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fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
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Resithts of two-dimensiona]l munerical computations of turbulent jucthane flames using de-
tailed and reduced chermnistry are analyzed in the context of a new Lheory for premixed turbulent
combustion for high turbulence intensity. "UChis thoury defines the thin reaction zones regime,
wherc the Kalmogorov scale js smaller than the preheat zone thickness, but larger then the reac-
tion wane thickness. The two nul_m:ricul compitations considered in Lhis paper fall clearly within
this regime. A lean and a stoichiometrie flame arc considered. The former Is characterized by a
lurge ratio of the turbulence intensity to the laminar burning velocity and the latter by a smaller
value of that ratio.

The dispslacemant speed of the reaction zone relative to the fiow is defined us the displaccmcm
spaed of the iso-sealar line ot o fucl mass fraction eorresponding to L0% of the upstream value.
T'he three differenl mechanisma that arc contributing to the displacemaent. of the reaction zone,
namnely nonnal and tangential diffusion and reaction, are analyzed and their probability density
functions are evaluated. Although these contributions fluctuare considerably, the mean value
of the overall displacement speed is found to be only wround 40% larger than the burning
velocity of a plane premixed flamne at the same eguivalence ratio. Furthermore, the eontribution
af tangensial diffusion, which can be expressed as & curvature tern, vancels aa far as the mean
overall displacernient speed is conca.rncd, while the contributions of normal diffusion and reaction
are lurge but have opposite signg, ‘These cantributions dopoend implicitly on eurvature. Uhis
dependencee is small for the lean fHame, but consgiderable for the stoichiometric flamue where it
feads to an enhanced diffusivity. This diffusivity s comparced to the Markstein diffusivity thac

deweribes the equivalent corvature offect in the corrugated Hamelet regime.




NOMENCLATURE

L2 mass diffusion coeflicient of CHy
& Jislance Mnction

£ integral length scale

4% laminar Hame thivkness

€5 reaction zone thickness

o normal vector

s arclength

#q displacemend speed

'y laminar burning volocity

Vi, Ve displacoment speed contributions due to normal diffuston and reaction, respactively

T4 turbulence intensity

7l flow velocity veclor

i, ¥ coordinates in the 2D simulation
Y masy fraccion

Greek Symbols
& = ¥ /{ non-dimensional reaction zone thickness
¢ fuel-ta-alr eqiivalence ratio
& curvature of the rcaction zone, defined as positive if the frant is canvex
towurds the unbumt mixture
P density
71 Kohnogorov length scale

w  reagtion rate

Indices
) at the thin reaction coue
Uu in the unhurnt

CHs mcthane




1 Introduction

There have beean cdifferent views ahont the physical mechanismes that are important in the regime
of Lurbnlens premixed combustion where the Kaolmogoroy scale n is smaller than the Hame
thickness €. Borghi [1] has called it the regime of “thickened-wrinkled flame with possilile
extinction”, Peters (2] calls it the “distributed reaction zones” regime and Poinsot et al. [3]
consider it to ba part of the ﬁamalél. regime. Poiusot et al. have performed direct 2 numerical
sinlations of vortices interacting with flame structures and find thal these *are more resistant o
guenching” and that therefore the flamelet region extends by “morce than an order of magnitude”
into the regime where the Kolmogorov scale is smaller than the fame thickness.

Recontly, Poters |4] defined s regime ealled the “thin reaclion zoucs regime” by
by <nlp (1)

where Kolmogorov eddies can penetrate into the preheat zone of size £p But not into Lhe reaction
wone of sive £y, The thickuess of the thin resction zonc is typically one tenth of Lhat of the preheat
vone, but Lhe ealio § « 45 /8 tnay vary with prossure sod the temperature of 1he unburut gas
[5]. The thin reaction zoanes regime is shown in a diagram, Fig. 1, where the velocily ralio o'/sg
is plotted as a function of the length scale ratio. The conditions thet will be analyzed here
correspond to methance-air Hames: a lean flume [6] denoted by LF and a stoichiometric Hame {7] F
denoted by SF.

FFor the lean flame a detalled mechanism based on € chemistry {8] and far Lha stalchiometrie
llame a four-step reduced mechanism [¥] has been employed. For computational efficiency
peebieatl temperature of 8001 was assumed. The turbulent velecity ficld is super-impased on

the evolving scalar ficlds and decays with titne. It is prescribad by an initial lwo-dHmensional




turbinlent kinetic encrgy spectrum [unction. Nate that the points indicated in IPig. 1 corvespond
to the initial ¢ondition, while the evaluations are performod after 2,11 turnover times for the
lenn [lurne and one turnover time for the stoichiometric Hameoes. At those timoes the turbulence

intensity has decayed by 6% for both Hames.

