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Lean Flame Dynamics through a 2D-Lattice of AlkanéDroplets in Air

C. Nicoli*, B. Denet, P. Haldenwary
'M2P2,2IRPHE
Université d’Aix-Marseille / CNRS / Ecole Centrale Malise France

Abstract

Flame propagation along a 1-D array or through aldfice of fuel droplets has long been
suggested to schematize spray-flames spreading in phase premixture. The present numerical
work considers the fresh aerosol as a system of indivalkane dropletsnitially located at the
nodes of a face-centred 2D-lattice, surrounded bariahde mixture of alkane and ain which the
droplets can moveThe main parameters of the study arethe lattice path an@,, the liquid

loading, which are both varied, wheregs, the overall equivalence ratio, is maintained lean
(¢, = 085). Main results are: a) for large lattice path ¢anen the droplets are large enough),

spreading occurs as resulting from two stages : a shatof combustion followed by a long time
lag of vaporization; a classical triple flame (withvery short rich wing) spreads around the droplets;
b) spray-flame speed decreases as liquid loading sesea) an elementary model invoking both
propagation stages allows us to interpret flame speedfasction of the sole parametsk ¢, ; d)

when the lattice path shortens, the spray-flame esh&pattern that continuously goes from this
situation to the plane flame front;

Keywords : spray-flame; two-phase combustion; heterogeneousbustion; vaporization-
diffusion front; droplet combustion

Nomenclature
F(¢) heat of reaction depending on equivalence ratio

Le Lewis number of speci@sn the mixture

R droplet radius
s lattice path

T, adiabatic flame temperature for stoichiometasepus mixture
U, adiabatic speed for single-phase premixed flame

U L adiabatic flame speed for the stoichiometric gasenixture
Ug spray-flame speed

Z  mixture fraction

Ze Zeldovich number for stoichiometric gaseoustumix

¢ local equivalence ratio

@, liquid equivalence ratio of the fresh spray(ljloading)
¢G gaseous equivalence ratio of the fresh spray

@; overall equivalence ratio of the fresh spray

6@  reduced temperature



reduced mass fraction of specie

¥
5: adiabatic flame thickness for the stoichiomeges mixture
T, characteristic time of vaporization

TC

characteristic time of combustion

Introduction

Combustion spreading through a spray is an importamtezn in a large number of applications,
such as diesel engines or gas turbines. On the one thansttate of the art has clearly identified
different regimes of propagation: group combustion droplets, vaporization controlled
propagation, pulsating spray-flames (Umemura and makia2005, Mikami et al. 2006, Suard et al.
2004). Recent microgravity experiments have brougiprovements of our understanding of the
different mechanisms involved (Pichard et al. 200@unome et al 2002, Nomura et al 2000,
Nomura et al 2007). Those well-controlled contritmsg have been particularly useful in order to
provide information on droplet size influence arglid loading effects on spray vaporization and
spray-flame speed promotion. On the other hand, #eldpment of monodisperse droplet
generator has led to a number of recent works oneflpropagation in an array of droplets under
different configurations: 1D array (Kikuchi et alD@5), Mikami et al. (2005), Chen and Lin (2012),
Nomura et al. 2013) regular 2D array (Wu and Samgm2011) or random configurations (Oyagi et
al 2009).

In the paper, we present a set of numerical studiembustion spreading through a face-
centred 2D-lattice of droplets. The simulations ami@a out using a simplified chemistry with a
global exothermic reaction, and we are particulartgrested in the combustion of a globally lean
spray, a regime which has not much benefited fromenaus studies, although this corresponds to a
general trend in the applications. Combustion sprgadhrough this system is here aimed at
providing new insights into the problem of spray-flaprepagation through a mist composed of
droplets, the vaporization time of which is not mgigle in comparison with the chemical times.
Note furthermore that the lattice of droplets is m@itidl condition only: when the flame propagates,
the droplets are allowed to move. They are drivetwmycooperative features: droplet vaporization
and thermal expansion of the mixture.

