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1 Introduction

The initial flame kernels of spark-ignition engines and accidental or déedrexplosions are some
examples of where one could find outwardly propagating spherical fla@#en the studies of such
spherical flames use the results obtained from statistically planar flamegs Wigemean curvature
effects are absent. Direct Numerical Simulation (DNS) studies [1, 2] Bheen that the curvature
induces significant effects on the propagation of flame fronts and flanstés. It is expected that any
change in the local strain or curvature (collectively called as stretchjdwmpart due influence on

the scalar gradient. Thus, a parameter related to the scalar gradientlyvecaitdappropriate choice to
capture these effects on turbulent flame propagation.

In this work, the Reynolds-Averaged Navier Stokes (RANS) methodoligybe used to study the
propagation of premixed turbulent spherical flames. The reaction ratedsli@d using a recently
developed strained flamelet model [3]. The mean scalar dissipation raterofjgess variable is used
to parametrise the strained flamelet and it is definegeas= pa(Ve” - V) , wherec” is the Favre
fluctuation of a progress variabtewith molecular diffusivitya. The progress variable is defined in
terms of temperatur® asc = (T — T,,)/(T, — T,,) , with the subscript$ andu respectively denoting
the burnt and unburnt mixture. The mean scalar dissipation rate is obtaorachf algebraic model
described later. The aim of this work is to determine the effects of meantatevan the propagation
speed of turbulent flames. This is achieved by simulating turbulent sphitaicees using reaction rate
models accounting for mean curvature effects through the scalar disgipaiko

2 Reaction rate model

In this work the reaction rate is modelled using the recently developed striéganeelet model of Kolla
& Swaminathan [3], which gives the mean reaction rate as:
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where¢ and are the sample space variables respectively fimd N, P(() is the probability density
function (pdf) ofc and P(v|¢) is the conditional pdf. Here the presumed pdf approach is used to define
these two pdfs. A3 pdf is used forP(¢) and a log-normal pdf is used for the conditional dissipation
rate pdf as discussed in [3].

The Favre mean progress variabland its variancs;/é, required for thes pdf are obtained by solving
their transport equations. As discussed in [3], the mean dissipation catiea@ for the log-normal pdf
is obtained using
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where the heat release parametds defined as- = (T, — T..)/T., s% and§? are respectively the
unstrained laminar flame speed and thermal thickness. The Favre-edéudgulent kinetic energy and
its dissipation rate are respectively denoted:landz". The model parameters ang:= 6.7, K: = 0.857

for hydrocarbon-air mixtures;;s = 1.5vKa/ (1 + \/Ka> andC, = 1.1/(1 + Ka)®* . The Karlovitz

numberKa is defined byKa = /(u//s7)3(5/A) , wheres? = 6[2(1 +7)°7], u’ = \/2k/3 andA = w3/ .
The flamelet reaction rate is obtained using opposed flow laminar premixedflane&actant-to-product
(RtP) configuration following [3].

The dissipation rate model in Eq./(2) was developed for planar flamesifB]high Reynolds and
Damkbhler numbers and thus it only includes strain effects. The effects of m@amature on the
scalar dissipation rat€. are captured as follows: the transport equationefdnas been studied in [6]
to address the influence of mean curvature on the evolutieh and the modelling of various terms
in its transport equation. These results are used to obtain an algebrait; mioidé includes the mean
curvature effects by balancing the leading order terms irethensport equation when the Reynolds
and Damihler numbers are large. This model is written as:
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where the normal vector is definedras- —V¢/| V¢, the model constarit; = 3 andl'k is an efficiency
function proposed by Meneveau & Poinsot [7] to account for thegeddurbulent straining when the
flame radius is small [6]. This term is of order of unity. It is clear from E&$.and (3) that the main
difference between these two model is the curvature effects arising¥om term, which is zero for
statistically planar flames. The model in Eg. (3uigonditionally realisable for exploding flames but
for imploding flames the realisability criteria imposes a minimum radius for which theshvaitl be
valid.

3 RANS calculations of spherical flames

The outwardly-propagating spherical flames are computed using the RAiodology. Spherical
symmetry is assumed, hence, only the radial dependence is retainedormpater code used in [3],
which solves the mass and momentum conservation equations along with-thenodelled equations,
is modified for spherical co-ordinates. The thermochemistry is tracked bsilance equations far
andc’? and state equation. The reaction rate is closed using Eq. (1) and the titissipse is modelled
using Eq.(2) or/(3) to exclude or include the mean curvature effects.r@4ctive source terms iff>
equation is closed in a consistent manner.

