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Resnlts of two-dimensional numerical computations of turbulent methane flames nsing de-
tailed and reduced chernistry are analyzed in the context of a new theory for premixed turbulent
commbustion for high turbulencc intensity. “Uhis theory defines the thin reaction zones regime,
wherc the Kalmogorov scale is smaller than the preheat zone thickness, but larger than the reac-
tion vone thickness. The two numcrical compntations considered in this paper fall clearly within
this regime. A lean and a'svtoichiumetric flame arc considered. The former is characterized by a
large ratio of the turbulence intensity to the laminar burning velocity and the lutter by a smaller
value of that ratio.

The displacement speed of the reaction zone relative to the flow is defined as the displémumcnt
speed of the iso-sealar line at a fuel nuss fraction eorresponding to 10% of the upstream value.
‘Uhe three different mechanisms that are contributing to the displacement of the reaction zone,
namely normal and tangential diffusion and reaction, are analyzed and their probability density
functions are evaluated. Although these contributions fluctuate considerably, the mean value
of the overall displacement speed is found to be only around 40% larger than the burning
velocity of a plane premixed flamc at the swne equivalence ratio. Furthermore, the confiribution
ol tangential diffusion, which can be expressed os & curvature tern, cancels as far as the mean
overall displacemnent speed is concc.rncd, while the contributions of normal diffusion and reaction
are large ‘but have opposite sighs, These contributions depend implicitly on curvature. his
dependence is small for the lean flame, but considerable for the stoichiometric flame where it
leads to an enhanced diffusivity. This diffusivity is compared to the Markstein diffusivity thac

deseribes the equivalent curvature eoffect in the corrugated flamelet regime.




NOMENCLATURE

L mass diffusion coeflicient of CHy
G Jislance Mnation

£ integral length scale

£ laminar fame thickness

£s reaction zone thickness

. normal vector

3 arclength

& displacement speed

Sz laminar burning velocity

Vi, Ve displacement speed coutributions due to normal diffusion and reaction, respectively

2 turbulence intensity

17 flow velocily vector

T Y coordinates in the 2D simulation
Y mass fraction

CGreek Symbols )

& = 4y/#; non-dimensional reaction zone thickness

¢ fuel-to-air equivalence ratio

x curvature of thc reaction zone, defined as positive if the front is convex
towards the unburnt mixture

p density

7 Kolmogorov length scale

w reaction rate

Indices
Q) at the thin reaction zone
u in the unburnt

CHs mcthanc




1 Introduction

There have been cifferent, views about. the physical mechanisius that are important in the regime
of Lurbulent premixed combustion where the Kolmogoroy scale 1 is smaller than the Hamc
thickness €. Borghi (1] has called it the regime of “thickened-wrinkled flame with possibile
extinetion”, Peters [2] calls it the “distributed reaction zones” regime and Poinsot et al. [3]
consider it to be part of the ﬁat‘nelél. regime. Poiusot et al. have performed direet. 2D numncrical
simulations of vortices interacting with flame structures and find that these *are more resistant to
qguenching” and that therefore the flamelet region extends by “more than an order of magnitude”
into the regime where the Kolmaogorov scale is smaller than the flame thickness.

Recently, Peters |4] defined a regime called the “thin reaction zoues regime” by
by <n<lp (1)

where Kaolmogorov eddies can penetrate into the preheat zone of size £4 but not into Lthe reaction
vone of size 5. The thickness of the thin reaction zone is typically one tenth of Lhat of the prcheat
zone, bul the ratio § = £5/8p may vary with pressure and the temperature of the unburut gas
[5]. The thin reaction zones regime is shown in a diagram, Fig. 1, where the velocily ralio v'/sg
is plotted as a function of the length scale ratio. The conditions that will be analyzed here
correspond to methane-air Hames: a lean flame [6]) denoted by LE and a stoichiometric Hame [7] F
denoted by SF.

