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1 Introduction

Localised spark or laser ignition is commorginiting homogeneously mixed reactants. (i.e.gasoéingines).
However, localised ignition of inhomogeneous miggihas applications in high altitude gas turbitighttand
Direct Injection engines and is less well-studiddbert et al. [1] and Rayet al. [2] studied ignition phenomena
in inhomogeneous mixtures in a turbulent environmasing 2D Direct Numerical Simulation (DNS) with
detailed chemistry and transport. Recently, Chaktgbet al [3] analysed the flame structure following
localised ignition of inhomogeneously mixed reattamsing 3D DNS with simplified chemistry, and icalied
that turbulence adversely affects the ignition penfance and may even lead to extinction for higlies of
turbulent velocity fluctuation/. DNS studies [1-3] reported a tribrachial flameisture, where two premixed
flame branches are observed on fuel rich and ledes sand a diffusion flame is formed on the staiohetric
mixture fraction isosurface. Recent experimentdhdadicates the possibility of non-local effecfslacalised
ignition of inhomogeneous mixtures [4]. The effea$ ignitor location on the localised ignition of
inhomogeneous reactants are yet to be analysedtail dsing DNS. The main objectives of this stadg to
understand the effects of mixture fraction valud #re magnitude of its gradient at the ignitionalien on the
overall ignition performance using DNS.

2 Mathematical background and Numerical implementation

Most combustion DNS studies are done eithetwin-dimensions with detailed chemistry, or in three
dimensions with simplified chemistry. In the presetudy the second approach is adopted and theichlem
mechanism is described by a single step irrevergsthemical reaction. The specific heats for allcgseare
taken to be equal and independent of temperaturthéosake of simplicity. The diffusion velocitie§ different
species are accounted for by Fick's law of diffasidlransport quantities such as viscosity thermal
conductivityh and density weighted mass diffusivipl)) are assumed to be the same for all the speoikarz
independent of temperature. Lewis number for al $hbecies are taken to be unity. The localisedidggnis
accounted for by a Gaussian heat source in theggnssnservation equation of the following form [5]:

q"(r) = Aexp(r?/R?) wherer is the radial distance from the ignition centrad & is the characteristic

width of the ignitor (i.e. spark) which is taken be 1.1; wherel; =D,/S with D, being the reference
diffusivity and $ the laminar flame speed of the stoichiometric omigt The constar is determined by the
following volume integration:

Q=.[q"'dV andQ = ap,CprT, (4/3)712[H (t-t)-H({-t,)]/(t, -t,) (1)

wherea is a parameter determining total energy input. Mitéde functions in the numerator ensures that the
localised ignitor remains operational duringt<t,. The time instants, tand  determine the energy deposition
durationts=(t>-t;)=bt= whereb is a duration parameter atdis a chemical time scale given by=t;/S_ For
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spark ignition, the optimum value &f varies from 0.2 to 0.4 [6&nd b is taken here to be 0.2. The mixture
fraction & profile is initialised by an error function prdilwith characteristic thicknegs=1/Max(|gradé|) . The
fuel and oxidiser mass fractions are initialised ¥y=Y & and Y;=Y, (1-€) where ¥, and Yy, are fuel and
oxidiser mass fractions in pure fuel and oxididerthe present case the values f,YYq, and s are taken to
represent methane-air mixtureg ¥ 1.0 and ¥,=0.233, s=4.0, where s is the mass of oxidiserwoes per unit
mass of fuel consumption. These values are repiasen of methane/air mixtures. For the above \gluke
stoichiometric mass fraction of fuel is¥0.055. The heat release parametemd non-dimensional temperature
T are given by: T = —To)/(Taq —To) andt = (Taq —To)/To, WhereT is the dimensional temperature ang i§ the
adiabatic flame temperature of stoichiometric migturhe simulations have been carried out in accdbimain
where the boundaries in the direction of inhomoggrare taken to be non-reflecting whereas thestrarse
direction boundaries are taken to be periodic. Wélecity field is initialised by a pseudo-spectna¢thod using
Batchelor-Townsend spectrum. The spatial diffeeginth is carried out using a “L@rder central difference
scheme for internal grid points. The order of difatiation drops gradually to thé“af one-sided scheme near
non-reflecting boundaries. The time-advancementaisied out using a low storagé” ®rder Runge-Kutta
scheme. All simulations have been carried out finitéal eddy turn over times which correspond t85/t, The
domain length L =21 and $ are taken to be reference length and velocityescadspectively. The simulation
parameters for the present DNS database are peeserifable 1.

