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1 Introduction

Many engineering applications, such as the Direct Injection (DI) engines and the relight of gas
turbines in high altitudes, involve localised forced ignition of imperfectly mixed reactants. It has been
found that the resulting flame from localised forced ignition in inhomogeneous reactants exhibits edge
flame structure [1,2], where premixed flames are formed on both the fuel-rich and fuel-lean sides and
the edge between these two branches propagate on the stoichiometric mixture fraction isosurface. The
speed at which the fuel mass fraction isosurface at the edge moves normal to itself relative to an
initially coincident material surface is known as the edge flame displacement speed [1,2], which is
important for understanding the propagation characteristics of partially premixed flames [3]. Several
previous experimental [3,4] and Direct Numerical Simulation (DNS) [1,2,5-8] studies addressed
different aspects of the edge flame propagation. However, previous DNS studies [1,2] on edge flame
propagation in the context of localised ignition of turbulent inhomogeneous mixtures were carried out
in planar mixing layers without any mean flow and in the absence of any mean shear rate. To account
for some of the above limitations, here the edge flame propagation has been analysed in terms of
density-weighted edge flame displacement speed S; statistics for an igniting turbulent co-flowing
planar jet using 3D compressible DNS data. The above information plays an important role in
modelling the propagation of turbulent edge flames [3,9].

2 Mathematical background and Numerical implementation

An igniting turbulent planar co-flowing jet is simulated using 3D DNS. The fuel-rich jet is injected
through a rectangular slot into the fuel-lean co-flow. The initial mean velocity is given by [8]:

U)=,+U )2+, v )2)tanb[- (v - [ - 1/2)/ 25, M

where U, =108, is the co-flow velocity, U; =205, is the jet centre-line velocity and S; is the laminar
burning velocity of the stoichiometric mixture. In eq. 1, y. is the distance to the jet centre-line; H is the
slot height and Jy is the characteristic initial shear layer thickness. Following Pantano [8], d, is taken to
be 0.05H. The initial mean mixture fraction field is given by the following profile [8]:
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E(y)= {51 [(+&)2+[0-¢)2]tann[-(y - y,|- H2)/Co )+ &, |y -y |<H/2
DI elepele -y v - H2fRo) & -nl> P2

where & =0.5, & =0.05 and &, =0.03. Consequently, the fuel and oxidiser mass fractions are initialised
by: Yr =Yr£ and Yo =Yp.(1-E) where Yp, =1.0 and Yo, =0.233 represent the fuel and oxidiser mass
fractions in pure fuel and air. The chemistry is described by a single step irreversible reaction Fu +
5.0x —(1+s).Pr where s is taken to s=4 (i.e. representative of methane/air mixture), which leads to a
stoichiometric mixture fraction value equal to &,=0.055. Although a single step chemistry is used, the
activation energy and enthalpy of reaction are taken to be functions of equivalence ratio following
Tarrazo et al. [10], which gives rise to a realistic variation of laminar burning velocity with
equivalence ratio. Lewis numbers for all species are taken to be unity and (T.4-To)/ Ty is taken to be 3.0
where Ty and T,q are fresh gas and adiabatic flame temperature of stoichiometric mixture. Only the
thermal effects of ignition are accounted for and the details of arc formation and shock waves are not
included for the sake of computational economy and the details of the localised ignition and the
numerical schemes can be found in Ref. [11]. A cubic domain with side L=9H, has been used with a
uniform grid of 192x192x192 nodes. The ignitor is located at the middle of the domain in the span
wise direction with axial and transverse co-ordinates x=0.3H and y=0.9H from jet centreline where the
Reynolds averaged value of mixture fraction is equal to &4 (i.e. &=¢&,). The boundary in the
direction of jet flow is partially non-reflecting while the velocities at the jet inlet are specified by
scanning a plane through a pre-computed box of frozen turbulence using Taylor’s hypothesis. The
inlet turbulent velocity fluctuations are modified following Pantano [8] to yield a realistic turbulent
kinetic energy profile across the jet width. The transverse and span-wise boundaries are periodic. In
the simulations in this paper, the rms turbulent velocity fluctuation is U'/S =4 and the normalized

@

integral length scale L, /I-=3.36 where [, is given by D, /S, with D, being the unburned gas density.
The density-weighted displacement speed of the edge flame is defined as [1,2]:

S = de/po = [WF -V '(pDVYF)]/(po‘VYF‘):S: +8,+8; 3)
where S, is the displacement speed, 1, is the fuel reaction rate magnitude and Yy is the fuel mass
fraction. The tangential strain rate a, = (5, - N,N,)ou,/éx, and curvature &, =1/2V.(VY. [VY|)

dependence of S is analysed in this study where N=VY,/ \VY F\ is the normal vector on a given

