
mainly controlled by an inefease in the* ame-surface area by u’, see Fig. 7 in Ref. 62. The present
DNS data indicate thefsame trend, but in the constant-density case and in signi cantly wider
ranges of 0:01 Da'<1{6:5<Ka<2590, and2 u'=S_ 90. Note that in experimental and
DNS papers cited-in‘the present subsection, different de nitions of the laminar ame thickness dp
were adapted£but all of them yielded a| signi cantly larger than d. = Dy=S| used in the present
work. Heré, supbscrigt u designates unburned reactants. Accordingly, the values of Damk hler and
Karlovitz.numbers‘reported in those papers are signi cantly lower or higher, respectively, than the
values'ef Da ar Ka, respectively, re-calculated using Egs. (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 paraf n fuels (methane, toluene,
n<heptane, and iso-octane) also show that the ratio Ut=S, 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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burning velocities evaluated using single-step and multi-step chemistry were recently compared in
two independent DNS studies®®%*. Obtained results show that mean turbulent ame properties
such as burning velocity and fuel consumption can be predicted with the knowledge of only a few
global laminar ame properties , see p. 294 in Ref. 63, and the global mechanism is adequate for
predicting ame speed , see p. 53 in Ref. 64. Moreover, target-directed experiments® performed
using the well-recognized Leeds fan-stirred bomb facility do not shew a notable effect of com-
bustion chemistry on turbulent ame speed either. Such effegts.are egmmonly expected to be of
substantial importance when local combustion extinction occug; but<this phenomenon is beyond
the scope of the present study.

Second, (i) the vast majority of approximations of experimental data on turbulent ame
speed?*59 do not invoke the density ratio s, thlls, implying a weak in uence of s on S, (ii)
recent target-directed experiments®®, as well as'earlier measurements®®, did not reveal a substan-
tial in uence of s on St, and (iii) recent BNS studies, e.g., see Figs. 10 and 11 in Ref. 18 or Fig.
2ain Ref. 67, do not indicate such an in uencegither.

As far as the reaction zone thickhess Is éoncerned, Figs. 5 and 6 also agree qualitatively with
DNS and experimental data ohtained\from turbulent premixed ames. For instance, Driscoll®®
thoroughly reviewed experimental data available a decade ago, but did not nd any clear evidence
of existence of distributedfeactign zones in premixed turbulent ames. More recently, Chowdhury
and Cetegen® analyzefl experimental data obtained from highly turbulent ames stabilized using
a bluff body and concluded that there was no evidence of broadly distributed heat release zones ,
see p. 320 in Ref. 69.4n other recent experimental studies31:36:42 of ames characterized by high
(low) values ofidka’(Da), reaction-zone broadening was observed, but the effect was moderate. In
particularithe satio 0f a mean thickness of a reaction zone in a turbulent ow to the corresponding
thickness of thedaminar 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 signi cant broadening of reaction zones was not documented in earlier DNS stud-
fes.of premixed turbulent ames with single-step”® 72 or complex”® 7 chemistry. Th@venin® did
not observe a signi cant in uence 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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from Lewis number and preferential diffusion phenomena discussed elsewhere*12. 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 ame 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 thitkgess of reaction zone from
unity to 2.6, with the thickness being calculated as the local distance'ardund the peak source term
where its value was above 5% of the laminar value . However, thesghoice 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 tothin zones in those simulations.

Figures 12 and 14b in Ref. 79 report dependencies of the ratio hj cjic=] cjc:. of conditionally
averaged gradients j cj on the value of ¢ that'the gradients were conditioned to. Those data were
obtained from a highly turbulent methane:air jet ame. At ¢ = 0:8 associated with the peak heat
release rate, this ratio was larger than'Q.55thus 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 netshow statistically substantial broadening of reaction zones at Ka as
high as about 36500or lean methane-air ames. However, results obtained from lean hydrogen-air

ames characterized by a comparable Ka were different. On the one hand, 2D images reported
in Figs. 2 andk3 in the discussed paper appear to show signi cant ( by around two orders of
magnitude,) broadening of heat-release zones. On the other hand, temperature gradient condi-
tioned'to these zghes indicates statistically moderate (about 50 %) broadening of them. It is also
worth remembering that lean hydrogen-air mixtures are poorly suited for differing the in uence
ofismall-Scale turbulence on preheat and reaction zones, because the thicknesses of the two zones
are.comparable in the laminar ames of such mixtures.

