CHALMERS

UNIVERSITY OF TECHNOLOGY

A direct numerical simulation study of the influence of flame-generated
vorticity on reaction-zone-surface area in weakly turbulent premixed

Downloaded from: https://research.chalmers.se, 2024-03-13 07:36 UTC

Citation for the original published paper (version of record):

Lipatnikov, A., Sabelnikov, V., Nishiki, S. et al (2019). A direct numerical simulation study of the

influence of flame-generated vorticity on
reaction-zone-surface area in weakly turbulent premixed combustion. Physics of Fluids, 31(5).

http://dx.doi.org/10.1063/1.5094976

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library

(article starts on next page)



! I P | This manuscript was accepted by Phys. Fluids. Click here to see the version of record.

Publishing
. A Direct Numerical Simulation Study of the Influence of
. Flame-Generated Vorticity on Reaction-Zone-Surface

. Area in Weakly Turbulent Premixed Combustion

4 A.N. Lipatnikov,>*® V.A. Sabelnikov,% 3 S. Nishiki,* and T. Hasegawa®
5 D Department of Mechanics and Maritime Sciences, Chalmers University of Techn?/gy,

6 Gothenburg, 412 96, Sweden

7 2D ONERA - The French Aerospace Lab., F-91761 Palaiseau, \
8 3 Central Aerohydrodynamic Institute (TsAGI), 140180 Zhukovsky, Moscow 'iob

9 Russian Federation

10 D Department of Mechanical Engineering, Kagoshima University, Kagoshima890- :

11 Japan
»goya -8603,
H

12 Slnstitute of Materials and Systems for Sustainability, Nagoya UniveiSity,
13 Japan

—
14 (Dated: 8 April 2019)

15 Direct numerical simulation data obtained from two tistically stationary, one-
16 dimensional, planar, weakly turbulent, premixed fla cs are.analyzed in order to examine
17 the influence of flame-generated vorticity on the surfa ea of\the reaction zone. The two
18 flames are associated with the flamelet combustionsgegime, and are characterized by two
10 significantly different density ratios 6 = 7.53 dand 2.5, with all other things being roughly
20 equal. The obtained results indicate that g e‘rﬁhxoigv rticity due to baroclinic torque
21 within flamelets can impede wrinkling the r:hs{su e, reduce its area, and, hence, de-
22 crease the burning rate. Thus, these resu @H-h@lisiting the widely-accepted concept
23 of combustion acceleration due to flame-genérated turbulence. In particular, in the case of
24 o = 7.53, the local stretch rate, which ifies local rate of an increase or decrease in
25 the surface area, is predominantly negatiyefin regions characterized by a large magnitude
26 of enstrophy or a large magnitud e baroclinic torque term in the enstrophy transport
27 equation, with the effect being moréypronounced at larger values of the mean combustion
28 progress variable. If the densi \radwnlow, e.g., 0 = 2.5, the baroclinic torque weakly
20 effects the vorticity field within t ean flame brush and the aforementioned effect is not
30 pronounced.

31 PACS numbers: 4770.Fw, 82.33.Vx, 47.27 .-
32 Keywords: premtixed furb burning, flame-generated turbulence, thermal expansion,

33 combustion ?te

turpﬁlent flow and an exothermic reaction wave is a highly non-linear and multi-
levant to various processes ranging from combustion' = and deflagration-to-
on'® under terrestrial conditions to evolution of thermonuclear Ia supernovae!!-12
hile the governing physical mechanisms of the influence of turbulence on a reac-
wave dre sufficiently well understood,'3~!° the problem of the influence of thermal expansion
wav50n the incoming turbulent flow still strongly challenges the research community.

nce, almost seven decades ago, Karlovitz et al.”® and Scurlock and Grover?! put forward
a2 '@ seminal concept of combustion acceleration due to flame-generated turbulence in order to explain
a3 unexpectedly high burning rates obtained in some early experiments. For that purpose, they (i) high-
a2 lighted two different (in the two different papers cited above) physical mechanisms of turbulence
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«s generation due to combustion-induced thermal expansion and (ii) hypothesized that such a flame-
s generated turbulence significantly increased the flame speed S, with the influence of the flame-
a7 generated turbulence on ST being assumed to be basically similar to the influence of the incoming
«s turbulence on St. Since that pioneering studies, the flame-generated turbulence and other thermal
20 expansion effects were in the focus of research into premixed turbulent combustion, but progress in
so understanding and modeling them has yet been rather moderate, as reviewed elsewherg!>>~> Nev-
s1  ertheless, to the best of the present authors’ knowledge, the classical concept®®?! gf«gombustion
s2 acceleration due to flame-generated turbulence has never been disputed, at least in the cMeak
ss or moderate turbulence associated with a well-pronounced increase?® in Sy byfthe rms turbulent
sa velocity u'.

55 On the one hand, this concept is indirectly supported by well-document
se of large-scale laminar flames,”’ 33 which is commonly attributed to dévelgpment, of the flame
s» instabilities,”” 33 followed by generation of turbulence due to combustiofisinduged thermal expansion.

58 On the other hand, certain fundamental issues associated with that.concept have not yet been
so resolved properly. In particular, first, while the physical mechanisms highlighted by Karlovitz et
o al.2% and by Scurlock and Grover?! are relevant to turbulence dowmstream Jof the instantaneous
e1 flame, the influence of a premixed flame on the turbulent flow/ upstrea e flame has yet been
ez understood poorly. However, since the flame propagates intoythe unl;jned gas, perturbations of
63 the incoming turbulent flow are required in order for the ma efg sion effects to cause self-

ea acceleration of the flame.
65 Second, in the constant-density flow of unburned M bustion-induced flow perturba-
nc

e tions can differ fundamentally from the incomin “.For instance, while the rotational
ez motion dominates in a typical constant-density t w, the unburned-reactant-flow pertur-
es bations that are directly caused by the flame- pressure perturbations are expected to be
eo irrotational, because the sole term that invol pressure gradient in the transport equation®
70 for vorticity (i.e., the baroclinic torque term) vanighe$ in“the constant-density flow of the unburned
71 reactants. Indeed, certain DNS data indic at the irrotational velocity component is increased
72 (when compared to the rotational com, oneHMa and in the vicinity of a premixed flame in a
s weakly turbulent flow.? \

74 Third, within a flame, rotational flow perturbations generated due to thermal expansion effects,
7s  €.g., vorticity generation due tob ini ,1724 and the incoming turbulent eddies can affect
7e the flame surface area and, hefice, the burning rate in opposite directions, i.e., the former rotational

7z perturbations can mitigate afl i se in the area under the influence of the incoming turbulence. To
the best of the present a

27,2834

78
79 Onythe contrary, the influence of the flame-generated turbulence on
80 icdlly equivalent to the influence of the incoming turbulence on St,
81 are often considered to increase Sy in a similar manner. Nevertheless,
i tive reasons for hypothesizing the former, commonly disregarded
tion of flame-surface area, caused by the rotational motion induced due to

flame.