Although the overall spray composition is supposed (#am overall equivalence ratio is set to
¢. = 085), the local equivalence ratiop() can be found rich close to droplets. To study the

combustion in such a heterogeneous medium, we havéenmpted two different chemical
schemes, which are both of one-step reaction type. fifstescheme is the classical one-step
irreversible reaction model, which is known as acd#ptan lean pre-mixture. Borrowed from the
recent literature (Garrido-Lopez and Sarkar, 20@%, second one introduces a progress variable
that allows us to adapt heat release to fresh compuositi order to get satisfactory results on the
rich side, too. Their comparison however shows thatsgireading features reported here do not
markedly depend on those chemical models. Non-dimeingjas carried out thanks to time and
length scales of the stoichiometric premixed flameurHattice paths have been investigated:

s=15, s=3, s=6 and s=12 in units of the latter flame thickness, as well as fditferent
liquid loadings :¢, = 085, ¢, = 065, ¢, = 045 and @, = 025, where @, is the equivalence ratio



linked to the fuel initially under liquid phase. Feach set of these parameters, the droplet size is
assessed to keep the overall equivalence ratio foxgd £ 085.

Modelling the spray flames

At low pressure, flame thickness often appears larg@imparison with droplet interspacing. In
the recent years, this allowed us to resort to homaeggon for developing an appropriate
numerical modelling. In such an approach which aksglects droplet inertia, liquid fuel appears as
an additional species subjected to enter into the ida¢ischeme after a vaporization step. Several
spreading regimes have been predicted [Suard et08#]2in particular an intrinsic oscillatory
regime [Hanakt al. 1998, Atzleret al. 2001] occurring as a Hopf bifurcation. The existeof this
regime does not require the implication of differaindiffusivity effects [Nicoli et al. 2005 & 2007].

At moderate and high pressure, spray-flame thickneasncalonger be large enough -in
comparison with droplet interspacing- to allow anggass of homogenization. In such a system,
spray-flame tends to be controlled by vaporizatidre themical heat release permitting the
vaporization of the droplets one after another. &toee, spray-flame propagates within a
heterogeneous mixture with large droplets, as itesctise of the-decane experiment by Nunome
et al. 2002. This is also the configuration of the experitedyy Nomura et al. 2000, which was
concerned with globally lean mixtures of ethanol aimdwith an equivalence ratio about 0.8): with
droplet interspacing typically of the same size asysflaane thickness. The aim of the present work
is hence to provide a numerical analysis of such leamfigurations where the flame “feels”
heterogeneities at the droplet length scale. Wehxawverall equivalence ratio to 0.85 for the sprays
we study. The mist structure is schematized by a fan&ed 2D-lattice of alkane droplets in a
leaner pre-mixture alkane-air.

On the one hand, the present numerical modelingidenssthe usual set of conservation laws:
mass, momenta, energy and species. Since the acchetdcal schemes for alkane are too
complex for efficient numerical simulations, the stamld approach searches after a simplified
chemical kinetics. As this work is devoted to spray wdttoplet inter-distance not small in
comparison with the characteristic combustion scakeledat, of the same order), our spray-flames
will propagate through a medium with varying cheshicomposition. The simplest manner consists
of choosing an irreversible 1-step reaction, the patars of which are adjusted to mimic the flame
dynamics. It is known that the classical one-step Aiitlselaw largely overestimates the adiabatic
flame temperature on the rich side. Although the&wations presented here concern lean spray-
flames, we use two different manners of computinghthat release: either the classical (constant)
heat of reaction, or a heat of reaction as a lifwastion of the fresh gases equivalence ratio (Nicoli
and Haldenwang 2010). The second model correctlyienirthe characteristics of the premixed
single-phase flame (adiabatic flame temperature &def speed). The use of this model in a
heterogeneous mixture is carried out by introduchmeg rmixture fraction as proposed in Garrido-
Lopez and Sarkar (2005) and Fernandez-Tarrazo @086) to suitably adapt heat release to the
local composition of the unburnt spray. (see belowg lhtter point seems, a priori, to be important,
since the resulting chemical scheme is able to takeuatof the heterogeneities in the mixture
composition (it must be recalled that flame dynamiepemds on the manner the mixture is
performed, in the close vicinity of the flame esplygja