Although a spherically symmetric flame is considered, it is worth to writeimomentum and turbulent
kinetic energy equation to bring out additional effects which are preésesgherical systems. The
momentum equation for high turbulent Reynolds number flow is:
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and turbulent kinetic energy equation is:
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whereu andu; represent the molecular and turbulent viscosities, respectively. Tiafagal forces

pu’9’2/7“ and pu;’f/r arise from the turbulent Reynolds stresses. Due to the three-dimensitnat
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of turbulence these Reynolds stress terms do not vanish even for tnefcaspherically symmetric
problem. Since these terms are divided by the raditiss expected that these additional source terms
will be significant in the initial period of flame development and will slowly dissgupas the flame
radius increases. Note that since the- ¢ model is used in this work the Reynolds stress terms are

closed using the Boussinesq approximation, which implies that the tmtgﬁsandpu;’b2 are identical.
However, if an anisotropic turbulence model is used these Reynoldsestred| be different.

The second and third terms appearing on the RHS of the above modelled kinetiry equation are a
result of writing the unclosed production terap(u” ® u”) : Vu in spherical coordinates and closing
the Reynolds stress terms using Boussinesq approximation. Here agaiernthé. /r is due to the
spherical coordinate system. The last two terms on the RHS of Eq. (®sesqirthe pressure work and
pressure dilatation terms respectively. These terms are often ignoredidetuir flame calculations.
The pressure dilatation is closed usiagc(s? )20 and the Reynolds-averaged fluctuating velocity
appearing in the pressure work term is obtained usifig= w’ x 7/(1 + 7¢). The scalar flux is
modelled as a gradient flux.

3.1 Simulation parameters

As mentioned ir§[2, RtP flamelet configuration is used in this work. The mean reactiownaquired
for RANS calculation is calculated from these flametegsiori, using GRI-3.0 chemical kinetics mech-

anism for methane-air flames. These calculated reaction rates are talasl@ddnction of , ¢/2 and
€. and a trilinear interpolation is used to obtaimluring the RANS calculations, for the valuescgfc’’?
ande. .

The stoichiometric methane-air flames at 298 K and atmospheric presswensidered. The ther-
mochemical characteristics of this flame ar; = 0.4 m/s, 8% = 0.41 mm andr = 6.48. The
characteristics of the turbulent flames calculated numerically are giverblal TaThe stretch factak’
given in this table is defined bif = 0.157(v’/s%)?/+/Re; where the turbulent Reynolds number is de-
fined asRe; = (u'A) /vy, with v, denoting the kinematic viscosity of the fresh gases and the Dhatak
number is defined aBa = (sY /u/)(A/4). The flames F1 and F2 havé = 1 and they are in the thin
reaction zones regime. The flame F1 lias= 0.15 and is in the corrugated flamelets regime.

The domain length required for RANS simulations varies fi@2b m to 1.0 m and the grid spacing
varies from0.083 mm to0.33 mm. These values are dictated by the turbulent flame conditions. Uniform
grid spacing is used with at least 10 grid points inside(thin;) for a given turbulence condition. The
turbulent flame brush thickness is given fiy= 1/|0¢/0r|max. The size of the time step is chosen
to be0.1 us for all flames simulated for this study. Initial values/ofindée for the fresh gases are
specified for the entire computational domain. An arbitrary initial profile isehdorc(r), which varied
monotonically from0 in the reactants td in the products. This profile is chose after few preliminary
simulations. The initial density values were obtained fromdpeofile.

The propagation of spherical flames during typical numerical calculafiomshown in Fig. 1. The
initial profiles are shown by dashed lines and the symbols in these figuieatmthe spatial resolution
of the grid and it shows that the flame brushes are well resolved. Figli®the flame propagation
when the effects of mean curvature are excluded from the mean scaipatiisn model (see Eqg. 2) and
Fig.[1b shows flame propagation when these effects are included usi(@) Eghe flame is propagating
outwards from the centre and the last profile shown in symbols corrdgp@nsimulation time of ms.
By comparing both figures it can be seen that the flame propagates fastethe curvature effects are
included. This trend is observed for all the flames in Table 1.
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Table 1: Attributes of the one-dimensional flames used for numerical simulation

Flame| K |[«//s9| A/6 | Da | Ka
F1 | 0.15| 6.00 | 236.630 | 39.438 | 0.955
F2 | 1.00 | 12.0 | 42.593 | 3.549 | 6.369
F3 | 1.00 | 24.0 | 340.748 | 14.198 | 6.369
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Figure 1: Propagation of flame F3: (a) without the effects of mean curath) with mean curvature
effects. For both cases, the dashed lines show initial profiles, the timeadhtetween consecutive
profiles is0.2 ms. The symbols are atms.