2 Formulation

Since xmall wddies are able to penetrate into the preheat zone of the Hame strueture in Lhe Lhin
reaction zones regime, the scalar ficld i fromt of the reaction zone is perturbed by turbulence
and o quusi-stoady stute flame stracture does notl exist. Malerular cransport between the thin
reaction xone and the upstream temperature and concentration fields is an unsteady process
and the notion of a laminer burning velocity has no physical meaning. We may, however, define
a displacement speed of the thin reaction zone relative to the flow by considering a sealar iso-
surfuce in the vicinity of the reaction zone. Since the fucl is entirely consumed in the inner luyer
of methane fames and it decreases monotonicully between the unburnt eonditions ipstream and
tho inner layer, an isa-contour of 10% of Lhe fuel muss fraction Yop, wus considered to be the
most representative choice. Scvoral lovels of Yo, wore examined and it was forned that within
the range between 5% and 30% of the upstream value the results did not depend very much un
Lthat choice,

Ceonsider the balance equation of the fuel
8Yom, | - _ . .
Pl T V¥om ) =V - (nDVY¥on,) + won - (@

whare D is its diffusion cocfficient snd o, ity eliotical source term. The iseescalar surface




Yeu, (#,8) = Yo. where Yy denotes 0.1 Yong e, must satisfy the condition

o¥cn, dr| .
A @

Replacing O¥on, /0t from Eq. (2) this leads to

da":" - [V (pPVY¥on,) + d)(:n,,:l . -
= =mp - fl = 7o + #aft . (4)
0 PIVYen,| 0

Here tho term in square brackets is the displacement speed sy of tho thin raaclion wone. For
diffusive sealary with & = 0 Eq. (4} was first derived in [10]. The normal veclor o the Two- .

fraction surface poiuts towards the unburnt mixture and is defined as

VYCH4
= —————=_ 5
"= N ¥ens,] - (6)

We want to use the analogy between the laminar borming velocity of a quasi-steady flamne
structure and the displacemnoent speed for the thin reaction sone and derive z-u G-cquation for the
loention af the thin reaction zone in analogy to the classical (Z-equation [L1] where the Hame
Incation is dqﬁl_'u-!d by the iso-surfuce G(#, ¢) = Go. Then the normal vector defined by Eq. {5)

is also esqual ta

D L :

andd also points towards the unburnt mixture. Using the evolution equation for the ise-scalar

surface Gir, £} «= (7

JG d¥ .
_é'i‘“ + V& - _tl(;—{:() =0 (T)
topgelher with Eq. (1) leads to
oG . . _ V- (pDVYen,) + u'a'cm] . 2
5 T Vi = [ A . [V . (%)




Echekki wnd Chen [12] show that the diffusive term sppearing on the r.has of Eq. {8) may be

split into one term accounting for curvature and another for diffusion normal to the iso-suriace
V- (pDVYon,) = oD|VYow |k +7 - V{psi - VYon,) )

where the definidon Eq. (3) bas been used. When Be. (9) i introduced into Eq. (8) is can be

writtonl us

Y 18- VG = —D[VG| + (Vi + V)|V (20)

Hore the survature » may be expressed by Eq. (11} in terms of the (.teld as

VG _ VG =% V(R VG)

wer) Vel e

.-e=v--ra=v-(—-

The quantitics V, and ¥V arc contributions due to normal diffusion and reaction to the displace-

ment speed of the thin rexction zone and are defined as in {13] as

_ i1 . V(pD‘?f . Vy’f.”‘hi. )

Vi i2
AIVYen,| (12)

- “:’(?Ha . .
G PV Youl ” e

In a steady, unstresched planar luninar Hame the sum of V, and ¥ would hie egual to the burning
veloeity sg. Flere, however, the unsteady mixing and diffusion of all the chemical species and
the temperature in the regions ahead and behind the thin reaction zenes will infhience the local
displaceent speed. ‘Fherefore the sum of V5, and Ve cannot be prescribed, but is o fluctuating
quantity, that couples the G-cquation to the salution of the balance equations of the reactive
sealars.