Non-dimensioning

Non-dimensional form of the conservation laws is pentat with the use of the theoretical data
related the stoichiometric (gaseous) premixed flamsederived in the theoretical papers by Joulin
and Mitani (1981), or Garcia-Ybarra et al (1984)e d&fine the stoichiometric flame temperature,

asT, , given by

1 =7+ (00 1)

Temperature and species mass fractions are handied tine reduced forms
o=-T)/(L -T) i %=Y/¥, 2

(i=f for the considered alkane aiwb for oxygen)
As for the time and length scales, we define thenf wie use ofD,,, the thermal diffusivity

coefficient of the burnt gases, agd, the stoichiometric (single-phase) flame speed, doyen
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This allows us to establish the scalar conservation laviallaws

%NEQ: 1 div(A08) + F(@)W(p,,,6), (4)
20y, :%div(poi W) -V MW(o,¢,.T), (5)

where the reaction rate is now defined by

_Ze(p, 2 P 3 f-1 6
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with Ze=T,(T; -T,)/(;f andy=(T, -T,)/7, .

The overall equivalence ratio of the spray is gilegrthe ratio of the total amount of fuel to th&ato
amount of oxygen in the whole lattice:
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while the quantityp, [respg,] only takes account of the fuel density underitigphase [resp. gas
phase]. We obviously hawg, =@, + @ .

Combustion models in a heterogeneous medium

As mentioned before, the first model —denoted "y, — stipposes that the heat of reaction is

independent of the local composition. This assuompis only satisfying for the lean side of the
composition. On the other hand, we searched afté@mprovement useful for the rich side, because
rich combustion can affect the close vicinity o tifroplets. As well-known, combustion on the rich
side is characterized by the production of metdstapecies, the enthalpy of which reduces the
flame temperature and therefore the flame speedinfple analysis of the enthalpy budget at
equilibrium and the resulting flame speed has besrned out for several alkanes in (Nicoli and
Haldenwang 2010). This approach allowed us to aldegt of reaction to fresh gas composition. It
turned out that the procedure led us to a goodeaggat with the experimental data on gaseous
premixed flame speed. The result took the formrgf), a multiplying factor affecting the heat

production term in the energy conservation I#y) depends on the equivalence ratio of the fresh
gases, linearly as

F(@)=[1-a(¢-1)] (8)

where @ is a coefficient depending on the considered fiedér to a forthcoming paper by the same
authors].

Next, we have to leave the concept of homogenemss fmixture for considering a medium
of variable composition. We now follow the flameggiirit developed in Garrido-Lopez and Sarkar
(2005) (see also Fernandez-Tarrazo et al (20a6¥) well known that mixture fraction is a quantity
preserved when crossing a premixed flame, as Isnigesvis number is close to unity. As for the
opposite case of a diffusion flame, the mixturectitm only results from the transport-diffusive
processes and allows us to find the flame positmpniFor the triple flame (the intermediate
situation), it permits to predict the correct mxim the fresh gases just in front of the flame. In
other words, mixture fraction allows us to asshesmixture composition that the flame burns. More
precisely, we compute at any point of the domain

Z=y, -, +r)i{v+r) (9)

where v = 24/7 is the stoichiometric oxidizer-alkane mass ratio 4 heavy alkane and, the
oxidizer proportion in air withr :( o)mj (Yo +Wy )y =0233 We hence haveZ =1 in the

droplets (pure fuel), an& =0 in pure air. The dotted line, in figure 1, reprasethe mixture
fraction for any fresh mixture equivalence ratibcén be observed that the whole flammability

domain corresponds to very small mixture fractidnem Z = 004 for the lean limit ¢ = 0.5)
up to Z = 009 at the rich limit @ = 1.6). In other words, the locus where an alkane sfieaye

can propagate occupies a limited area (in Z) dumingng. To sum up, the method considefs as
a continuous marker of the equivalence ratio infteeh mixture right before the flame location.