82
s3 scenario, 1.€.,
sa thermal exp

e well-recognized theory of the hydrodynamic instability of a laminar premixed
es4n infinitely thin flame front in a 2D irrotational flow of unburned reactants and
vorticity in the combustion products just downstream of the front if its shape
d. However, inspection of the relevant theoretical expressions, e.g., see Eq. (40)
1,24 shows that the rotational component of the product velocity works to smooth
erturbations of the front shape, i.e., to mitigate the instability. Nevertheless, the hydrodynamic
ility develops under the influence of the irrotational flow perturbations, which overwhelm the
%t?iona ones (at the same time, it is worth remembering that the vorticity generation behind the

ofit is the direct consequence of the momentum conservation at the front, i.e., if the flow around the
flame is described by the continuity and Euler or Navier-Stokes equations, then, the flame instability
os 1s always accompanied by the generation of vorticity in the burned products). We may also note
os that, by theoretically studying an irrotational model of the hydrodynamic instability, put forward by
or Frankel*? (within the framework of this model, momentum is not conserved*! at the flame front),
os Sivashinsky and Clavin*! have found that “neglect of vorticity generation increases the perturbation
9o growth rate.”

85
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87
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(a) convex reaction surface (b) concave reaction surface

-

FIG. 1. Generation of vorticity by baroclinic torque within flamelets in the

convex or (b) concave towards unburned gas.
_—

Second, to illustrate that the flame-generated vorticity cangmped: ow}lg the flame surface
area and the burning rate in a turbulent flow, let us consider ﬂrgq:vnh a flamelet preheat zone in
the vicinity of a reaction zone convex or concave towardsdhe urnjeﬁ gas, see Figs. la and 1b,
respectively. Here, the cold boundary of the preheat zone and the reaétion surface are shown in blue
dashed and red solid lines, respectively. The turbulent flame is statistically 1D, planar, normal to the
x-axis, and propagates from right to left.

Let us consider the well-known vorticity transpgrt equatign

Bw,»Jr 0w o u; Le
u
ot Foxp  Kox | Uk

1 dp dp
7+p ”kax oxi’
%,_/

T
where ¢ is the time, x; are spatial coordinal u; are components of the vorticity w =V x u

and velocity u vectors, respectively, pfis the\%ﬁ'%

ey

T

is the pressure,

2 8uk
T =pV =0jj=— 2
ij p 3 ij axk ( )
is the viscous stress tensor, &; ;. AS ronecker delta, & is the cyclic permutation tensor, and the

summation convention applieSifor the repeated indexes k and /.
The focus of the presentgtudy iS¢placed on the baroclinic torque term T or B, = (Vp x Vp)/p?
B, in the following transport equation*?

dw? ] d 1 8Tk1 28uk El]kw, 8p 8p
7+uk XkJrE,jka),a <P ax1> —20°—+ 3)

oxy p2 ox; j Ix;
—_————

T T3 n
w/2, because these two terms directly involve the density gradient and
ation in weakly turbulent flames characterized by a large Bray?* number
rticular, in flame H analyzed in Section III, see figure 9b in Ref. [42]. Here,
m?a speed, o = p,,/pp is the density ratio, subscripts u and b designate unburned
nedproducts, respectively. For the goals of the present study, the weakly turbulent
mount interest, because the influence of combustion-induced thermal expansion
turbulence is most pronounced under such conditions**>3, whereas turbulence
eakly @ffected by thermal expansion in highly turbulent flames***4. For instance, at Np <
icity/generation is mainly controlled"*3# by the vortex-stretching terms T} and 7j, which

%?lve neither density nor viscosity, but are indirectly affected by combustion-induced thermal

ansion, which changes the velocity field.
is also worth noting that, first, the dilatation terms 73 and 73 always reduce the incoming
vorticity. Second, while the viscous term 75 can re-distribute vorticity within weakly turbulent
flames*?, the mean viscous term 75 reduces the mean enstrophy'#>#346 both at large and small Np.
Let us consider behaviour of a transverse (1 =y or z) component of the vector B,,, as well as
behaviour of the local pressure and density gradients. Note that the two gradients are not parallel
to each other within a turbulent flame, because the local pressure is affected by the surrounding
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velocity field. For instance, if the Mach number asymptotically vanishes, the local pressure is
determined by the entire velocity field according to Poisson equation,? i.e. pressure perturbations
propagate at an infinitely high speed in this limiting case. Even under laminar-flow conditions, the
Darrieus-Landau solution®” shows that Vp is not normal to the instantaneous flame front, see Eq.
(40) in a review paper.”*

Accordingly, to simplify the following qualitative discussion, let us assume that the lgcal pressure
gradient is parallel to the x-axis. Indeed, in a typical premixed turbulent flame, th always a
significant axial pressure gradient due to the mean pressure drop from the leadi toMing

projection of the vector Vp (see fine black arrows) on the transverse plane shown'in Fig:“la indicates
that the normal (to the plane) component of the vector B, points to (fr er at positive
(negative) values of the local transverse coordinate 11 counted from the svefse coordinate of the
locally leading point A, see red circle. More specifically, B, , < ij\th .ﬁrz z—z24 >0,
buth) > 0 if the n = z—z4 < 0, whereas sz >Oifthe n=3—ya >0, thZ < 0 if the

“symmetry” axis being parallel to the x-axis, see horizontal dashed straight line. Moreover, by virtue
ane) component of B,,, the axial
velocity component u associated with such a vortex paig is positive inthe vicinity of the symmetry

Accordmgly, baroclmlc torque locally works to generate aQ)-‘rtex p
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ated by baroclinic torque can be drawn by consi
w, and u are sketched in the vicinity of a lpcall
the unburned reactants.