Case u/s L1/le a b o,/1¢ Ignitor Iely
location
A 4.0 3.36 3.6 0.2] 2.3 E= &g 2.87
B 4.0 3.36 3.6 0.2] 1.5 E= &g 2.87
C 4.0 3.36 3.6 0.2 4.6 E= &g 2.87
D 4.0 3.36 3.6 0.2 2.3 £=1.33& 2.87
E 4.0 3.36 3.6 0.2 2.3 £=0.5& 2.87
F - - 3.6 02| 23 £=0.5& -
G - - 3.6 0.2 - Premixed -
YF:0-5YFSt

Table 1: List of parameters for the DNS database.ghitor location in x direction corresponds to the
mixture fraction § value. The ignitor is located aty/L = z/L=0.5.

3 Results & Discussion

Igitor location t fuekric
miture ( case D)

Fig. 1: Ignitor location in relation to initial pro file of mixture fraction: (a) cases A-C, (b) caseB,D, and E; Important
fields for case B at t= 7.35} : (c) fuel mass fraction, (d) non-dimensional temgrature, (e) fuel reaction rate
magnitude, (f) cross-scalar dissipation rate. Tempal evolution of non-dimensional temperature: (g) ases A-C, (b)
cases B,D, and E. Stoichiometric mixture fractiongosurface is shown by the white line in Figs. 1e af.

The ignitor location for cases A-E is showrFigs. 1a and b. It is apparent from Fig.1la that,clses A-C,
the mixing layer thickness is modified but the tgniis placed at the stoichiometric mixture frantiocation. On
the other hand, in cases D and E, the ignitorasqal in fuel-rich and fuel-lean locations respeatyivThe fuel
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mass fraction, temperature and reaction rate f@mld¢ase B are shown in Figs. 1c,d and e respégtigetime t
= 7.35t, It is evident that reaction rate magnitygleassumes significant values for both fuel-rich bzh sides

and for stoichiometric mixtures. In order to undansl the flame structure, it is instructive to ldoko cross-
scalar dissipation ratey(= 2Dgrad ¢ grad Y;), which is positive for premixed flames and negatfor
diffusion flames. The cross-scalar dissipation fikl for case B at t = 7.38fis shown in Fig. 1f where it is
evident that premixed flames are formed on botfrfich and lean sides and a diffusion flame is itsddl on
the stoichiometric mixture fraction isosurface. eTtemporal evolutions of the maximum non-dimendiona
temperaturd for cases A-E are shown in Figs. 1g and h. Focades the maximum temperature increases with
time during the energy deposition timet{f). Once the non-dimensional temperature reachealwe un the
order of T. = 1-1$, a small change in temperature leads to a largagehin fuel reaction rate which rapidly
increases the maximum temperature. Once the enemysition is completed, the maximum temperatuopsir
and, for the cases of self-sustained combustiotieseclose to the adiabatic flame temperatdre:Y). It is
evident from Fig. 1h that, for case E, the ignit@s successful in igniting the mixture but everjutde flame
extinguishes. This behaviour may be explained ey rdaction zone structure. The scatter of reaatite
magnitude with mixture fraction is shown in Fig., 2¢hich shows that high values of reaction rateatained
for fuel-rich mixtures due to the simultaneous preg of high temperature and fuel concentratione Th
maximum value of temperature decreases with tilmes the maximum value of chemical reaction rateat(he
release) also decreases with time. Finally whenntagimum temperature settles close to the adialfiatice
temperature, if the heat release due to chemicaitiv;m overcomes heat transfer from the hot gasekethe
flame survives and self-sustained combustion ensnezsse E, the ignition kernel encloses a smaleount of
fuel-rich mixture in comparison to other cases. &gesult, the heat transfer from the kernel evdiytua
overcomes the heat release and leads to flamectatin The amount of reaction is characterised bgetion

progress variable given byc = (&Y., = Y:) /[[Yey, —max[0, (£ = &) I(1— & )Yes] (2)
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Fig. 3: Temporal evolution of the mass with 2 0.9: (a) cases A-C, (b) cases B,D,and E. Temporlolution of the
probability of finding c¢> 0.9 on the stoichiometric mixture fraction isosuréce: (c) cases A-C, (d) cases B, D, and E.
The mass of the burned region is normalised by theass of the sphere with fresh gas densify and with radius equal

to the thermal flame thickness of a stoichiometripremixed flame &y,.