Finally, while 2D images reported by Aspden et al.”8 also indicate reaction-zone broadening
at high Ka in thermonuclear and lean hydrogen-air ames, respectively, the magnitude of the
effect was not statistically quanti ed and contribution of inclined (to the 2D slices) zones to their

apparent broadening was not investigated in the cited papers. Moreover, the thermonuclear ames
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As far as experimental or DNS data on fully-developed mean ame brush thickness or the
difference between W (d) and W (d) are concerned, the present authors are not aware of such data
obtained from highly turbulent ames.

Thus, the above comparison of the present DNS data with experimental and DNS data obtained
from premixed turbulent ames shows encouraging agreement for thé major trends (scaling of tur-
bulent consumption velocity, which is mainly controlled by an icrease 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=rgaction 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 physicalmechanisms of premixed turbulent
combustion. Accordingly, research into the problemy may provide better insight into fundamentals
of the in uence of turbulence on premixed ,ames. Neéyertheless, when applying the present re-
sults or results obtained in other (e.g., future) stodies of the simple problem to turbulent burning,
other important physical mechanisms@ssociated with preferential diffusion, thermal expansion,
and complex chemistry should be borne M mind.

In this regard, two issues aresworth, emphasizing. First, on the one hand, there is a widely ac-
cepted hypothesis that thermal expansion-effects may impede reaction-zone broadening by small-
scale turbulent eddies, becausesuch eddies dissipate in preheat ame zones due to dilatation and
increased viscous dissiation®:3628.68  This hypothesis is based on results of numerous studies of
effects of a single yOrtex.or vortex pair on a laminar premixed ame. Numerical and experimental
research into that problem was pioneered by Poinsot et al.?® and Roberts et al. 8, respectively.
Results obtained in subsequent studies are reviewed elsewhere®283_ [If the hypothesis is accepted,
then, an €f ciént Ka experienced by constant-density reaction zones appears to be signi cantly
higher than an™ef cient Ka experienced by similar but variable-density reaction zones in statis-
tically the same incoming ow of reactants. Indeed, dilatation vanishes in the former case and
the rate of viscous dissipation is not increased due to the reaction if r =const and n =const. Ac-
cerdingly, the critical value Ka associated with signi cant broadening of reaction zones should
be Jower in the case of a constant density.

On the other hand, baroclinic torque can overwhelm the in uence of dilatation and viscous
dissipation and can increase vorticity in the reaction zone in a ame®. Moreover, in intense

Kolmogorov turbulence, the ux of energy from large to small eddies can allow the latter eddies
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De nitely, the issue requires further research. Nevertheless, we may note that (i) if statisti-
cally signi cant broadening of reaction zones is not observed in constant-density turbulent ows
addressed in the present DNS, then, such a result is unlikely to be reversed due to thermal expan-
sion in ames and (ii) the upper boundary Ka = Ka of the Thin ReaCtion Zone (TRZ) regime
discussed in the next subsection is unlikely to decrease with increasing, the density ratio. For in-
stance, DNS data’>8>80 indicate that the in uence of combustion-induCed thermal expansion on
turbulence decreases with increasing u’=S, and reduces to aningrease,in the Kolmogorov scales
in burned gas if u’=S, is suf ciently large.

Second, in the simple case studied in the present work, the reaction 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 quenching can occur in highly turbulent
premixed ames and, consequently, heat-release«zones ¢an locally be broken. However, available
data on conditions required for local or glgbal guenching are contradictory.

On the one hand, experiments with €xpanding statistically spherical ames®” % clearly showed
combustion extinction at moderately high Karlovitz numbers, see also recent experimental data
obtained by Chowdhury & Cetggen ®%, Karitki et al.®?, and Zhou et al. % from other ame con-

gurations. Moreover, local combustion extinction was also detected in a recent DNS study’® but
only in non-unity Lewis‘number simulations (p. 3341), with the probability of the extinction
decreasing at higher Ka&.