To fill this gap, Dire,
authors*’*8 more than
reported in a recent létter,® butthé present paper significantly extends discussion and assessment

NS database, which may appear to be outdated when compared to recent
rated in the case of complex combustion chemistry and a high ratio of the rms
turbulent velocity,u the laminar flame speed Sy, requires comments. Since the focus of the
placed on the influence of combustion-induced thermal expansion on the
vofticity, and enstrophy fields upstream of reaction zones, detailed description
of complex corrgus ion chemistry within such zones appears to be of secondary importance when

compared, to twojother major requirements. First, in order to make the studied thermal expansion
effects‘as s as possible, the heat release and density drop should be localized to sufficiently

zones ‘and the velocity jumps across such zones should be sufficiently large when compared to
; turbulent velocity . In other words, the flamelet regime!3~13:1857 of premixed turbulent
bustion associated with «’ /Sy, = O(1) and Np > 1 should be addressed. The selected DNS data
indeed associated with this regime, as discussed in detail elsewhere,’8 whereas the vast majority
ecent very advanced DNS studies attacked other combustion regimes characterized by a large

Second, to better explore the thermal expansion effects, data obtained at significantly different
density ratios 6 = p,/pp are required. The selected DNS database does satisfy this requirement,
because cases of ¢ = 2.5 and 7.53 were simulated, with all other things being roughly equal. As
discussed in detail elsewhere,*? such variations in the density ratio offer an opportunity to explore
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188 tWo opposite scenarios, which are directly relevant to the major goal of the present study. These are;
180 (i) the generation of vorticity due to baroclinic torque overwhelms the dissipation of vorticity due
100 to dilatation and viscous forces, thus, increasing enstrophy within the flame brush at ¢ = 7.53, but
101 (ii) the dilatation and dissipation effects dominate and reduce the enstrophy at ¢ = 2.5. Therefore,
102 the selected DNS data appear to be fully adequate to the major goal of the present work.

103 The paper is organized as follows. In the next section, the DNS attributes are report?i'. Simulated

10a  results are discussed in Section III, followed by conclusions. \

10s . |l. DIRECT NUMERICAL SIMULATIONS

196 Since the DNS data were discussed in detail elsewhere*’*® and werefa

107 research groups,*>38=73 let us restrict ourselves to a very brief summar
18 simulations. They dealt with statistically 1D and planar, equidiffusive, a
100 by unsteady continuity, Navier-Stokes, and energy equations, suppl he ideal gas state
200 equation and a transport equation for the mass fraction Y of a deficient reactant. Temperature-
200 dependence of molecular transport coefficients was taken into @unt, ‘g.,.the kinematic viscosity

dy used by various
t compressible 3D
atic flames modeled

202V =V,(T/T,)%7, where T is the temperature. The Lewis Le and Prand¢l Pr numbers were equal to
203 1.0 and 0.7, respectively. Combustion chemistry was redueed to a single reaction. Therefore, the
200 Mixture state was characterized with a single combustionprogress vafiable ¢ = (T —T,,) /(T — T,,) =
206 1—Y / Yu.

206 The computational domain was a rectangular box Agx Aj .» where Ay = 8 mm and A, =
200 A, =4 mm. It was resolved using a uniform rectai u]akz Ay = Az) mesh of 512 x 128 x 128
20¢  points. The flow was periodic in y and z directions.

200 Using an energy spectrum E (k) propose aichman’® and setting up = 0.53 m/s and an
210 integral length scale

“)

212 equal to 3.45 mm, homogeneous isot ?Lﬂqkuﬂlence was generated*’ in a separate box and was

213 injected into the computational domain through the left boundary x = 0. While the used value of the

21a length scale L was comparable with the width*A, = A, of the computational domain, the velocity

25 flelds simulated at y = A, /240r z = 2 did not correlate with the velocity fields simulated at
ance,jthe second-order structure functions of the velocity field,

218 At t =0, a planar lami

210 for the velocity ﬁeld(?f?he en

220 U was increased twicew <t<n)=8.<U(t) <t <ty) <U(t, <rt). In order to keep the

221 flame in the co uta@gal domain till the end 3 of the simulations, U (¢, < r) was close to the mean

d 87 averaged over a time interval of (1,13).

data sets H, M, and L associated with High, Medium, and Low, respectively, den-

eré originally generated.*”*8 Since the focus of the present study is placed on ther-
fects! the following discussion will be restricted to results obtained in two cases

am(z/was embedded into statistically the same turbulence assigned
ite éomputational domain. Subsequently, the mean inflow velocity

=T,)/max{|VT|} is the laminar flame thickness. The two flames are well associ-
220 e flamelet combustion regime, e.g., various Bray-Moss-Libby (BML) expressions hold

231 i the mean flow, the turbulence characteristics are slightly different at the leading edges
232 eH and L-flame brushes, e.g., ' = 0.33 m/s, A = 0.43 mm, 1 = 0.075 mm, Da = 17.5,
— 0.06 in case H and #’ = 0.38 m/s, A = 0.47 mm, 11 = 0.084 mm, Da = 10.0, Ka = 0.10
23a  in case L. Here, Da = 77 /7. and Ka = 1.1’ /A are the Damkéhler and Karlovitz numbers, respec-
23 tively, 7. = v/(PrS?) and t7 = k%/?/(u'€) are the flame and turbulence time scales, respectively,
26 A =u'\/15v/€ and n = (v3/€)"/* are the Taylor and Kolmogorov length scales, respectively,
a7 k= (ugux — igity) /2 and € = 2vS;;S;; are the turbulent kinetic energy and its dissipation rate, re-
s spectively, S;j = 0.5(du;/dx;+ du;j/dx;) is the rate-of-strain tensor, the rms turbulent velocity u’ is
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20 equal to y/2k/3, and the summation convention applies for repeated indexes.

240 The DNS data were processed as follows. Mean quantities § = g(x) were averaged over a trans-
21 verse plane of x =const and over time (221 and 200 snapshots in cases H and L, respectively, stored
2e2  during a time interval of 13 —#, ~ 1.5L/uj, ~ 10 ms). Subsequently, x-dependencies were mapped to
2a3  C-dependencies using the monotonic spatial profiles of the Reynolds-averaged combustion progress
a2 variable ¢(x).