The variation of fuel reaction rate magnitudigh reaction progress variable is shown in Fig, &hich
shows that peak value of reaction rate is attariede toc = 0.8. The large scatter in Fig. 2b is due to the
variation of equivalence ratio of the mixture. Nagiation of reaction rate conditional on densitgighted scalar
dissipation rateyf=p.x/po) is shown in Fig. 2c, which shows a predominargatige correlating branch and a
positive correlation branch. AsD is assumed to be constayitbecomes*=2D,(grad&)? andy* is normalised
in Fig. 2c with respect to extinction scalar dissipn ratey.=&%.(1€)7t [7]. The reaction rate angt are
negatively correlated in the most reacting zon&@®.9. This indicates that most of the heat release tpkae
in the premixed combustion mode. The variation emreaction rate conditional ghvalues on stoichiometric
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mixture fraction isosurface is shown in Fig. 2e jalhshows both positive and negative correlatiemds. The
negative correlation trend is consistent with poesi autoignition studies, and the positive correfatrend
originates from the non-premixed mode of combusfginAmong these two trends the negative correftatiend
dominates over the other.

In order to assess the overall ignition penfance the temporal evolution of the mass of tiggorec> 0.9 is
shown in Figs. 3a and b. It can be seen that ferighition at the stoichiometric location, the tién mixing
layer encloses greater amount of fuel-rich mixtaré¢he hot gas kernel. As the reaction rate is ligthe fuel-
rich mixture, and sincg* assumes small values, the overall rate of buriiogeases with the decrease in mixing
layer thickness. Among cases A-C, the mass of thiada region witlc> 0.9 is the highest in case A and the
lowest in case C. As the localised ignition in cBsencloses more fuel-rich mixture, the mass>0.9 is the
highest among cases B,D, and E, and the lowestse E where the ignitor was placed in the fuel-leaation.
The overall edge flame propagation on the stoickioicy mixture fraction isosurface can be charaségtiby the
probability of findingc> 0.9 on the=£, isosurface. The temporal evolution of the probbdf finding c> 0.9
for cases A-E are shown in Figs. 3c and d. As kiglhes of reaction rate are associated with snadlles ofy*
on most locations on the=E, isosurface, the reaction front spreadingieéy, isosurface is the highest for case C
and the lowest in case A among cases A-C. The teeaived from the rich premixed flame augments the
chemical reaction 0&=&, isosurface, so the probability of finding burnédd on E=£, isosurface is the highest
for the fuel-rich ignition (case D) and the lowdst the fuel-lean ignition (case E). In the presease, the
maximum heat release takes place in the rich penflame branch, which increases the temperatutbeat
triple point of the tribrachial flame as a resultheat transfer, which in turn leads to the greptepagation the
reaction front in case D compared to cases B and E.
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Fig. 4: (a) Temporal evolution of maximum non-dimesional temperature T for cases E-G; (b) Temporal
evolution of maximum fuel reaction rate magnitude W for cases E-G.

From the above discussion it is evident suggedt tthe local mixture fraction gradient can have myda
impact on the rate of flame spreading following #mergy deposition by the ignitor. The statisti€she scalar
dissipation at the mixing layer will also play derdn the overall combustion behaviour. Since torbulent flow
both& and [0 & |involve large variations, a large variation ianfle evolution between different realisations of the
localised forced ignition can be expected, witmaquenching a distinct possibility. This flame woeleing can
occur either at the very early stages of energyosiéipn (e.g. when! is very high [3]), or immediately
following the kernel initiation even at low as in Case E in the present study. It has alreaéy demonstrated
that heat transport also affects ignition charasties, which points to the fact that the succddom@ed ignition
of inhomogeneous mixtures cannot simply be undedshy the presence or not of nominally flammablgtane
at the ignitor location. The present findings avesistent with the conjectures of Ahmetdal. [4] that local and
non-local fluid mechanical effects can contributea discrepancy between the ignition probabilitgl dahe
probability of finding flammable mixture at the sha

In order to demonstrate further the non-local éffemn ignition, two simulations (cases F and G)ehbgen
carried out. In case F, the ignitor was placechin game location of the mixing layer as that iredasbut the
background turbulence is absent. Case G correspmnas quiescent homogeneous mixture with fuel mass
fraction Y=0.5Ygs wWhich is the value of the fuel mass fraction &t ¢centre of the spark in case E. The temporal
evolutions of the maximum values of non-dimensideahperaturel and fuel reaction rate magnitugg. for
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cases E-G are shown in Figs. 4a and 4b respectitedyevident from Figs. 4a and 4b that, for faene energy
input, the quiescent homogeneous mixture does imetrgge to a self-sustained combustion processabe G
the maximum temperature and reaction rate incréaseg the energy deposition peridd(ts;) and temperature
becomes high enough to autoignite the homogeneausrey but eventually the heat transfer from tio¢ gas
kernel overcomes the chemical heat release ands lémdflame extinction. In contrast, ignition of the

inhomogeneous mixture in case F leads to a sefhisiesi combustion process where bothnd W increases
with energy deposition. The reaction rate increaapglly when the temperature is high enough t@-ggyrite
the fuel-air mixture. After the energy depositiceripd ¢ > ts;) the maximum values of bothand W. decrease
with time and the maximum value @fsettles close to adiabatic flame temperatireX) and the maximum
value of W_ settles to a value which does not change apprigcigith time. The temporal evolutions of the

maximum values of and W for case E indicates ignition of the inhomogenemirture by the assistance of
the ignitor but the combustion process was notagusti under turbulent environment for the sametiepergy
as that of in case.F