Furthermore, for the diffusion flame, a classicesult leads to linearly link mass fraction of
reactants with mixture fraction as follows :

l//f = (‘/If )injection Z and wo :( o)injection(l_z) (10)

Note these hypotheses are consistent with theitlefirof Z . Consequently, in this context, the
equivalence ratio that results from a diffusion jpeon now reads [Garrido-Lopez and Sarkar
(2005)]

o=vy, Jy, =viy,), /a-Dy.), =vz/rl-Z) (11)
Hence, the previous adjustable heat of reactiondoted in the equation of energy now reads

F@@)=[1-awz/ira-z)-1] if vz/r1-2z)0[052]
or W(g)=0 if vz/rl-z)0[052]. (12)

For the sake of illustrating the efficiency of thdjustment, the homogeneous laminar flame speed
of octane-air premixture obtained far= 033 is plotted in Fig. 1. (Ze being set to 8) and caneg
with experimental data.
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Figure 1: Octane-air flame speed vs. equivalence tia: comparison between numerical premixed
gaseous flame speeds computed with= 033 and experimental data.

Lastly, as in the conservation laws appears thecitgl field v, the reaction-diffusion system is
coupled with the Navier-Stokes equations. The divaramerical scheme considers periodic
boundary conditions in theg-) direction transverse to flame propagation, opeandary conditions

in the downstreamx{) direction, and closed in thedirection upstream from the lattice. The
numerical approach of low Mach number type has iptsly been described in Denet and
Haldenwang (1995). In contrast with this previoapgr which used constant diffusion coefficients,
the present numerical approach uses diffusion icosfts varying with temperature. At low
temperature the diffusion coefficient is very smalt high temperature we use the diffusion
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coefficient of an ideal gas, and the formula usedrpolates between these two regimes. The result
is that diffusion is effectively frozen at low teerature. Let us also note that we use a high Lewis
number for the fuel (1.9), which also tends to wdudlroplet diffusion. The resulting model is
denoted by Q(2)"

Numerical experiments

The fuel droplets are positioned at the nodes @ffélse-centered lattice for a given liquid loading.
Since the overall equivalence ratio is setpo= 085, the droplet radius will only depend on lattice
path s and liquid loadingg, Four lattice paths have been investigated:15, s=3, s=6 and
S=12 in units of the stoichiometric premixed flame #riess. Four different liquid loadings have
been investigatedp, = 085, ¢, = 065, ¢, = 045 and ¢, = 025, where @, is the equivalence

ratio linked to the amount of fuel initially undéquid phase. At the open (downstream) end, the
temperature field is initiated with the profile afpremixed flame, that allows us to ignite thet firs
droplet of the lattice. To follow the combustiorespd, we compute T > (x), the mean temperature

averaged in the periodic (y-)direction. Then, weidie to consider as the flame fromt,, the position
where<T > (x,)=05. This definition can sometimes be misleading beeayis not —by definition—

a monotonic function of time: when droplet vapdiais long (in comparison with reaction time) th
temperature profile can flatten argcan seemingly admit a regressing position.

0.15
i
0,05}

! _ : o M

Figure 2: initial fields; a) fuel mass fraction, b)temperature, c) oxygen mass fraction.