2as . |ll. RESULTS AND DISCUSSION 3\

246 In this section, two types of numerical results are considered. Data extracted from theentire flame
2a7  brush are reported in Section III.B. However, before discussing such data, it is worth examining
248 relevance of the qualitative scenarios, sketched in Fig. 1 and discussed“in S CW, to premixed
240 turbulent combustion. —
250 Since these scenarios deal with a single point each, they should bejassessed,by exploring the local
251 velocity, pressure, and density fields in the vicinity of some representative pdohmts, with selection of
2s2  such points being sufficiently arbitrary. In the next subsectiof, the so- d leading and trailing
2s3  points are chosen for this purpose. This choice is based on the following three reasons. First, the
2sa leading (trailing) points are always convex (concave) towards the um-ned gas. Second, since a
2ss  fluid particle that comes to a leading (trailing) point hag been iettto thermal expansion effects
26 during a shorter (longer) travel time counted from gomeyeference point upstream of the flame
257 brush, the effect manifestations are expected to be we&\t(‘; est) in the vicinity of the leading
258 (trailing) points. Third and the most important, there sical, mathematical,”80 and
2o numerical®!$2 arguments that imply that the leading %ﬁy the crucial role in turbulent flame
260 propagation, with such a hypothesis being indi supported by recent experimental data.33—8
21 Accordingly, even if the hypothesis still requires fyrthérstudy, an investigation of the local processes
262 1n the vicinity of the leading points appea tsbe\o reat fundamental interest.

263 . |lLLA. Leading and trailing points \

264 In order to examine the qualitative Scenarios sketched in Fig. 1, behaviors of vectors Vp, Vp,
265 U, w, By, and scalar quantities Such asjenstrophy @? and baroclinic torque term B, = w - B,
266 10 the transport equation for a)} wereifivestigated in the vicinity of the leading x;,() and trailing
267 X;p(t) points associ;tzd an irs?¢surface of ¢(x,7) = ¢*. At each instant ¢, such points were

16,19,77,78

26 found using the following two Straints applied consecutively. First, the leading x = x;,,(¢) and
260 trailing x = x;, () lan%ou d using constraints of c(x,1) < ¢* if x < x;,(¢), but c(x,1) > ¢*
270 somewhere on the p.l?e of X% x;p(t), and c(x,t) > ¢* if x > x; (), but c(x,1) < ¢* somewhere
271 on the plane of xfy(t), respectively. Second, the leading {y = y;,(t),z = 2, (¢)} and trailing
oints, characterized by the maximal and minimal, respectively, values of
ars c[xgp(t), 3,2, ),,2,t], respectively, were selected among all points on the leading and
27a  trailing planes, respectively.

circle indicates the leading point A. Instantaneous profiles of certain aforementioned
277 qyantities a lines {y:ylp<t)?Z:le(t)}’ {x:xlp(t>7Z:le(t>}7 and {x:xlp<t)7y:ylp(t)}’
27 Which are farallel to the x, y, and z-axes, respectively, are plotted in Figs. 3 and 4.
re 3a indicates that B,,.., > 0 in the leading point, see vertical dashed line, i.e., baroclinic
280 ‘['Osgue locally increases the incoming enstrophy in this particular point. However, dashed blue line
ig. 3a shows that B,,.., < 0 within the flamelet upstream of the leading point. Therefore, at low
22 (%Y = yip,2 = 2p), an angle ¢ between the vectors B, and w is obtuse and the local enstrophy
23 is reduced by baroclinic torque. When c(x,y = y;p,2 = z,,) increases with x, || is reduced and
2a  becomes equal to 77/2 at certain ¢(x,y = y;,,2 = z;,) upstream of the leading point x;,(¢) on the
2ss  reaction surface. At larger ¢(x,y = y;,,z = 2;p,), baroclinic torque increases .
286 Red solid line in Fig. 3b shows that B, ,(z) changes its sign in the vicinity of the leading point
287 from positive at z < z4 to negative at z > z4, in line with the sketch in Fig. 1a. However, contrary



http://dx.doi.org/10.1063/1.5094976

! I P | This manuscript was accepted by Phys. Fluids. Click here to see the version of record.

Publishing

FIG. 2. TIso-lines of ¢(x,y,z,¢) = 0.1 (blue dashed lines) and ¢(x,y,z,t) =

.85 (red soliddines) on (a) xy and
(b) xz-planes at r = 10.5 ms. Transverse distances y and z are counted from %

leading point A. Case H.

0.008

(a)

normalized baroclinic torque

-0.002

-0.2 -0.1
distance, mm

dlstance mm

FIG. 3. Instantaneous profiles o aroclini¢ torque terms (a) B,,.., and (b) By, in the transport equations for
in the Vicinity of the leadmg point A shown in Fig. 2. The terms are
normalized using 7. and 72{ resp }tlve here 7. = v, /( PrSL) is the laminar-flame time scale. Local x, y,
and z-distances are counted the x, ¥, and z-coordinates, respectively, of the leading point. In panel (a),
Bis-w (%), Bus-w (), an own in blue dashed, black dotted-dashed, and red solid lines, respec-

tively. In panel (b), 1 - z(x), 3-Buw(y), and 4 - By, ,(z).

to the sketch{ B,, . (y) s positive in the vicinity of the leading point, see blue dashed line, probably,
on surface shown in Fig. 2a is weakly curved in the vicinity of point A in the
“Nevertheless, 0B, ;/dy > 0, in line with the sketch.
Red $olid linedn Fig. 4a indicates that @, (z) decreases with increasing z in the vicinity of the point
e decrgase in B, ,(z) shown in red solid line in Fig. 3b. However, @ (z) does not change
it sfg:!h in t int A, because the incoming @, > 0, see black dashed line in Fig. 4a. Therefore,
c nter—roﬁting vortex pair is not generated by By, y in the xz-plane in this case. Nevertheless, such
paif is observed in the xy-plane, as @, < 0 aty < y4, but @, > 0 at y > y4, see red solid line
. Since the magnitude of the incoming @, is small, see black dashed line in Fig. 4b, the
erved increase in @, with y appears to be controlled by the aforementioned increase in B, ; with
hich is consistent with the physical scenario sketched in Fig. 1.

Thus, the single-point, single-instant DNS data plotted in Figs. 3 and 4 are only partially con-
sistent with that physical scenario. More specifically, the signs of dB,, ;/dy, dB.,/dz, d@,/dy,
and dw,/dz are consistent with the sketch, but the sign of (i) B, ;(y) or (ii) ®y(z) is not changed
in the vicinity of the leading point. The matter is that, respectively, (i) the local Vyp multiplied
with V,p, which magnitude [V,p| > |V,p|, can also contribute to B, ; even if [V,p| < |V,p| and

Yy,
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FIG. 4. Instantaneous profiles of (a) 7., and (b) 7. ®; in the vicinity of the leading point.A shown in Fig. 2.
Local x, y, and z-distances are counted from the x, y, and z-coordinates, respectively, (%the leading point.