On the other hahd, Tfburnihg is well supported by hot combustion products and the ame is
shielded from cagl air;then, local combustion extinction seems to be of minor importance at least
at Karlovitznumbers reached in recent experiments by Driscoll’s group3-2® 37 In particular, these
authors clearly‘statedthat (i) the studied six cases with high Ka did not exhibit a substantial degree
of localized extmction , while rare events of local extinction resulted from cool gas entrainment ,
seep. 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 insigni cant , see p. 1808
inRef. 35. In other very recent set of experiments with jet ames®® 42 characterized by Ka 1,
local combustion extinction was observed, but only far from the nozzle, with this effect being
attributed to cool air entrainment. DNS studies®?%3 of lean hydrogen-air ames characterized by

Ka 1 did not reveal any local extinction either.
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to be different depending on ame con guration and stabilization method. Accordingly, results
of the present DNSs appear to be relevant to highly turbulent ames supported by hot combustion
products, but not relevant to other, e.g., expanding statistically spherical, ames, where extinction
phenomena due to heat losses, preferential diffusion and complex chemistry effects play a crucial

role.

2. Regimes of the in uence of intense turbulence on reactionwaves

As far as Damk hler’s classical theory is concerned, on the one hand, certain present DNS
data are consistent with it. First, the data very well~suppert Eq. (4), which results from the
theory. Second, Fig. 8 shows a clear trend of W (¢) to'W (d) with decreasing Da, in line with the
theory. Third, the computed decrease in dr=Lifawith ingreasing Da is qualitatively consistent with
the theory. Indeed, if following Damk hler® “the in<lience of turbulence on a reaction wave is
solely reduced to mixing enhancement, thene; =a|_ should be proportional to pﬁ pTRet.
Consequently,

o

L Dpa 2 18
™ (18)

where Dt UL is turbulent diffusivity~ Fitting dotted-dashed line in Fig. 9 shows a similar
dependence, but it is lessgronounced (the power exponent is -0.31).

Figures 8 and 9, cansidered tagether, imply that, probably, lower values of Da (or/and higher
values of Ka) are refjuired in ofder for W (c) to reach W (d) and Eq. (18) to hold. For instance, even
at Da as low as0.01 (case DY), there are differences between W (c) and W (c) in Fig. 8. To assess
the above agsumption, the DNS data on dr obtained (i) from eight waves characterized by Da
0:044 and«(ii)Arom “we waves characterized by Da  0:023 were separately processed. Results
shown in (1) open blue squares and dashed line and (ii) red lled circles and solid line, respectively,
inFig. 9do indicate that the tting power exponent p is suf ciently close to 0:5 when Da is low.
Therefore, the DNS data plotted in Fig. 9 do not seem to contradict to Damk hler’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 Ut=S
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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inUr=S,.

At rst 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, gfc.). At the same time, the
present DNS data indicate that the boundary Ka = Ka of this regime-shoutd be associated with
values of Ka signi cantly higher, e.g., Ka =587 in case D9, than thessimple criterion Ka =100
suggested by Peters®. Furthermore, it is worth remembering thatPetess attributed an upper limit
for the TRZ regime to penetration of Kolmogorov eddies intoreactionzones, see p. 122 in Ref. 3.
Subsequently, Peters obtained the criterion Ka = 100 by,assuming that the laminar reaction-zone
thickness dr = 0:1d,. However, under conditions offthe present-constant-density DNS, difference
in dr and d_ is much less*’, e.g., d. = 0:72d, if Ze.= 6:0. Gonsequently, hx < d; if Ka 2, i.e.,
in all 23 cases characterized by Ze = 6:0 and Da< 1, with d,=hg being larger than 17 in case D9.
Therefore, if Peters’ arguments are directly apphed tothe present DNS data, then, the simulated
waves are not associated with the TRZgegime:

Peters® not only introduced the FRZ régife,ut also modeled it and, in particular, obtained the

following equations

Ur h ) i)
0 b1 0:195Da+ (0:195Da)“+0:78Da  ; (19)

dT = b2 L, (20)

where, b1 = 1:0.and b= 1:78.

Black circles in‘Fig. 10 show that the original Eq. (19) with b; = 1 agrees with the DNS data
reasonably well, butthe agreement is much better if by = 0, see red crosses. This is not surprising,
becauge, when'Ra ¥ 0, Eq. (19) with by = 0 reduces to Damk hler’s classical scaling given by
Ege(4),'e.0., difference between the values of Ur=u’ calculated using Eq. (19) with by = 0 and its
low-Da limit (Ur=u’ = pm) is as low as 10 % when Da = 0:19.

However, DNS data plotted in Fig. 9 contradict to Eq. (20), which was directly used by
Peters® 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*94 %
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FIG. 10. Comparison of the values of Ut =u’ extracted from thg'DNS data (ordinate axis) with the values of

Ur=u’ calculated (abscissa axis) using Eq. (19) with by = 1 (blaek circles) or by = 0 (red crosses).