It has already been shown that the reaction ragnathigh values towards the fuel rich side (sag F
2). This indicates that a homogeneous fuel-richtuné with a composition ¥1.33Y:s and same turbulence
parameters as that of case B, will burn in a sgtaned manner. This is because the heat releasetlie fuel-
rich mixture in a kernel of the same size as case gbing to be greater than the total heat relgasige hot gas
kernel in case B. Moreover, with turbulence thatheansfer from the hot gas kernel gets augmewtdadh
decreases the rate of burning and may lead toataimin the case of very high turbulent velocikyctuation
u' [3]. This essentially indicates a quiescent homegess case with p£1.33Ye will also give rise to self-
sustained combustion for the same input energy.

A successful ignition and self-sustained combusiiorcase F and a failed ignition in case G, clearly
substantiates non-local effects of localised forigaition in inhomogeneous mixtures. This furthedicates that
the critical energy for inhomogeneous mixture magnstimes be smaller than the homogeneous mixtutteeat
average mixture composition. It might also hapgext the homogeneous mixture is impossible to buan self-
sustained manner, but if the ignitor is placechat tomposition, the inhomogeneous mixture can bumself-
sustained manner because the input energy willrdesported to stoichiometric and fuel-rich mixtutas
advection and diffusion. If the energy is high eglotio autoignite the stoichiometric and fuel-ricixtures the
heat release in the inhomogeneous mixture (e.@ Epsvill be greater than the fuel-lean homogeneaoixsure
(e.g. case G). Therefore the finite size of thétagrand heat transport from the ignition centrgliyrthat at least
some energy reaches to the stoichiometric mixtwrech may assist in igniting inhomogeneous mixturgss
is consistent with the laminar non-premixed flarmauation results of Richardson and Mastorakosv8gre
the critical strain rate for ignition was found e a function of spark location. It is evident fréfig. 4 that
combustion takes place in self-sustained manneuiascent environment in case F but §66=4 the flame
extinguishes in case E. This is due to the enhahead transfer from the kernel due to turbulenceleserved
earlier by Chakrabortgt al.[3]. However, it is to be noted that in cases B Bnself-sustained combustion have
been obtained for the same turbulence level andtiapergy. This is consistent with the expectatiwat the
critical turbulent velocity fluctuation' at which flame extinction takes place is smaltefuel-lean ignition in
comparison to stoichiometric or fuel-rich ignitions

4 Conclusions

Compressible 3D DNS simulations based on simepliEhemistry have been carried out in order tceustdnd
the effects of mixture fraction and the magnitufi@sogradient at the ignition centre on the losadl ignition of
turbulent mixing layers. The ignitor is representada Gaussian power source in the energy equatibe.
important conclusions of the present study areodsews: (a) The flame shows tribrachial structure following
successful localised ignition, (b) The reactiorerand the scalar dissipation rate are found to dgatively
correlated in the burning fluid, (¢hcreasing the mixture fraction gradient leadsldoverg down of the reaction
front propagation o= & isosurface due to the negative correlation betwkerfuel consumption and mixture
fraction gradient. By contrast, for a given sizehot gas kernel, more fuel-rich mixture is engulfed the
thinner mixing layer, which leads to a greater amiaaf burning because of the increased contributibthe
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high reaction rate in the rich premixed branchhaf tribrachih flame, (d) For a given energy input, an ignitor
located in fuel-rich and stoichiometric mixturesyrgive rise to successful self-sustained flame agagion,
whereas the flame initiated by igniting at a fued# region may not survive. This indicates thatsssful self-
sustained flame propagation for an ignition atdeah regions requires a large amount of irgnergy, (e) The
critical U’ at which misfire takes place in the case of loeali$orced ignition of inhomogeneous mixture is
smaller forfuel-lean ignition than the criticall’ values for stoichiometric and fuel-rich ignitior{§), Mixture in
homogeneity may help in assisting self-sustainedbesstion in fuel-lean localised forced ignitionsowever, a
self-sustained combustion process may not enstie ifgnitor with same input energy is placed at esduel-
lean composition in a homogeneous mixture. Thiseisause in inhomogeneous mixtures the energy egos
by the ignitor at a given fuel-lean location evextiy gets transported to stoichiometric and fuehrimixtures.
The higher rate of heat release from stoichiomednd fuel-rich combustion may lead to a self-susti
combustion process if it overcomes the heat trarfisien the hot gas kernel.
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