-

soa  (ii) y(z) depends not only on B, ,(z), but also on the inCeming vo@ity. Nevertheless, even in
s0s this partially consistent case, Fig. 4b indicates generatign of théicounter-rotating vortex pair in the
306 xy-plane, with this vortex pair pushing the leading poi tw

ean flame brush, thus, reducing
307 the reaction-surface area. ‘\
308 In order to statistically assess consistency of t sical scenario sketched in Fig. 1 with the

a0 values of @y(xa,ya,z) or @;(xa,y,z4) and By 4,2)%r By, -(x4,y,z4) were found within an
a1 interval of (xa,ya, |z —za| < 6L) or (x4, 1,24, respectively, at each time instant (221
a1z and 200 instants in cases H and L, respecti . ‘Here, A designates a leading or trailing point.
a1 Subsequent analysis of the obtained time series yi the probabilities of various events that were
s1a  directly associated with the physical s sketched in Fig. 1.

315 For the goals of the present work, the follgwing four probabilities are of the most interest:

s1e (i) the probability P,, that a producteof either max{w,(xa,ya,z)} and min{ @y (xa,ya,z)} or max{@,(xa,y,za)}

a1z and min{®;(x4,y,24)} is negafive, i.e-the probability that a transverse component of the vorticity

s10  (ii) the probability Pg t g of either max{B., y(xa,¥4,z)} and min{B, ,(xa,ya,2)} or
;20 max{By,, ;(xa,y,z4)} and min{B,, . (ZA, ¥,z4) } is negative, i.e., the probability that a transverse com-

321 ponent of the baroclifiic torquewyeétor-term B, in Eq. (1) changes its sign in the vicinity of the
322 point A; \
Yor: that™@

ity ii.a) either the z-coordinate Z, of max{@y(x4,ya,z)} is smaller
s2«  (larger) than the Z=¢oordinate z,,;, of min{®y(xa,ya,z)} in the vicinity of the leading (trailing) point
-coordinate yqy of max{®;(xa,y,z4)} is larger (smaller) than the y-coordinate Y,
y,/A)} in the vicinity of the leading (trailing) point, as such events are necessary in
ter;tf)tating vortex pairs sketched in Fig. 1 to reduce the reaction-surface area;

325
326
327
328
320 Pyand;, that both events (iii.a) and (iii.b) occur simultaneously.
alculated for an iso-surface of ¢(x,t) = ¢* = 0.85, associated with the peak local
31 reacti a§ are reported in Table I. Note that the trends shown in Table I and discussed in the
i e less pronounced if ¢* is decreased and the trends vanish if ¢* = 0.1.
333 \?ble I shows that, first, the probability P,, is equal or very close to unity, i.e., at least one of
tranSverse components of the vorticity vector changes its sign in the vicinity of the leading (or
sss  trailing) points. Second, the probability Py, is equal to unity for both leading and trailing points
336 in cases H and L, i.e. the local direction of an increase in either @.(x4,y,24) or @y(xa,ya,z) is
337 consistent with appearance of a vortex pair that pushes the leading (or trailing) point inside the
333 mean flame brush. Even the probability Py, is close to or equal to unity in the leading or trailing
330 points in case H. These features imply that the local vorticity field in the vicinity of the leading or
a0 trailing points works to smooth out the local reaction surface, thus, reducing its area.
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TABLE I. Probabilities of various events.

Probability leading point trailing point

case H case L case H case L

(i) P 1.0 0985 1.0 0.950

@i)Pg 0.629 0.705 1.0 0.980
(iil) Pyor; 1.0 1.0 1.0 1.0

(V) Prana; 0.937 0.690 1.0 0.980 /\
s ‘

Afy iy AN g

-6}

normalized pressure gradient

e
pu(0 —1)S7 /8, associated with the unperturbe lamirbr‘benﬁ.wd flame.

NN\

341 It is worth noting, however, that the m Pp is substantially less than unity at the leading
a2 points, thus, indicating that components B (%, v,z4) and By(xa,y4,z) can retain the same sign for
a3 the entire intervals of [y — y4| 7—z4| < O, respectively. Typically, max{B., y(x4,y4,2)} <
sea Oormin{Be y(xa,y4,2)} >0 uct of V,p and V,p overwhelms a product of V,p and Vp
sas by virtue of |Vyp| > |V pJ{ Simi X{Buw,(xa,y,24)} <0 or min{By, ;(xa,y,24)} >0 when a
sas  product of V. p and V, p @yerwhelms aproduct of V,p and V,p by virtue of |V,p| > |V,p|. At the
a7 trailing points, the prfmbih B iyéqual or close to unity in case H or L, respectively, because (i)
sas  the local pressure grddieat in thewicinity of the trailing points is more affected by the combustion-
sa0  induced thermal ¢ M compared to the leading points, e.g. see Fig. 5, and (ii) baroclinic
3o torque has directly andjindirectly (due to viscous diffusion of vorticity generated within neighboring
351 §) affected the local fluid particles during a longer time interval required for

352

en the values of P,, and Pp, reported in Table I, is associated with the in-
torque on the vorticity field upstream of the leading points on the reaction

tly different, i.e., 0.69, 0.96, 1.0, and 1.0, respectively, thus, indicating that the evolution of the
VortiSy field from the flamelet cold edges to the reaction zones facilitates appearance of the
ioned counter-rotating vortex pair upstream of the leading point on the reaction surface.

35! Or'

360 %n’the contrary, in case L, the probabilities P,, are almost the same for ¢* = 0.1, 0.25, 0.50,
e and 0.75, respectively, i.e., the probability does not change within flamelets. The point is that the
ss2  maghitude of baroclinic torque is much less in this case, cf. figures 9 and 10 in an earlier paper,*?
ses due to a significantly lower density ratio. Accordingly, the influence of the baroclinic torque on
sea the vorticity field is much weaker pronounced in case L when compared to case H, as discussed in
ses  detail elsewhere.*?

366 Finally, to estimate the order of magnitude of the axial velocity u,, induced by the aforemen-
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tioned counter-rotating vortex pair, the following quantlty

Urot = _max{wy(anyAa )}(Zmax ZA) +
—l—max{(oz(xA,y, ZA)}(ymax - yA) mi mv(xA Vs ZA)}()’A Ymm) 4)
was evaluated in the leading and trailing points. Four%%n equation are associated with the

axial velocity differences (i) u(xa,ya,24) — u(xa, mﬁ,.)\u? to vorticity @y(x4,Y4,Zmax), Which
involves du/dz, (ii) u(xa,ya,za) — u(xa,ya, Zmix) due togorticity @y (xa,ya, Zmin), (iii) u(xa,ya,24) —
u(XA, Ymax,z4) due to vorticity @ (x4, Ymax,Zza ich invglves —du/dy, and (iv) u(xa,ya,z4) —
u(XA, Ymin,z4) due to vorticity @,(xa,Ymin,24)- In ches shown in Fig. 1a (1b), each of these four
terms should be positive (negative, respect .