IFor the lean flame a detailed mechanism based on C; chemistry [8] and for the stoichiometric
Hame a four-step reduced mechanism [V] has been employed. For computational efficiency a
prehieatl temperature of 800K was assumed. The turbulent veleity field is super-imposed on

the evolving scalar ficlds and decays with timme, Tt is pregceribad by an initial two-dimensional




turbilent kinetic energy spectrum [unction. Naote that the points indicated in [fig. 1 corcespond
to the initial condition, while the ovaluations arce performed after 2.11 turnover times for the
lenn (lame and one turnover timece for the stoichiometrie flames, At those times the turbulence

inteusity has decayed by 5% for both Hames.

2 Formulation

Since small eddies are able to penetrate into the preheat zone of the Hame structurve in the Lhin
reaction zones regime, the scalar ficld in frout of the reaction zone is perturbed by turbulence
and a quasi-steady state flame structure does notl exisl. Molecular sransport between the thin
reaction zone and the upstream temperature and concentration fields is an unsteady f)roccss
and the notion of & laminar burning vclocity 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-
surface in the vicinity of the reaction zone. Since the fucl is eatirely consumed in the inner layer
of methane flames and it decreases monotonically between the unburnt eonditions upstream and
thie inner layer, an iso-contour of 10% of the fuel mass fraction You, was considered to be the
most, representative choice. Sceveral levels of Yo, were examined and it was fonnd that within
the range between 8% and 30% of the upstream va.lué the results did not depend very much oo
that choice.

Consider the balance equation of the fucl

8Y - .
p (F5H 4. V¥an, ) = V- (4DV¥on,) + ek, @

where D is its diffusion cocfficicnt and ey, its chicmical source term. The iso-scalar surface




Yen, (4, t) = Y. where Yy denotes 0.1 Yo, «, must satisfy the condition

oY, dz .
_—4 o =0, 3
5t " VYemw | ()

Replacing OYcn, /9t from Eq. (2) this leads to

dz

-—t

dt

V- (pDVYon,) + u')(;n,.] - - -
= U — : 7l = Tg + s$qit . (4)
g [ PIVYcen,| o

Here the term in square brackets is the displacement speed sg of the thin reaction vone. For
diffusive scalars with & = 0 Eq. (4) was first derived in [10]. The normal vector on the iso-rmass-

fraction surfacc points towards Lthe unbnrnt mixture and is defined as

VYcrm
T e— 5
Y] - (5)
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We want to use the analogy between the laminar burning velocity of a quasi-steady flamne
structure and the displaccmnent speed for the thin reaction zone and derive a-l. G-cquation for the
location of the thin reaction zone in analogy to the classical G-equation [L1] where the flame
location is deﬁned by the iso-surfuce G(F,t) = Go. Then the normal vector defined by Eq. (5)

is also equal ta

1w — O .

and also points towards the unburnt mixture. Using the evolution cquation for the iso-scalar

surface G, t) = Gg

JG d¥ .
50t VG Flaas, =0 (M
together with Eq. (4) leads to
oG | .. . V. (pDVYen,) + ul'cuq] .
= 4+ VG = — va|. 8
o i ve = - [ LD Yo Ve ()




Echckki and Chen {12] show that the diffusive term appewsing on the r.has of Eq. (8) may be

split into one term accounting for curvature and another for diffusion normal to the iso-surtace
V - (pDVYom,) = pD|VYow|rn + 7 - V{(pli- VYon,) )

where the detinition Eq. (5) has been used. When Eq. (9) is introduced into Eq. (8) it can be

writteil us

oG | _ . .

Fr TP VG= —Dr|VG|+ (Vi + V;)|VE] . (10)
Here the curvature x may be expressed by Eqg. (13) in terms of the (-fleld as

VG VG -#-V(@-VG)
ve|/ VG|

-=v-«ra=v-(- (11)

The quantitics V,, and Vi arc contributions due to normal ditfusion and reaction to the displace-

ment speed of the thin reaction zone and are defined as in [13] as

1 V(pDE - VYin,)

Vi 12
‘ P Vor.] (12)

‘:’CH4 A '
Vi o ——oel 13
g plv%‘lﬂc' ( )

1n a stecady, unstresched planar larninar Hame the sum o' V;, and V. would be equal to the burning
velocity 1. Fere, however, the unsteady mixing and diffusion of all the chemical species and
the temperature in the regions ahead and behind the thin reaction zones will influence the local
displacement. spead. ‘Therefore the sum of Vi and Vi cannot be prescribed, but is o fluctuating
quantity, that couples the G-cquation to the salution of the balance equations of the reactive
scalars.