To summarize the conditions of the numerical expenits, in Figure 2 we provide the initial
conditions given to the different scalar fieldsgufe 2 a recalls the pattern of the initial fugby.
Figure 2.b illustrates the temperature profile Whgtarts to ignite the lattice, whereas Figure 2.c
displays the oxygen initial mass fraction field.

Two-stage spreading

The plot of x, vs. time presents various shapes as shown in Fijwbere the flame location is

drawn versus time. Combustion spreading develaps the right to the left in the x-direction. Thss i
why the overall slope of the flame position vs.djme. the flame speed, is negative. On the ond,ha
for large liquid loading, or equivalently for largdroplets, the flame front does not propagate
monotonously. There are in fact two different ssadaring the propagation from a large droplet to
another: the first one corresponds to vaporizaiiois, characterized by an apparent front regressio
due to the fact that the temperature profile besoless sharp during the preheating of air and fuel
vaporization; therefore, the locus whesdl > (x;) =05 can appear as regressifgis effect is

increased by the fact that gas phase is producgdeated, and the flow that results from the gas
expansion pushes this locus back.

20
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Figure 3: “flame location” vs. time for lattice path s=6 (¢, = 085) and various liquid loading.

The second stage is much shorter in time and pamess to the reaction stage, which is itself
decomposed into two sub-steps: a very rapid prajoagef a triple flame-like front which goes around
the droplet, followed by the propagation of a slofl@me that burns the mixture between the current
droplet and the next one. This two-stage propagagmains noticeable as far as the droplet radius i
larger than 0.15 (i.e. a small fraction of the dtmmetric gaseous flame thickneds)leed, this two-



stage propagation also disappears when the ipiteimixture increases (i.e for vanishigg), as

illustrated by the lowest two curves in Fig.3. Thasurves correspond to a flammable pre-mixture
(their slope is always negative), for which durihg vaporization time simultaneously occurs the
propagation of a very lean (and therefore slowhéla

On the other hand, when the droplet radius dimassfsimultaneously with liquid loading),
vaporization time becomes shorter, leading us ftarae propagation through a nearly homogeneous
medium; two cooperative arguments are advanceckXplaining this behaviour: as liquid loading
decreases, the pre-mixture increases (sfhce 085 is given), whereas the vaporisation time becomes

negligible for smaller and smaller droplets.

For the sake of illustrating the propagation thioagarge droplet system, we have plotted heat
release at various times after ignition in FigureTHe succession of events can be told as follows.
Figure 4.a) provides us with the first instant mfgmition. The flame is nearly flat with a very ale
heat production, except in the close vicinity af throplet where the reaction is developing. Figuig
illustrates that the flame skirts round the drofilet vaporizes in the same time. Note the flanmdisa
strict triple flame, since the rich wing is hardigible (likely due to high gradients on the rigtes.
Figure 4.c) shows the diffusion flame that remdiekind the front. Combustion spread is now very
slow since a weak front of reaction is sustainddreethe burning droplet. In Figure 4.d) this react
front becomes even weaker. In the meantime, thedreplet vaporizes. Figure 4.e) illustrates a new
stage of intense heat release that correspondsetodmbustion of the next droplet, similarly with
Figure 4.b). Lastly, Figure 4.f) displays the lastants of life of the diffusion flame, that swrals the
current burning droplet.

Note additionally that the diffusion flame occupgdarge “volume”. This is due to the large
stoichiometric coefficients of heavy alkanes. Thewe sequence of pictures -with their corresponding
instants- corroborates the previous interpretatidfigure 3 about the different stages that charaet
the combustion spreading through the lattice. Magedhe monotonic combustion spreading from the
right to the left confirms that there is no fromtgression (as could have been a possible wrong
interpretation of Figure 3).

When the lattice path becomes smaller, the vapagriziel pocket (as schematized in Figure 4.b)
still remains visible. But, since the flame thickedecomes of the same size as the lattice path, th
vaporization of the next droplet is quickly actet In other words, combustion spread appearsrrathe
as a continuous process, close to the propagati@n premixed gaseous mediufrhe transitional
process is investigated in the last paragraphRisee).