The results obtained for the reactio surleeNéINg%:nz7 1) = 0.85 and plotted in Fig. 6 show that this
velocity works to move the leading an points inward the mean flame brush in case H, i.e.,
Ure > 0 in the leadlng points and u,,; < Oun thetrailing points, with the magnitude of u,, being
comparable with Sz, i/, and St dnithe leading*points and being much larger than Sy, #’, and St in
the trailing points. In case L with a low density ratio and a weak influence of baroclinic
torque on the vorticity fiel
Uy < 0 in the leading poi

ity of the leading and traili oints on the reaction surface indicates that, in case H characterized
by a large densit; rzﬂa inic torque works to push these points inward the mean flame brush,

i agtion-surface area, with the effect being significantly more pronounced in the
oints. In case L characterized by a low density ratio, baroclinic torque plays

some weak influence of/bargclini S‘?rque
Thus, the above a sis of Statistical characteristics of the flow field within flamelets in the vicin-
p
baro

nown3836=88 to be controlled by the local stretch rate s = V u—nn:u-+t San ie.,
7ﬂt =, the focus of the following discussion will be placed on the joint statistics of § and
%, B, or B,.,. Here, n = —Vc¢/|Vc| is the unit vector normal to the iso-scalar surface,
Sa=[V-(pDVc)+W]/(p|Vc]) is the local displacement speed, D is the molecular diffusivity of ¢,
and W is the mass rate of product creation.

Figure 7 shows that the probability of negative (black solid lines) stretch rates is higher than
the probability of § > 0 (red dashed lines) in regions characterized by a large magnitude of the
baroclinic torque term B,,.., (x,¢) in the ®>-transport Eq. (3). On the contrary, relation between the

10
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FIG. 8.  Probabilities of p
conditioned to (i) the local

and (ii) the local value of the
Case H. Results obtained in case

ustion progress variable. (a) 0.20 < ¢(x,1) < 0.30, (b) 0.65 < c(x,t) < 0.75.
retﬁalitatively similar.

1 # 5, Fig.V7 indicates that the area of a surface of c(x,t) = c* is statistically reduced
a0a  in regions.assoctated @with the strongest generation of enstrophy due to baroclinic torque.

405 Such a trend observed within flamelet preheat zone (¢ < 0.65), where the local stretch rates
406  are_pre inantly positive, e.g., see Fig. 8a, but is well pronounced in the vicinity of the reaction
407 7 .
w08 large, e.g.,see Fig. 8b. Even at the reaction zone, the trend is not pronounced at the leading edge
40! of
410 }% ig. 9b, or at larger ¢(x).

a11 n the contrary, the same DNS data conditioned solely (independently of B,,..,) to various local
a2 c(&yt), see Fig. 10, show well-known predominance of positive stretch rates in the middle of the
a3 flame brush, i.e., at ¢ = 0.5. Moreover, in case H, Fig. 10a indicates an increase in the probability
a1a Of finding s(a,¢) < 0 with increasing the local ¢(z, 1), which the data are conditioned to, but such a
a5 trend is not observed in case L, see Fig. 10b. This difference between results computed in the two
416 cases is consistent with significant (negligible) generation of vorticity by large (small, respectively,
a1z cf. abscissa coordinates in Figs. 7a and 7b, respectively) baroclinic torque term in case H (L,

11
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FIG. 9. Probabilities of positive (red dashed lines) and negative (black solid lines) stretchwrates doubly condi-
tioned to (i) the local value of baroclinic torque term By,.., (, ) in the transpert equat&u for enstrophy and (ii)
the local value of the combustion progress variable 0.65 < c(x,r) <0.75. obabilities are evaluated in
two different regions of the mean flame brush. (a) 0.05 < &(x) < 0. 15@0.45 < &(x) < 0.55. Case H. Results

obtained in case L are qualitatively similar.
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FIG. 10. Probabilities of posi
ustion progress variable c(,t), specified in legends. (a) case H, (b)

intervals of the local v of the
case L. \

ticity generated by B,,..,(,1) works to generate negative stretch rates.

At first g cef the results plotted in Fig. 9a may appear to be inconsistent with the contents of
Section LA, duction of the reaction-surface area due to the flame-generated vorticity was
d by analyzing the DNS data obtained at the leading edge, i.e., at a low ¢(x). However, it is
embering that the local stretch rate is affected not only by the local vorticity and baroclinic
by the potential component of the local velocity field. Accordingly, even if the
e-gen ated vorticity works to reduce the local reaction-surface area, such a reduction effect

helmed due to stretching of the surface by the potential component of the velocity
if the former (reduction) effect is sufficiently strong, it can locally overwhelm the latter

respectively)d as the

Ect"but a sufficiently large ¢ is required in order for this to occur.

hus, the discussed reduction effect of baroclinic torque on the rate d1InA* /dt of an increase in
the area of an iso-scalar surface of c(x,) = ¢* is enhanced both by ¢* and by ¢(x). The former trend
can be attributed to shortage of time during that the baroclinic torque has affected fluid particles that
reach an iso-scalar surface characterized by a low ¢*. The letter trend can be attributed to an increase
in the magnitude of B,,.,, with increasing ¢(x), e.g., cf. abscissa coordinates in Figs. 9a and 9b.
Figure 11a shows that, in case H, the probability of negative (black solid line) stretch rates is

12
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FIG. 12. Probabilities of positive (r
1 and 4) stretch rates doubl condi}ione

otted-dashed lines 2 and 3) and negative (black solid and dashed lines
(1) the local value of enstrophy a)z(a:7 t) and (ii) the local value of
< c(z,1) <0.15, (b) 0.20 < ¢(x,1) < 0.30. Curves 1-2 and 3-4 are

the combustion progress yariable. (a) 0.
associated with the posi {Q tive, respectively, baroclinic torque term By,., (€,). Case H.