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

to the displacement speed add up as

Sq = —DKZ"'.V/&"!‘V;- : (14)
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where —Dx is the contribution due to curvaturc.

In Fig. 2 iso-mass-fraction lines and iso-scalar lines of G are plolted {or a lame contour taken
from Lhe lea.r; flame [6]. The jlame propagates from right to left. The coordinales @« and y were
normalized by the flame thickness for a planc laminar Jean methane flame at ¢ = 0.7. The dark
black liue in Figs. 2a and 2b denote the location of the chin reaction zone at Yon, = 0.1 Yonon.
In Irig. 2a, in addition, isn:>-rna.§s—fraction contours of Yo, = 0.5Yan,,. and of 0.9Yor,.« arc
shown. Contonrs of the distance function G = —0.6 and ¢ = —1.0 are shown in Iig. 2b. ‘They
correspond to lines with a distance of ouc half and one Harne Hlit:krms.s.: shaid of the reaction
voue. 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 ¢ = -0.5 line do not differ very much
from cach other. IFor the stoichiometric flame the iso-mass fraction line at Yo, = '().1 YoHg . 18

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

3 Statistical Evaluation

We have evaluated the diflerent contributions to the displacement speed at the 10% fucl mass-
fraction iso-line and uormalized it by Lhe displacement speed sz of the reuction zouce in a

one-dimensional normal Hamce

Pudi.u -
S0 = — 15
2,0 ~ (15)

where o, and sy, arc the unburnat values for a plane laminar flame at the corresponding equiv-
alence ratio. Figs. 4a and 4b show for both flarnes the normalized displacement speed sq as
well as the contributions V,., Vi, and —D s that appear in Eq. (14). They are plotted over the
arclength normalized by the flame thickness. The arclenglh is counted t'rrnniower entry to thé

upper exit in Figs. 2a and 3, respectively. The maximum displacement. speed of the lean flame
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(Fig. 4a) oceurs at §/€p < 52 which corresponds to the strongly eurved region far ou the right
in Fig. 2». There arc several maxima in the stoichiometric flame (Fig. 4b). The oscillations of
s¢ are quite substantial, with part of the iso-line at values below sg/4.,0 = L, but strong positive
excursjons. ‘T'he positive excursions are mainly due to an addition of contributious from reaction
and curvature, while the contribution of normal diffusion seems to be negatively corrclated with
that of the eurvature. All contributions to the digplacement speed fluetuate very strongly. Since
CHg ix always consumed ut the location You, = 0.1 Yo, u the contribution due to reaction is
wlwiys positive. Its magnitude at this location is still very large becanse the flames are preheated
to 800K. It is interesring to note that the contribution due to normal diffusion is always negative
and that due to curvature Huctuates around zero. Note that the mean curvutﬁm is zero due to
cyclic boundary conditions imposed on the lower and upper side in Figs. 2a and 3.

The probability density fuuctions (pdfs) of the different contributions for both flames are
shown in Figs. 5 and 6. 'l"he pdfs of the contributions due to normal ditfusion, reaction and
curvature are shown in Fig. § for both Hames. Again it is scen that the pdf of Vi, lies at negative
values with a mean valuc at -4.71 [or the lean flame and at -1.74 for the stoichiometric flame.
The pdl of V,. is at positive values with a mean at 6.06 for the lean Hame and ar 2.93 for the
stoichiometric flame. The pdf of =Dk is nearly symmetric around the origin for both flames.
When the pdfs of the sum of V; + V, arc plotted in Fig. 6 and (:c_);npn.red Lo the pdls of <4, the
mean values of sq and of the sum of Vi + Vi, are both cqual to 1.36 for the Jean flame and 1.45
for the stoichiometric Hame. It is seen that, within the accuracy of the limited amount of data,
the two pdfs nearly eoineide for both flames. The sum of V;. and V,, would be equal to 34 in a
normal fame, but it can be scen from Fig. 4 that V; and V,, do not locally add up to sg along

the arclength. ‘Uherefore it is intereating to note that their stalistical distribution is nearly the




same.