Note also that the droplets can move during theuétion. As an illustration, the comparison of
the heat release presented in Fig.4.b and Figo4.m (Fig.4.e and Fig.4.f) gives a good idea of the
droplet motion. The velocity field that drives tbeoplets results from two cooperative featurest fue
droplet vaporization and gas thermal expansion tdutame propagation, the latter feature being
classical in any premixed flame propagation.



a) t=0

.
b) t=125 . -
=
e) t=375
i

Figure 4: Snapshots of heat release at various tire@fter ignition
(s=6, r, = 025, ¢; = 040, ¢, = 045).

Effect of liquid loading

For fixed overall equivalence ratig,( = 085) and lattice patte, increasing the liquid loading
corresponds to an enhancement of the droplet radarssequently, the vaporization characteristietim
beinga priori scaled by the square of the radius, the time éa@ted to vaporization is expected to
increase. This is illustrated in Figure 5 where filoat history is plotted for a large lattice pathd
various liquid loading (or various correspondingear press
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Figure 5: “Front” location vs. time; for s=12 and various vapour pressures.

s, lattice| ¢, R T, T, T, T, T,
path R | &g, s
12 0.85 0.705| 164 | 34 330 | 1.34 2.8
12 0.65 0.615| 118 | 28 311 | 1.26 2.3
12 0.45 0.51| 77 28 298 | 1.19 2.3
12 0.25 0.37| 51 22 373 | 1.42 1.8

6 0.85 | 0.351 | 52 11 422 1.70 1.8
6 0.65 | 0.3 415| 11.8| 461 1.77 1.9
6 045 | 0255 | 31.3| 10.6] 481 1.93 1.7
6 0.25 | 0.185 198| 11 578 2.20 1.8

o~ 3

Table 1: Characteristic times of vaporization and ombustion, and their corresponding scalings, for
various liquid loadings and lattice paths (with the*Z-corrected 1-step” model).

For ¢.=0 (or ¢ =085), the flame has to utterly create the mixture peimg its

propagation. This is noticeable that the necestiaug becomes very large. The different time lags
devoted either for vaporization or for reaction arelysed in Table 1, where we report on the
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characteristic times as indicated in Figure 5. ustdefine asr,, the characteristic time for
vaporization. As mentioned in Figure 5, its valeadsr, =t, —t,. As for 7., the combustion time,
we define it asr, =t;—t,. In Table 1, we only report o8>6, because fors<3 the different
characteristic instants (i.et,t,andt,) appear less markedly. Accordingly with Table he t

characteristic time of the combustion stage onfyedes on the lattice path (see the fifth columhe T
combustion step occurs after a vaporization stegghwllso depends on the actual droplet size. Of
course, the scaling of the latter time is moreess lfound in direct ratio to the square of theusdbr
equivalently proportional to the produsig, .

To analyse the part played by liquid loading, itsinibe recalled that combustion must stand far
from the droplet, since we are concerned with hedkgnes. Vaporization must therefore be carried
out enough to fill the sphere surrounded by thendlain other words for globally lean spray,
combustion develops intensively only when vapoidzeis rather complete. This is corroborated by the
fact thatz,, the combustion time, does not depend on liquadiley (see the last column of Table 1).

On the other hand, for a given lattice path theididoading modifies the droplet radius and th&ahi
surrounding gas composition. Thereforg,, the vaporization time depends on liquid loading.
Accordingly with the penultimate column of Tableak foundr, proportional to liquid loading.
Although we also possess a large set of resultthéocases =3 and s=15, let us observe
that Table.1 does not contain any data from thasesc The reason is the following: as the droplet
radius decreases, the determination of the twaestagaled by, and r, more and more becomes

arbitrary. So that, to derive the scalingsrpfand 7., we have decided to exploit the data from large
droplets only.