Qility of s(x,t) > 0 (red dotted-dashed lines) in regions characterized by a
. A similar trend was already discussed for regions characterized by a large

magnitude ofithetbaroclintic torque term B,,.., (x,1) in the w>-transport Eq. (3), see Fig. 7a.
HowgVer,. in case L£ the results plotted in Fig. 11b differ significantly from the results shown in

Fig. 7b, i.e., the former figure shows that the stretch rates are predominately positive independently

on ®? &nce of positive stretch rates is also observed for data conditioned solely (indepen-

various local ¢(z,t) and extracted from various regions of the mean flame brush,
exception of its trailing zone (¢ > 0.7), where the flame surface area is consumed, see Fig. 10b.
ifferenice between the results plotted in Figs. 7b and 11b is associated with the fact that the
nitude of B,,.,, is much less in case L when compared to case H, cf. abscissa coordinates in
. Taand 7b. Accordingly, baroclinic torque barely affects the vorticity field in case L and the
enstrophy decays within the mean flame brush.*? Thus, the flame-generated vorticity is weak and
plays a minor role in case L. This explanation is consistent with Fig. 10b, which does not reveal any
dependence of the probability of finding s(x,#) < 0 on the local ¢(x,¢) in case L.

On the contrary, in case H, the flame-generated vorticity can play a substantial role and, in partic-
ular, (i) is associated with a well pronounced increase in the probability of finding $(x,) < 0 with
increasing the local ¢(x,t), see Fig. 10a, and (ii) yields negative stretch rates in regions character-

13
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FIG. 13. Probabilities of positive (red dotted-dashed lines 2 and 3) and negative (black solid and dashed lines
1 and 4) stretch rates doubly conditioned to (i) the local value of enstrophy E (x,1) e§d (ii) the local value of
the combustion progress variable 0.65 < c¢(x,t) < 0.75. The probablh es-are evaluated in two different regions
of the mean flame brush. (a) 0.05 < é(x) < 0.15, (b) 0.45 < ¢(x) <'0.55. Ves 1-2 and 3-4 are associated
with the positive and negative, respectively, baroclinic torque ter: B“J b se H.

a1 ized by a large a)z(ar:,t) as indicated in Fig. 1la. F1 and 13 show that the trend is more
«s2  pronounced at larger ¢* and larger ¢(x), similarly o w iscussed correlation between the
«s3 sign of §(a,#) and the magnitude of B,,..,(x,t). Notetha e case of enstrophy, the stretch rate
ssa  is predominantly negative at large ®? not only: e reaction zone, but also in the preheat zone, see
455 Flg 12b.

S
456 To evaluate the contribution of regiofisicharagterized by a large magnitude of w?(x,t) or
s
r

47 By.w(x,t) to the evolution of the local are ious iso-scalar surfaces of c(x,t) = ¢*, the

sse  following two quantities were computedwheniprocessing the DNS data. First, the mean rate of an
1 @,1) < ¢, and conditionally averaged in volumes

a5 Increase in the surface area, conditioned
60 characterized by ¢q; < g(x,t) < g2, was calculated as follows

< dx f,t3fffs|Vc|l'[(cl <c<e)l(gr < g < q2)dxdt ©
dt 3fffH (c1 <c<o)ll(q) < q<q)dzdt
sz Here, g designates either€nstrophy @=or baroclinic torque B,,..,, the difference I[1(q] < g < q2) =

w3 H(q—q2) — H(q — q1) between I—yfavmde functions H(g) is equal to unity if ¢; < g < g» and
164 vanishes otherwise, Vc| is'the flame surface den31ty,57 t, and t3 are boundaries of the time
a5 interval during th Lbe}me inlet velocity is constant and the DNS data are analyzed, see Section

c1 <c<c,q

w6 11, and the integrl in the numerator characterizes the rate of an increase in the surface area, because,
malwolume dV, the local area 6A* = X*dV and d(0A*)/dt = sOA* = §|Vc|.—+dV.
ow that, both in the reaction zone (see red solid lines) and in the middle
nge dotted-dashed lines) in case H, the doubly conditioned rate given by Eq. (6)
characterized by a large B,,..,(x,?) or a large @*(x,?), respectively. Thus,
a further support the finding that the flame-generated vorticity can work to im-
e flame-surface area. The same trend is observed for the reaction zone and large
se L, see red solid line in Fig. 14b, but the discussed rate is positive in regions
by a large enstrophy ®?(x,¢) in case L, see Fig. 15b. The latter trend is associated

468 Figures
of flamelets

476 md, a relative mean bulk rate of an increase in the surface area in volumes characterized by
477 < g(z,t) < g» when compared to the entire flame brush was evaluated as follows

fﬁfffsWdH(cl <c<e)q < g < q)dzxdt
j};’fffs|Vc|H(cl <c < cy)dxdt )
470 Figures 16a and 17a show that, both in the reaction zone (see red solid lines) and in the middle

a0 Of flamelets (orange dotted-dashed lines) in case H, the relative mean bulk rate given by Eq. (7)
a1 is negative in regions characterized by a large B,,..,(x,?) or a large ®*(x,t), respectively, with

478 (8AF|ci <c<cpq1 <qg< @)=

(N

14
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FIG. 15. Doubly conditioned fate o increase in flame surface area, given by Eq. (6) and normalized using
.81, vs. enstrophy @?. Intefvals ?1 < [1) < ¢ that the rate is conditioned to are specified in the legends.

(a) case H, (b) case L. / /

ss2  the magnitude o thRJegau rate being substantial. Thus, the reduction of the reaction-surface
ss3  area (see red solid lines) by the flame-generated vorticity plays a substantial role in case H. On
ssa  the contrary,in case
w5 importanceiigee Rigs. 1
a6 ZONE iS egati i
47 16b), the magnitude, of this rate is very low due to a weak influence of baroclinic torque on the
i ?ase L, as discussed earlier.

t1swof interest to note that the rates given by Egs. (6) and (7) and conditioned to the cold regions
amelet(preheat zones are statistically negative if the local magnitude of B,,..,(x,?) or @*(x,t)
01, is small, see dashed violet lines in Figs. 14-17. This effect is beyond the scope of the present study
examined in a future paper.

characterized by a low density ratio, this physical mechanism is of minor
and 17b. Even if the relative mean bulk rate conditioned to the reaction

a3 . IN.C. Vorticity transformation upstream of flamelets

490a In the constant-density flow of the unburned reactants upstream of flamelets, the baroclinic torque
a5 terms T} and Ty vanish in Egs. (1) and (3), respectively, as well as the dilatation terms 73 and 73, re-
w06 spectively. Nevertheless, thermal expansion in a flame could indirectly affect vorticity in the incom-
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(b) case L. /
ing turbulent fl oﬁ;%med reactants, because combustion-induced pressure perturbations
i city perturbations in the incoming flow, thus, changing the vortex-stretching

dissipation terms 75 and 75.