4 Results and discussion

Fig.[2a shows the flame propagation spdedc) /d¢, for the flame F1 in Table|1, which is the sum of
the displacement speed and the flow velocityu,.. Here the iso-contours @f = 0.3, 0.5 and0.7 are
plotted. This plot shows that once the initial transients die out all the iso-lpvefsagate at the same
speed, attaining a constant value. This implies that even as the flame growlseailame thickness
increases, all the iso-contours will propagate outward at the same. Sfigsdbehaviour is observed for
all the flames simulated and it is similar to the planar flame results reported by KollagBathan [3].

In this work the turbulent flame speed is defined as the displacement speed of the flame brush leading
edge ¢ ~ 0). Comparison of the flame speed calculations using the two algebraic modéls &me
shown in Fig. 2b. The results are again only shown for flame F3 since sinhié@reations are made
for the other flames tested. The flames calculated including the effects ofaueature has a higher
turbulent flame speed. The reason for this increase in flame speed saeréom Eq/ (3). For an
outwardly propagating spherical flame the curvature term bec&es = 2/r;. This increases the
value ofe¢, for curved flames resulting in faster flame propagation. The secondettiffe between the
two €. models is the efficiency factdry, which depends on the flame and turbulent properties since it
is a function of length scal& /69 and velocity scale//s? [7]. It was found that the difference in flame
speeds calculated from the twomodels was the largest for flame F3, which had the larggstalue.
Whereas['i for flame F2 was small and the difference in flame speeds were smaller asTwél.
indicates that for the flames studied h&re influence on the flame speed is higher in comparison to the
curvature term effects. Further investigation is necessary to determiagphieability of the efficiency
function for various spherical flames.

The normalised turbulent flame speeds for the flames in Table 1 using the twoseaar dissipation
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Figure 2: (a) Displacement speed for three iso-levelgiofflame F1 (b) comparison of displacement
speeds with and without the effects of mean curvature for flame F3.

rate models are shown in Fig. 3a. The planar flame calculations for the sames flsing the strained
flamelet model is also plotted for comparison. As mentioned earlier, a higher $lpeeel is obtained
for spherical flames when the curvature effects are included in the ncatar gissipation rate model.
It is interesting to note that the spherical flame speeds are considerahbr ltigan the planar flame
speeds. When the curvature effects are not included in the modg| fbe reaction rate models of both
the planar flames and spherical flames are identical. However, the splflarie still propagates faster,
which indicates that the increase is speed is purely due to geometric effddtsfigure also shows
that the difference in the flame speeds were large for the flame F3 compiiedther flames. This
is because this flame corresponds to a highly strained flame where the fhaichidystretch effects are

amplified.
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Figure 3: (a) Flame speed comparisons between spherical flames, witftliigdn and exclusion of
curvature effects as well as planar flame speeds. Open symbolspmmde® Ka = 0.955 flame.
(b) Contributions to the displacement speed for spherical flame F3 usingv¢hé. models. These

speeds have been normalised wifh

According to the modelled transport equationdpthe displacement speed for a spherically propagating
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where the first term on the RHS is the reaction rate contribution to the displatepsed and the second
term is the turbulent diffusion component. These contributions are plotted)irBE for spherically
propagating flame F3, with the curvature effects included and excludeé & thodel. It can be seen
that the contribution due to turbulent diffusion is about the same order indastés. However, the
reaction rate contribution for the flame with curvature effects is consitielatger than that without
curvature effects. This is again explained by the new terms irgtlmodel. The same behaviour is
observed for all the flame in Tablé 1.

flame is given by:
9
or

5 Conclusion

Local strain and curvature effects of the flame will have an influence ers¢hlar gradients, which
means that the scalar dissipation rate can be used as a parameter to capaustrétich effects. Spher-
ically propagating turbulent premixed flames have been modelled using aestfiEmelet model char-

acterised using scalar dissipation rate. Two different algebraic modelgsad for the mean scalar
dissipation rate, where the mean curvature effects were only includectinfahe models. It is found

that for all the flames simulated the flame propagation speed is higher wheurtta¢uce effects are

included.

In these computations the governing equations were written in spheriaalicates where additional
source terms appear. The physical effects of these extra terms iggpeathe r-momentum equation
and the turbulent kinetic energy equation will be investigated further aggkpted in the colloquium.
The terms in these equations that contribute to the large increase in flameo$ppbearical flames in
comparison with planar flames will be addressed. In addition, the effettaofging the initial radius of
the flame will be investigated further
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