Spray-flame speed

We have observed that combustion spreads throeglattice with an overall velocity given by
the mean slope of the curves drawn in Figures 3 & %/hat follows, this slope is called “spray-flam
speed”. As mentioned in Introduction, we perforntieel numerical simulations with the use of two
different chemical models. Hereafter, the modet thges Z, the mixture fraction, is called “Z-
corrected 1-step” (and labelled b@(z)), while the non-corrected (classical) model islezhl

“Standard 1-step” (and labelled by,),. In Figure 6, we plot the numerical spray-flasmgeed,
normalized by the single-phase premixed flamgat ¢, =0. , vth respect to droplet radius. In

this figure , both chemical models are compare@&mh case of liquid loading. For a given symiba, t
dashed line expresses the results for the staddstep model, while the plain line represents the “
corrected 1-step model”. In the cases drawn hexehserve that the discrepancy remains weak.

Next, we want to use the previous analysis in tevhtharacteristic vaporization and combustion
time scales, in order to interpret the data shawkfigure 6. If we consider a combustion spreadigiio
a distance corresponding to the lattice p&thAs the lattice is face-centred, we meet 2 drepbetr
lattice period. Therefore, according to Figure ®& meed to spend two vaporization times and two
combustion times. Thus, the spray-flame speed reads

12
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Figure 6: Spray-flame speed (i.e. the combustion sgad through the lattice) versus droplet radius for
various liquid loading, accordingly with both chemtal models

Now, we turn towards Table 1, where the scalevdmorisation and combustion are analysed.
Taking the mean value of the concerned column,amesetr, = 1.5¢, s> and 7, = 2S. Incorporating
those quantities within the spray-flame speed, mply obtain

1
Ug=—
T 4+34s

This expression being in terms of the stoichiomsegeiseous premixed flame, we are interested in its
normalization with respect to the gaseous flameth&f same equivalence ratio, denoted by

U, (¢; = 085, i.e. for g, = ¢, = 085. We then obtain

Us  _ 13
U (ds =089 8+6¢s

(14)
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Next, we compare the results of this elementamgriheith the data obtained from the numerical
simulation. This is carried out in Figure 7, where plot the same velocity data as those of Figure 6

(again normalized with 0.153, the single-phase dlapeed ap, =¢, = 08bas a function of the
factor @, S.

1.8

16 —— Elementary two-stage theory [expression 14]

14 — - Fitting curve [expression 15]

La * Results from numerical simulation [kin. model Q_0]

¢ Results from numerical simulation [kin. model Q(Z)]

0.8

0.6

0.4

Spray-flame speed / gaseous flame speed

0.2

(Lattice path)*(Liquid loading)

Figure 7: Spray-flame speed (reduced by the singfghase flame speed in a gas mixture of the same osibr
equivalence ratio) versus the factor¢LS.

In Figure 7, we perform the plot for the data resglfrom both kinetics models. We again observe
that the discrepancy between both models remagtdde Therefore, we conclude that the rough
theoretical expression (14) is valid for both cheahimodels.Note that the cases s=1.5 and s=3
correspond to the smallest values of the fagg8 in figure 7. It is therefore not surprising thaet
agreement of the numerical data with our simpleehfice. formula (14)] is weak in the domain of thmall

factors @, S. Of course, a better agreement would be obtaingutw following fit curve
Ugs/U, =1/(1+05¢, 9) (15)

which corresponds to the dashed line in Figure hilenthe plain line is related to equation (14).
Note additionally that -for a given liquid loadindroplet size are in direct ratio to lattice pdti.
other words, for large droplets, both equationg (k415) retrieve the classical result characiegz
the spray combustion regime controlled by vapoisrat which behaves aB™ (as observed by
Ballal & Lefebvre 1981 or predicted in Suastcal. 2001).