In the theory developed in [4] the importance of the curvature term for turbulcnt Hame
propagation in the thin reaction zones regime was emphasized. Highly curved 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 duce to curvature has
been separated from those due to normal diffusion and rcaction. It is intcresting to analyze,
howsver, whether there are interdependencies between these terms, in particular whether V, and
V,, implicitly also depend on curvature. Iig. 7 presents seatter plots of the different contributions
to sg a8 a function of the curvature normalized with € lor bath flames. TU s cleac that the
displacement speced due to the curvature —D k must caorrespond Lo straipht .lim.‘.s through the
origin with a negative slope in these plots. In Fig. 7a and 7b the curvature has been normalized
by the thermal flame thickness, Since Lhe slope of the normalived contribution due to curvature
is minus one in Fig. 7a but -0.24 in Fig. Th, the flame thickness is related to the diffusivily as
€r == D/ o lor the lean flame, but as £, = 4.166 D/ sy, for the stoichiometric Hame.

The negative correlation hetween the displacement speed ¢hie to normal diffugion and that
clue to curvature that had been noted in the discussion of Fig, 4 is clearly scen for positive valies
of & (negative curvaturc displacement speeds). There does not, seern Lo be rouch corrolation
belween V., and k for positive values of k, but for negative values of « they seemn to be correlated.
This corrclation is attributed to the enhanced differential diffusion of light. radical apecies, which,
thirongh chemical nonlincarity enhances V; indirectly (7],

Siuce Lhe majority of points fall on top of cach oﬂmr in these scatber plots Lhey tend Lo be
misleading as far as mean tendencies are concerned. If a linear fit through the data points in

Fig. 6 is performed it turns out that for the lean Hame the displacement speeds are correlated




s
Vi/spo = —4.70+0.42kér _
Vi/spo = 608—0.28k#p.
Therefore the sum
(Vi + Vp)/sro=137T—0.14rép (17)

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

are o
Vi/spo = —147+0.09x¢p -
Vi/sro = 291-0585k4p
with the swun
(Vr + Vn)/si,o = 1.44 — 044 ¥y . (19)

This seems to justify the decomposition of the displacement speed into a curvaturc term and a
Lerm containing the sum of Vi, + V4 in Eq. (10) for the lean llame, but uot {or the stoichiometric

flamne. If one introduces Eq. 19 into Eq. 14 onc obtains
$qa=—283Dxr+ 144510 (20)

showing an effective diffusivity that is 2.83 times the mass diffusivity. The reason for this eu-
hanced diffusivity may lie in Lhe fact that the stoichiometric Hame is close to the corrugated
Haruelel regime (cf. Fig. 2). In that regime the Markstein diffusivity replaces the mass diffu-
sivily. Since the Markstein diffusivity is two to three Limes larger than the mass diffusivity in
stoichiometric wethane Hames [14], one may argue that the increased cffective diffusivity for this

Hamne is due Lo Markstein cffects.
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Summary

The atatistical evaliuation of the different contributions to the displacement speed from two 2-
D simulations shows that those due to normal diffusion and reaction are responsible for flame
displacemecnt in the mean which is approximately 40% larger than in the é()rrcs:p()nding laminar
flame. Although they Hiuctuate strongly when plotted over arclength, their sum has ncarly
the same probability density function as the displacement speed. There is still a correlation
between eurvature and the displacement speeds duc to renction snd normal diffusion, at least

for the stoichiometric flame.
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Regime diagram for premixed turbulent combustion.
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Lean flame, I’ig. Bb: Stoichiometric flamc.

Probability density functions of the displacement speed sq and of the sum of the contri-
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