I'inally, in view of Eqs. {4), {9}, {12) and (13) it should be noted that the three contributions

to the displaceinent speed add up os

sa=—Dre+V, +V, (14)
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where =D 18 the contribution due to curvaturc,

In Iig. 2 iso-mass-fraciion lines and iso-scalar lines of & ure plotted far a ame contour taken
from Lhe lea.r; Rame [6]. The flame propagates from right to left. The coordinales » and y wara
normalizod by the flame thickness for & plane laminar Jeun rmethane flame at ¢ = 0.7. T'he dark
bluck line in IMigs, 2a and 2b denote the location of the thin reaction zone at You, = 0.1 Yo v
In Kig. 2a, in addition, i:so-tuaﬁmfrantion convours of Yon, = 0.5Yann, .« and of .97, .. arc
shown, Contanrs of the distance function G = —0.§ and & = —~1.0 are shown in lig. 2b. They
correspond to lines with a distance of one half wnd one Hame t.hinkm:s:ﬁl ahcind of the reaction
zone. The comparison between the two plots shows that except for regions where the reaction
zone is strougly curved, the You, = 0.5 You, . line and the f = —(1.5 line do not ditfer very much
from cach other. [for the stoichiometric flame the iso-mass fraction line at You, = .(‘L‘l YerHy o 18

shown in Fig, 3. The coordinates are normalized by the corresponding fane thickness.

3 Statistical Evaluation

We have evalusted the diflerent contributions to the displacenient speed at the 109 fuel mass-
fraction iso-line and normalized i by Lhe displacement gpeed spo of the reaction zone in a

ene-dimensional normal Houne

Puli.u
Brp = —— 15
o = £ (15)

where py, and sp,, are the unburnt values for a plane laninae Jlame at the corresporcding equiv-
alence ratio. Figs., 4a and 4b show for both flarncs the normmalized displucement speed sq as
well as the contributions V.., Vi, and =2« that appear in Eq. (14). They are plotted aver the
arclength normalized by the fame thickness., The arclenglh is counted t'rrnn.lnwer BNITY tCr thé

upper exit in Figs, 2a and 3, respectively. The maximum displacemnent. speed of the lean flame
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(Fig. 4a) oceurs st §/€p = 52 which correspends to the strongly eurved region far ou the right
in Fig. 2a. There arc several maxima in the stoichiometric flame (Fig. 412). The wacillations of
5y al;e quite substantial, with part of the jso-line at values below sy /4Ly = L, but streng positive
excursions. ‘T'he positive excursions are mainly due to an addition of contributious from reaction
and curvatire, while the contribution of normal diffusion seems to be negatively corrclated with
thal of the curvature. All contributions to the displacement speed fluetuate very strongly, Since
CHyg is nlways consumecd at the location You, = .1 Yo, u the vontribuLion due to reaction is
wlwiya positive, Its muagnitiude at this location is still very lurge becansa Lhe lames are preheated
to 8U0K. It is interssting to note that the contribution dne to normal diffusion is always negative
and that due o curvature Huctustos around sero. Note that the mean curvnf.ﬁrc is zoro due to
cyclic buoundary conditions irnposed on the lower and upper aide in Figs. 2a and 3.

The probability density functions (pdfs) of the different, contributions for both flames are
shown in Figs. & and €. 'l“he pdfs of the contributions due to normal diffusion, reaclion and
curvature are shown in Fig, B for both Hames. Agnin it Is soen that the pdf of V5, lies ot negative
values with a mean value at -4.71 [or the lean fame and at -1.74 for the steichiometric flame.
The pedl of V, is at positive values with a mean at 6.06 for the lean Hame and at 2,93 for the
stoichiometric lame. The pdf of —D r is nearly symmetric around the origin for both flames.
When the pdfs of the sum of V. + V, are plotted in Fig. 6 und (:(_11"11[::1.red I Ehe pdls of £, Lhe
mean values of s4 and of the sum of Vi + V, are both cqual to 1.36 for the Jean flame and 1.45
for the stoichiometrie Hame. It is seen that, within the accuracy of the limited amount of dats,
the two pdfs nearly eoineide for both flames. The sum of ¥, and V,, would be equal to 54 in a
normal Hwme, but it can be scen from Fig. 4 thal ¥, and Vi, do not locally add up to sg along

the wrelength. ‘Lherefore it is inferesting to note that their stalislical distribution is nearly the




Same.