I11.  INFINITELY THIN REACTION ZONESHYN INTENSE TURBULENCE: A
THEORY

As discussed above, Peters’ theorysis contiadicted by certain present DNS data. Therefore,
the data call for development of anetheritheory-of propagation of a thin reaction zone in intense

turbulence. This is the goal of the présentseetion.

A. Statement of the prgblem

Let us consider 4 statistically planar, 1D, reaction wave that propagates from right to left along
x-axis in homageneous, isotropic turbulence, but does not affect it, because the reaction affects
neither the density/r nor the viscosity n. We address the case of a single-step chemistry, Le = 1,
and intense turbulenece characterized by a high Re; 1, alow Da <1 and, hence, ahighKa 1.

Tofexplore awhysical scenario opposite to the widely accepted paradigm of distributed reac-
tions, letws study a reaction whose rate W depends on c in the extremely nonlinear manner, i.e.,
Wic(x;1)] vanishes outside a very thin reaction zone, whose thickness d, is much less than both
the. KKolmogorov length scale hx and the laminar wave thickness d . A similar limiting case is of-
ten analyzed in theoretical studies of laminar premixed ames®’®8 following the pioneering ideas
by Zel’dovich and Frank-Kamenetskii who developed the well-known ZFK theory of laminar pre-
mixed ames®® 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(Xy;t) = 1,
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rium products, where c(Xx;t) =1 and X & 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| d.  hg  d; (if Ka is suf ciently high in order for the
latter inequality to hold), the thin reaction zone may be reduced to a/eaction sheet. Then, the

following constraints®”%°

=1 in c.=i ci.= 1¢ LSt
cxei)=1; jn cjr=j cj= fne Do d (21)

hold at the reaction sheet. Accordingly, the reaction progress variabless continuous, but its gradi-
ent drops from a ! on the reactant side of the reaction sheet to zéro on the product side. Equation
(21) warrants that the reactant ux Djfc=1nj, towdrds the reaction sheet is equal to the rate S_
of the reactant consumption per unit sheet area. ‘Henceforth, subscript r designates quantities or
differential operators taken at the reactant side of the reaction sheet, n = (' c=j cj) is the unit
vector normal to the reaction sheet, and n js spatial diStance counted from the reaction sheet along
the n-direction.

Under the above assumptions of r ="eonst,"n = const, single-step chemistry, and Le = 1, the
state of the mixture in the reaction wayess fully characterized by a single scalar variable®® ¢ and
the mixing zone 0 < c(X;t) <1 inthe“reaction wave can be modeled by the standard diffusion

equation

fic e
I +u c=DDc: (22)

Other initial and-boundary conditions read c(Xy;0) =1, c(X;t) = 1 in the products, and c(x;y; z;t) =
0 when x ¥ 3

To cloSg thé problem and nd a surface where the boundary condition given by Eq. (21) is
stated{ self-propagation of the reaction sheet c(Xx;;t) = 1 and its advection by turbulent ow can

betracked using the displacement speed
Sa =D(Dc=j ¢j)r = DdL(Dc)r (23)

and the normal component u(x,;t) n(x,;t) of the ow eld u(x;t). In an inhomogeneous ow,
Sy can signi cantly differ®” from S_. For example, if term D(Dc), is rewritten in the spherical
coordinate system, the displacement speed Sj; involves an extra term whose magnitude 2D=R; is

inversely proportional to the curvature radius R, of the reaction zone. Accordingly, if Ry = d
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negative. Strong variations in Sf; 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%101 The point is that molecular mixing{“ise., the.term on the Right
Hand Side (RHS) of Eq. (22), is not directly addressed in the latter ease. 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 therefore, Signi cantly reduces turbulent
wave speed St. Indeed, if Sc = O(1) and small-scale turbulent-eddies are assumed to be able to
wrinkle the reaction surface so that the local clwvature radius Ry of a wrinkle is on the order
of the Kolmogorov length scale hg, then the aferementioned mixing contribution 2D=hg 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 rapidlyssm@othed out. In other words, turbulence creates mixture
non-uniformities of the Kolmogorey scale, followed by rapid dissipation of the non-uniformities
by the molecular diffusion®®2:“A recent DNS study*’ does show that small-scale (when compared
to a) wrinkles of a reaction=zone surface are ef ciently smoothed out by molecular mixing, with
this effect signi cantly«gducing St when compared to a linear dependence of St u? simulated

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

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

WWithig the framework of the problem stated above, the reaction term vanishes everywhere with
exception,of the reaction sheet and evolution of an iso-surface c(X;t) = x < 1 is described by the
standard diffusion Eqg. (22). Accordingly, the direct in uence of the reaction on the evolution of
the c(Xx;t)- eld is expected to be weak everywhere with exception of a narrow layer ofc <c 1
close to the reaction sheet.