Yr isosurface. According to this convention, the local flame curvature x, assumes a positive value

when flame surface is convex towards the unburned gas.
3 Results and Discussion

The fields of fuel mass fraction Y, non-dimensional temperature 7' = (7' - T,,) (T, — T, ) , axial velocity
u; and fuel reaction rate magnitude w, are shown in Fig. 1 just after localised ignition (#=1.001,),

midway through the simulation (1=4.20¢,,) and long after the initial energy deposition (¢=7.40¢,,). As
the bulk velocity of the flow in the axial direction is greater than the flame speed, the hot gas kernel is
convected away from the initial position of localised ignition. By comparing the hot region size (i.e.
7>0.9) at different times, it can be seen that the flame kernel expands and the flame gets elongated
towards the centre of the jet (1=7.40¢,,) due to the higher axial velocity there. The hot gas kernel also
expands in the transverse and span-wise directions and it encloses mostly stoichiometric and fuel-rich
mixtures at t=7.40t,. The simultaneous presence of high fuel concentration and high temperature due
to energy deposition results in the maximum value of fuel reaction rate magnitude attained on the fuel-
rich side, as evident from Fig. 1. It can also be observed from Fig. 1 that after the ignitor is switched
off, the maximum temperature decreases with time and eventually settles close to the adiabatic flame
temperature (7=1) ensuring self-sustained combustion. The drop in temperature causes the maximum
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fuel reaction rate magnitude 1w, to settle at a much smaller value a long time after the localised

ignition event. The comparison between velocity magnitude and reaction rate distribution in Fig. 1
clearly suggest that the density change due to heat release significantly affects the velocity field.

Figure 1. The fields of fuel mass fraction Y, (1* row), non-dimensional temperature T (2" row), axial
velocity u; (3" row) and fuel reaction rate magnitude 1, (4™ row) at times =1.007,, (1% column), =4.201t,,
(2" column) and t=7.40¢,, (3" column). The &= & isosurface is shown by black (white) broken lines on the
Yg (T and 1) fields.
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Figure 2. (a) Temporal evolution of normalised mass of burned gas region with ¢ > 0.9 and probability of
finding ¢ > 0.9 on the & =¢;; isosurface. (b) Pdfs of x. in the region 0.1 < ¢ < 0.9 on the &=, isosurface.
Variation of conditional mean values of S; /SL with normalised (c) curvature x,, and (d) tangential strain

rate ar in the region 0.1 < ¢ <0.9 on the =& isosurface at different times.

The extent of chemical reaction is characterised by a reaction progress variable defined as
c=[1-8),, -1, [[1-&)Y,, —max0,(£, —&)/&,]Y,,], which increases from 0 to 1 from unburned to
burned gases [2]. The increase in the size of the hot gas kernel can be characterised by the temporal
evolution of the mass of burned region with ¢>0.9. Fig. 2a shows this mass normalised by the mass of
a sphere 479, p0/3 with unburned gas density p, and radius equal to thermal flame thickness

a

8, =T, ~T,)/ max‘VT‘Of the stoichiometric premixed flame. It is clear from Fig. 2a that the burned

gas mass increases with time indicating self-sustaining combustion. The extent of edge flame
propagation on the £=¢&; isosurface is characterised by the probability of finding ¢>0.9 (i.e. P(c>0.9))
on the ¢ =¢, isosurface. The probability P(c >0.9) increases with time (Fig. 2a) suggesting that the
mean edge flame speed is positive, since the burned gas area expands with time. The pdfs of
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normalised cross scalar dissipation rate y =2DVY,.VY, for {=¢; isosurface are shown in Fig. 2b.
For premixed (non-premixed) mode of combustion y_  assumes a positive (negative) value. It is
evident that there is a finite probability of negative value of y, at early times, but later this probability
decreases significantly and at /=7.40¢ the present case exhibits a twin-flame structure with a

predominantly premixed edge flame on the & =¢; isosurface. Concerning the statistics of the edge
flame displacement speed, Fig. 2c shows a predominantly negative correlation between S; and «,,
although a weak positively correlating branch is evident at late times (e.g. t=7.40¢,), consistent with
previous findings [1-3]. The variations of S; conditionally-averaged on the tangential strain rate a,
on the & =&, isosurface at different times are shown in Fig. 2d, which shows both positively and
negatively correlating branches with a, at earlier times (i.e. ¢+ < 4.20¢,). However, the negative
correlation eventually becomes negligible resulting in a positive net correlation long after the localised
ignition event (e.g. 1=7.40t,). The positive correlation between S, and a,is consistent with
experimental data in laminar counter-flow configuration [4].

4 Conclusion

The edge flame propagation following localised forced ignition of a turbulent co-flowing planar jet has
been studied in terms of density-weighted edge flame displacement speed S statistics using 3D
compressible DNS data. The edge flame displacement speed S is found to be negatively correlated to

Kkn; the correlation between S, and ar shows both positive and negative correlating trends but the
positive correlating trend is found to be dominant at later stages of flame propagation; and the
probability of finding negative S, is not zero, although the mean value of S remains positive.
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