In the theory developed 1n [4] the impeortance of Lhe curvature term for turbulent Hamne
propagation in the thin reaction zonos regime was emphasized. Highly eurved regions are due
to the interaction of the reaction zone with very small eddies. Thereby the surface area of the
reaction zone is strongly increased. In Fq. (10) the displacement spead due to enrvature has
binen gepamncd_ from those due to normeal diffusion and reaction. It is intcresting to analyze,
howaver, whether there are interdependencies between these terms, in particular whether V.. and
V,, implicitly also depend on curvature. Fig. 7 prasents seatter plots of the different contributions
to %4 as a function of the curvature noralized with €7 (or buth flames. TU s clear that the
displacement speod due to the curvatﬁre — I k mugl correspond Lo strasphl _!irm.:s through the
arigin with a negative slope in these plots. In Fig. 7o and 7b the curvature has been normalized
by the thermal flame thickness, Since Lhe slope of Lhe normulived contribution due to curvature
is minus one in Fig, Ta but -0.24 in Fig, Th, the flame thickness is related to the dilfusivity as
€r <= Dfxg 0 for the lean Hlame, but as £ = 4,166 D /3y, ¢ for the stolchlomerric Hame,

The pegative correlation between the displacement apeed due to normal diffasion and shat
tlue to enrvasure that had been noted in .thc discussion of Fig, 4 is clearly scen for positive values
of & (negative curvature displecement speeds). Thersa doex nol seern Lo be meh correlation
Lulween V. and k for positive vuluces of &, but for negative values of & they scemn to bhe correlated.
'I'his correlation is atiributed to the enhanced ditferential diffusion of light radieal apecies, whialy,
tlirongh chemical nonlinecarity enhenees V, indirectly [7].

Siace the majority of points fall on top of cach oﬂu.:r in these scatbor plots Lhey tend Lo be
mixleading as far as mean tendencies are concerned. If a linear fit throngh the data points in

Fig. 6 is performned it turns oot that for the lean Hame the displacement speeds are corrolated




s
3 = —4. 0A2rnifr
Vi/s20 4.70 + rir -
Vi/spo = BOB—028ré&u.
Therefore the sun
(Vi + Vi) /sro= 137 — 014K ép (17)

is nearly independent of eurvature. On the contrary, for the stoichiometric Hatne the correlations

aro . .
Vi/sro = =—14T+0.09x¢p a8
Vi/so = 291-055x¢p
with the sun
(Ve + Va)/sp o =144 — Q.44 5ty (19)

This seems to justify the decomposition of the displacement speed inte a curvaturc term and a
Lerm cemtaining the sum of Vi, 4 V4 in Eq, (10) for the lean llame, but not {or the sloichiometric

flazne. I one introduces Eq. 19 into Eq. 14 one obtains
sq= =283 DKx+1.445L0 (20}

showing an effective diffusivity that is 2.83 times the mags diffugivity. The reason for this en-
hanced diffusivity swy lie in the fact that the stoichiometric Hame is close to the corrugated
fHamelel regime (cf. Fig. 2). In that regime the Markstein diflusivity replaces the mass diffi-
sivily. Sinee the Markstein diffusivity is twa to three times larger than the mass diffusivilty in
stoichiometric methane Hames [14], ore may argue that the incressed cffective diffusivity for this

Hagne is due Lo Mackstein coffccts.
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Summary

The statistical evaluation of the different eontributions to the displacement speed from two 2-
D simulations ahows that those due to normal diffusion and reaction ave responsible for flame
displacement in the mean which is approximately 40% larger than in the ci‘()rrcspcndiug laaninar
flame. Although they Huctuate strongly when plotted over arclength, their sum has ncarly
the same probability density function as the digplacement speed. There is still a correlation
batween curvature snd the displacement speeds due to reaction und normnul diffusion, at least

for the stoichiometrie flame.
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. Regime disggram for premixed turbulent ecombustion.

omparisen of iso-mass-fraction Unes of CHa (Fig. 2a) and isolines of the distance function
G (Fig. 2b) for the lean Hame at 2.17 eddy turnover times |6]. LThe CF-isolines were con-
structed as iso-distance lines from the flame contour defined by 10% of the mass fraction

in the unburnt mixture. 7 is normalized by €7,

lso-mass fraction lines at 10% of the mass fraction in the unburne mixture for the stoi-

chiometric ame [7].

. Displacemnent speed xg and g different contributions due to reaction (V:}, normal dillusian

(Vn) and tangential diffusion (—Dxk). Fig. du: Tean flame, Fig. 4b: Stoichiometric Hame.

. Probability density funetions of Lhe three contribulions Lo the displacement speed accord-

ing Lo Fq. (14): normal diffusion Vi, reaction V. and tangential diffusion {(—Dx). Fig. ba:

Lean [lame, 'ig. 5h: Stoichiometric flame.

Probahility densiny functions of the displacemoent speed sq and of the sum of the contri-
butions Vi + V;, duc to reaction and normal diffusiou, respectively. Fig. Ga: Lean flane,

Iig. 6b: Stoichiometric flame,

. Seatter plot of the three contributions ta the displacement speed as a function of the curva-

ture & normalized by the fame thickness 4. Fig. 7a: Lean flame, Fig. 7b: Stoichiometric
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