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

reaction, i.e., 0 ! see Eqg. (21), and (ii) concentration gradient j cjr due to inert turbulent mix-
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dissipation rate N = D( c)? is widely accepted?102.103 g he independent of turbulent Reynolds

number and to be proportional to t; LwhenRe; 1, we arrive at

1=2
i ooy SCRe) T (24)
L
Therefore, the ratio of the magnitudes of the two gradients scales ag
j cr S 1=2 1=2.
— —L (ScRe Da™:: 25
oy D L(ScRe) (25)

Thus, if Da  1and Re; 1, scalar gradients generated by tugbulent eddies are signi cantly
larger than scalar gradients due to the reaction and, consequently, turbulent mixing overwhelms
the in uence of the reaction on the c(x;t)- eld in the largest part of the mixing zone 0 <c < 1.
Nevertheless, the reaction appears to substantially aéfect-the c(X;t)- eld in a narrow transition
layer of c <c 1 close to the reaction surfaee,

To estimate the thickness of the layer, let usexpand c(n) to Taylor series in the vicinity of the

reaction sheet c(x;;t) =1

fic 1
-1 X l
c n+ >

ﬂn c=1

re o (26)
In the laminar reaction wawve, the magnitude of the quadratic term is much less than the magni-
tude of the linear term if n*<_d,. In a turbulent ow, small-scale eddies act to wrinkle the reaction
sheet, thus, signi cantly ihcreasing the magnitude of the quadratic term. Accordingly and since
the expansion co€f “eient in«the linear term is solely controlled by the reaction, see Eq. (21), let
us assume that the thickness n of the transition layer may be estimated by equating the linear and

quadratic terms in‘Eg. (26), i.e.,
M%c

n 2 d —
Lﬁnzc—l

(27)

Then, o estimate the order of magnitude of the second derivative 72c=1n? =1 In aturbulent

ow, let us consider the simplest relevant model problem®’:1%4 j.e., an 1D planar laminar reaction

waye stabilized ina2D ow fu= gx;v = gyg, with the velocity gradient g being on the order of
ty 1. In such a case, Eq. (22) reads

x dc _ _d%c

E&_ W’ (28)
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coordinate of the reactionzoneand n=xp x. If tx dE:D, i.e., Ka 1, integration of Eq. (28)

results in1%4
122, P
Xo Sc ““hx In(Ka=2p): (29)

Moreover, at the reaction surface x = xp, Egs. (21) and (28) yield

¢ SCXp.

— = —— 30
ﬂnz c=1 hl% dL ( )

Finally, combining Egs. (27), (29), and (30), we arrive at
2hx S¢ 12Ky (31)

P Scin(ka=2p)
At the boundary of the transition layer, the differencedoetween unity and the boundary value ¢ of
the reaction progress variable is less than e = Z:pm 1, see the second, linear, term
on the RHS of Eq. (26) and note that the positive thikd,’quadratic, term makes the difference even
smaller. In order for the distance n, to be much larger than the reaction-zone thickness, Ze should
be much lager than IoScKaIn(Ka-Zp) provided that d, = O(d.=Ze).

C. Turbulent consumption velQcity

The above order-of-magnitude estimates support the following scenario. If Da 1, Ka 1,
Re; 1, and Sc = Q(1), an inwitely fast reaction can signi cantly affect the c(x;t)- eld solely
in a narrow layer in.the vieinity of the in nitely thin reaction zone, with the thickness of this layer
being less thandheKolmegorov scale hk. Since distance n between the reaction sheet c(Xx,;t) =1
and the isosurfacé c(x;t) = ¢ < 1 that bounds the transition layer is so small, we may assume
that the two.stirfaces move in a close correlation with one another and, hence, their areas A, and
A are approximately equal to the leading order. Furthermore, since the evolution of the latter iso-
surface 1S'argled to be weakly affected by the reaction, the latter area can be estimated as follows
Ac Ac Invoking knowledge on the area A. of an iso-scalar surface in the case of inert turbulent
mixing. This is the key point of the present approach.