14



Effect of diminishing the lattice path
As the lattice path shortens, the characteristie tfor vaporization (i.er, U SZ) diminishes faster

than the characteristic combustion tim& (I S). Hence, for small values af, s (say, ¢, S<1),
total droplet vaporization and some degree of omydifusion (inside the vapour puff resulting
from the droplet vaporization) are carried out beflame spreading. Therefore, when a critical
value of s is reached (from above), a rich premixed flametste slowly cross the vapour fuel
pocket. Then, if the lattice path still decreasesd(oxygen diffusion increases), this premixed #am
crosses the vapour pocket faster,. Behind the preimixed flame, a diffusion flame takes place
around the puff of fuel vapour. This process foalm is described in Figure 8, where heat release
and the corresponding fuel mass fraction are ptedeat three consecutive times (with a time
interval of At = 05).

=
1.2
A i 0B &
. 4
0.4
\ o M
1. N
0.8
- 0.6 -
0.4
o B

Figure 8. Spreading through a small lattice(s=3 ; ¢ =0.25).
heat release (top) and fuel mass fraction (bottongt three times separated byAt = 0.5.

In Figure 8, the puff of vaporized fuel (added watkygen diffused from its vicinity) is swept by a
rich flame, leaving behind a diffusion flame sumding a hot gas pocketvhich still contains an
amount of fuel In the present situation, no clear triple flaneews since the flame thickness is
large enough to vaporize the droplet in the prdthgazone and to allow diffusion of oxygen
towards the fuel puff. The transition to classicahgle-phase) premixed flame occurs when this fuel
pocket appears negligible for smaller lattice path.

Conclusion

The present numerical study on lean spray combusises a lattice to schematize the droplet
deposition. Our results concern the influence efgpray characteristic parameters (“lattice path an
liquid loading” or equivalently “droplet radius atiquid loading”) on flame dynamics. A particular
attention has been paid to focus on large lattigh pn comparison with the flame thickness.
Additionally, we investigate the transition to pli@ed flame when the lattice path becomes small.

Two simple chemical schemes with a 1-step exotleraaction have been used. The first one
is associated with the standard Arrhenius law witteaction heat independent of the equivalence
ratio of the mixture to burn. The second one ad#msheat of reaction to the equivalence ratio
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deduced from the field of mixture fraction, withetntroduction of a correction applied particularly
to rich mixtures.

For both cases of chemical models, we have obtasimedar qualitative results in flame
structure, as well as quantitative values of sgl@ye speed. This indicates that corrections of the
triple flame structure on the rich side are propait very important for flame propagating in a
globally lean spray.

Our simulations include a prevaporized fraction theé fuel, which allows the flame
propagation from one droplet to the next one thihowgvariable lean pre-mixture. Even for

¢, =¢; =085 (and ¢, =0), no flame extinction has been observed (althoagmbustion

spreading was found very slow). We have showntti@tcombustion spreading for relatively large
droplets (compared to the premixed flame thicknessharacterized with two stages: a slow phase
corresponding to the partial vaporization of thetrroplet until a flammable mixture is carried out
and a faster phase corresponding to the propagaiti@iriple flame around the droplet.

On the other hand, for smaller droplets, the flggmgpagates in a regime much closer to a
premixed flame, but a premixed flame with a hetermgpus equivalence ratio inside the flame
thickness. This regime should deserve a furthedystecause we did not obtain (as visible in
Figures 6 and 7) any maximum of the flame speawbatzero droplet radius. This maximum has,
however, been observed in experiments on lean djananes in microgravity by Nomura et al. 2000.

Further studies will turn our attention towards estlsituations of overall equivalence ratio.
Concerning even leaner sprays, we envisage theteftd a random distribution of droplets to
explain unexpected flammability of spray, as obsédrin the experiments of Nunome et al. [2002
With respect to rich sprays, the experimental ¢buations are more numerous. The corresponding
amount of data should help us to further checkdifferent reduced chemical schemes we have
presently used. .
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