ue to such pressure and potential velocity perturbations in the unburned reactants
oAstance, the Darrieus-Landau (DL) physical mechanism, i.e., acceleration
nstant-density flow of the unburned reactants by the combustion-induced pressure pertur-
uses &e hydrodynamic instability of laminar premixed flames” or growth of unburned
in turbulent premixed flames, with the latter phenomenon being revealed®’! by an-
resent DNS data. However, the DL mechanism and the phenomena governed by it are

ed, the latter are governed by baroclinic torque, which vanishes in the constant-density flow of
unbtirned reactants. We may also note that the flame-generated vorticity works to smooth out
surface of an unstable laminar premixed flame, as discussed in Section I. In a turbulent flame,
the decrease in the flame-surface area by the flame-generated vorticity can counteract the DL mech-
anism. Such a counteraction can, in part, explain why the ratio of St /Sy is almost the same in cases
H and L, see Section II, in spite of the fact that the large-scale unburned mixture fingers are more
pronounced in the former case.®>’! Furthermore, a laminar premixed flame can be hydrodynami-
cally unstable only if the perturbation length scale is larger than the so-called neutral length scale,

16
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FIG. 18. Vortex stretching (dotted-dashed and solid lines) and dissipation {(double-dash
lines) terms conditioned to unburned gas (c(x,7) < 0.001, blue lines) and ‘epld edg% of flamelets (0.001 <
c(z,r) <0.01, red lines) vs. distance from the inlet boundary. (a) cas(l,-(b) c .

~

s1s  which is much larger than the flame thickness.’®3% Accordingly, thé'BL instability is a large-scale
s1.6 phenomenon, whereas vorticity w = V X u characterizessthe small-scale spatial variability of the
s17  velocity field by definition.
518 As far as the vorticity field in the incoming constant-density turbulent flow of the unburned reac-
s10  tants, the present authors are not aware of any investigation of-the influence of the aforementioned
s20  pressure and potential velocity perturbations e w- . Accordingly, to gain insight into such
s eventual effects, each term in Eq. (3) was averqged (oyer transverse plane and time) and condi-
s22 tioned either to the unburned reactants, i.€,,«¢(x,t W< 0.001, or to the cold edges of flamelets, i.e.,
w
€ t

s 0.001 < ¢(x,7) <0.01. As expected, the of the conditioned dilatation and baroclinic
s2a  torque terms were negligible when ¢ magnitudes of (i) the vortex-stretching terms
s2s 11, and T ¢ conditioned to c(z,7) < rg‘]'%‘MLO.OOI < ¢(x,1) < 0.01, respectively, or (ii) the
s2¢ conditioned dilatation terms 75 ,-and TZ, 7 respectively. Therefore, solely the conditioned vortex-
s27  stretching terms 7' ,[¢(x)] andT’; /[¢(x)] (dotted-dashed and solid lines, respectively) and the con-
s2s  ditioned dissipation terms 73 ] and{7"; £[¢(x)] (double-dashed-dotted and dashed lines, respec-
s20  tively) are plotted in Fig. A8.

sso  These results show indt differénce between terms T1u¢(x)] and T f[¢(x)] or between
san 12,[¢(x)] and Tgvfg(a in the lafgest part of the mean flame brushes, i.e., at x > 1.5 mm or
sz at ¢(x) > 0.25 in ca e'ﬂ\%(x > 0.1 in case L. However, at smaller ¢(x), the magnitudes of
s33  the terms conditi n&}to the“epld edges of flamelets are lower than the magnitudes of the terms
conditioned to, the,unburned reactants. For instance, at x = 0.66 mm or &(x) = 6- 107> in case
T T ms 3, whereas [T, + T2,| = 2.45 ms™2 is larger by a factor of about

536 esults imply that combustion-induced potential perturbations of the velocity field in
537 in (}éc) vicinity of the cold edges of flamelets can locally slow down the spatial
538 hese regions (the turbulence decays in the x-direction in the present DNS and
530 « < 0),ibut further research into the issue is definitely required using a larger set of DNS
540

sa1 or thisfurpose, at each instant 7, the vortex-stretching and dilatation terms, 7 u(t) and Tz,u( ),
54 tively, were averaged over the leading zone of the mean flame brush, i.e., over a volume
543 planes (c)(x,) = 107® and (c)(x,#) = 10~*, whereas their conditioned counterparts
sas W) f(1)and T» ¢ (1), respectively, were averaged over a sub-volume where not only 1076 < (c)(x,#) <
545 4, but also 0.001 < c(x,t) < 0.01. Here, (g)(x,¢) and §(¢) designate values of an arbitrary

sa6  quantity g, averaged over a transverse plane x =const and a volume bounded by two transverse
sa7  planes, respectively, at a single instant ¢.

ses  The obtained results are reported in Fig. 19. A comparison of 7j ,(¢) and T; /(¢) (dotted-dashed
sso  and solid lines) or T27u(t) and Tg’ £(t) (double-dashed-dotted and dashed lines) shows a decrease in
sso the magnitudes of both terms conditioned to the flamelet cold edges when compared to the counter-
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FIG. 19. Vortex stretching (dotted-dashed and solid lines) and dissipation {(double-dash

ush anf&,old edges of flamelets
se H, (b) case L.

part terms averaged over the entire volume of the leading zone'ef thé“flame brush. Accordingly, the
net rate of the decay of enstrophy is reduced in the vicinity of the'flamelet cold edges. However, a
correlation of the effect magnitude with the density rw observed.

=

IV. CONCLUSIONS

DNS data analyzed in the present paper
weakly turbulent premixed flame can i

e that vorticity generated by baroclinic torque in a

g the reaction-zone-surface area, contrary to

the common concept of combustion a due to flame-generated turbulence. Such a small-

scale effect is more pronounced at larger values of the mean combustion progress variable ¢ and at

larger density ratios. If the density ratio is low, e.g., 6 = 2.5, baroclinic torque weakly affects the
vorticity field within the mea sh and the aforementioned effect is not pronounced.

It is worth stressing that t

pedevi

combustion-induced thermal e;g{)a
the burning rate. The po
scale rotational pert

n
Z?ci y perturbations of larger scales can overwhelm the small-
n result in increasing the burning rate, as occurs in the case of

due to the ?me—generated vorticity. In other words, the influence of the incoming turbulence on the
1 te should clearly be distinguished from the influence of the flame-generated vorticity on
the two effects can be opposite.
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