J 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

UT == S|_— S|_ (32)
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turbulent Reynolds number at Re; 1, Kuznetsov and Sabelnikov? have obtained the following

scaling
Ac  Ao(ScRey)*? (33)

for the area of an inert iso-scalar surface. The same scaling resulis from widely accepted
independencel®1% of the bulk inert scalar ux F; through an ise=surface c(x;t) =const on

turbulent Reynolds number at Re; 1. Indeed, since

z
D _ —
F=D  1° dA; 2 (ScRe) AL “UAN(ScRe) 1 (34)

see Eq. (24), A. should be proportional to (ScRe;)t2 in-arder for the ux F to be independent
of Re;. It is worth noting that the ux F. is conteolled by the relative velocity of the surface
c(x;t) =const with respect to the local owgwithithe relative velocity being solely controlled by
the molecular diffusion. Accordingly, in the ease 0f a material surface, D = F; = 0 and neither Eq.
(33) nor Eq. (34) holds.

Finally, Eq. (32) and Ac=Ag  (ScRe)%? yield the following scaling

Ur S, (ScRe )2 = u'Dal™ (35)

for the turbulent consumgtion velocity Ut. This scaling is basically similar to Damk hler’s clas-

sical scaling given by/Eq. (4).

D. Mean wavebrushthickness

In order _toarrivesat Eq. (35), we hypothesized (based on physical reasoning and estimates)
that the eld of'e(x;t) is substantially affected by the reaction solely in a narrow (if Da 1 and
Reg.. I)dayer close to the reaction sheet. This assumption might be put into question by pointing
out that, since evolution of an iso-surface c(Xx;t) = x < c is not affected by the reaction, mean
turbulent wave-brush thickness dr should permanently grow, similarly to the mean thickness of a
tukbulent 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., d(x;t) = 0:5, of the

mixing layer is constant in the coordinate framework attached to the mean ow, whereas the mean

32


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

Thin reaction @agefanuscript was accepted by Phys. Fluids. Click to see the version of record. |

Al

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 Ut 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., dr  (ULt)¥2 ift  t:197108 time t4 required for the

mean wave brush to reach the fully developed state may be estimated‘as

OL 1=2 _
Li— S, (ScRey) 2 (36)
d
using Eqg. (35). Consequently,
ty
t tLt=— ¢t 37
¢ L=g50 (37)
and
dr  (U'Lty)*?  dy (ScRe) = LDa (38)

This scaling is qualitatively consistent with thespreSentDNS data in the sense that dy =L increases
with decreasing Da. However, the theoretieal scating (power) exponent differs from the scaling
exponent that ts the entire set of the pregent DNS data, see the black dotted-dashed line in Fig. 9.
Nevertheless, if solely DNS data characterized by the lowest Da  0:023 are considered, see the
red solid line in the same gure,tQenythe theoretical and numerical scaling exponents agree well.

It is of interest to note that the présent analysis, see Eqgs. (33) and (38), yields the following

scaling

Ac Ac 1
dif T drAy Ay drAg L

for the integrated.reactign surface density S. While this result might appear to be unexpected due

(39)

to the lack of turbulence characteristics on the RHS of Eq. (39), it is consistent with the above
reasoning‘that/molecular mixing ef ciently smooths out small-scale wrinkles of the reaction sheet.
Indeed, Eq. (39).dmplies that the mean distance between reaction surfaces is on the order of the
laminarwave/thickness, i.e., the distance is directly controlled by molecular diffusivity. Since
the_aforementioned reasoning were early used to stress importance of the mixing and to argue
signicant differences in S 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 Damk hler’s scaling
for Ut, Eq. (38) coincides with Damk hler’s scaling for dr in spite of the fact that physical

mechanisms highlighted by Damk hler® and in the present work are substantially different.
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Equation (35) is consistent with the present DNS data computed for low Da and high Ka, see
Fig. 3(a), and explains the weak in uence of Ze on Ut in the present and other®® simulations.
Indeed, within the framework of the developed theory, an increase in the 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 nite thickness implies that the réaction-zone-surface area
and, hence, Ut=S, are weakly affected by the structure of thereactten zone and, in particular, by

Ze at a low Da.

Moreover, Eqg. (35) is consistent with experimental data obtained for reaction-front propaga-
tion in aqueous solutions® and premixed turbulent fames®%<asiwell as with DNS obtained from
constant-density single-reaction waves in 2D turbtéilence®®, 3D thermonuclear de agration waves®,
and 3D highly turbulent lean methane-air and hydrogen=air ames3*. Furthermore, the present the-
oretical analysis is also consistent with experimental®-36.42.68.69 and DNS3470 79 gbservations of

thin heat-release zones in  ames charagterized.,py low Da and high Ka.

The present theoretical analysis loes ot séem to be contradicted by DNS data’8 7280 that (i)
indicate that the in uence of the Lewis number on the local instantaneous structure of ames in
highly turbulent ows reduces with«dincreasing Ka and, therefore, (ii) imply a more important role
played by turbulent transport at.high Ka, in line with the hypothesis on mixing enhancement by
turbulence. However, such 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 ames®>'%, the in uence of the Lewis number on the local consumption ve-
locity and reaction/zone structure is mainly controlled by molecular uxes towards/from the zone,
rather thaf) by mixing within the zone. Accordingly, if (i) the molecular heat diffusivity k and
molecdlardiffusivities of main reactants are different, (ii) turbulent mixing dominates in preheat
zones ofigtretched ames, thus, reducing importance of these differences, but, (iii) within the ame
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’8"%80 do

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

While Eqg. (35) coincides with Damk hler’s classical scaling, the two results (i) were obtained
invoking different assumptions, i.e., L d_ in Damk hler’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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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 the‘present'siudy, the study does
not contradict to Damk hler’s classical work. The point is that Damk “alér himself did hypothesize
mixing enhancement by turbulent eddies within a reaction wawve, did reduce modeling of such
effects solely to substitution of molecular diffusivity D with tugbulentdiffusivity D1, but did not
discuss reaction-zone broadening. Accordingly, his general cogcept is consistent both with the
present theory and with the present DNS data, but the coneept does not reveal the governing
physical mechanism of the in uence of intense tucbulence on burning rate. The concept admits
both (i) an increase in the reaction-zone surfaeg, controlled by turbulent mixing ahead of the
surface, which is consistent with the present theery and DNS data, and (ii) mixing enhancement
within reaction zones, which is ignored by thesaresent theory and is not highlighted by the present
DNS data.

Finally, it is worth noting that the,present 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. Neyertheless, there are substantial differences also. For instance, Egs. (19)
and (35) were obtained using.different methods and, in particular, ill-substantiated Eg. (20) was

not invoked for thigfpurpose in‘the present study.

IV. CONELUSIONS

The major results of the present work are as follows.

EirstDamk 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-
agation of thin reaction zones in intense turbulence at Da<1and 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 con ned to thin
zones even at a very high Ka and a low Da, with Eq. (4) holding ugder such conditions. Ac-
cordingly, the present study offers an opportunity to reconcile’(#), recent experimental31:36.42.68.69
and DNS3470 79 data that indicate statistically weak (or the laek’of) reaction-zone broadening in

ames characterized by high Ka and low Da, and (ii) regent exgerimental®? and DNS83334 data
that support Eg. (4) at high Ka and low Da.

Moreover, the present DNS data indicate that“the pro le W (d) of the mean reaction rate vs.
the mean reaction progress variable approaches the lamipar pro le W (d) with decreasing Da. This
trend offers an opportunity to signi cantlygimplify modeling of the in uence of intense turbulence
on reactions.

The DNS data also show that thie meanfwave brush thickness normalized using a turbulence
length scale, e.g. dr=L11, increases with*decreasing Da. If (i) the data are tted by dr=L;; Da“
in a range Da < Da of low Damk«hlersnumbers and (ii) the range boundary Da is decreased,
then the power exponentg appreaches g = 0:5, which results from both Damk hler’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 in.a lamigar ow weakly affects Ut=u’, provided that Da is kept constant and the
thickness issmall.

Finally, the present DNS data indicate that contributions of inclination and folding to the
reactign-surfacesgrea increase are comparable for moderately large ratios ScRe; of turbulent and
melecular diffusivities. When ScRe; is increased, the magnitude of the folding contribution is also
inereasedybut the magnitude of the inclination contribution levels-off. Accordingly, the folding
centribution 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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Publishifugion, complex chemistry, or/and heat losses, that vanish within the framework of the simple

problem addressed in the present paper.
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