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through a 2D-Lattice of Alkane Droplets in Air

C. Nicoli', B. Denet?, P Haldenwang'

IM2P2, Aix-Marseille Université/ CNRS Centrale Marseille, UMR 7340 13451Marseille France,
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Abstract

In arecent nunericd pape (Nicoli et al. Combust. ci. Technol. vol. 186, pp. 103-119; 2014) [1], a
model of isobaic flame propagtion in lean sprays has bee proposel. Theinitia state of the monodsperse
mists was scheratized by a system of individud alkane droplets initialy located at the nodes of a face
centered 2D-lattice, suroundedby a saurated mixture of alkaneandair. In the pregent study, the previous
model is conplemented with an original chenicd schene that allows us to study the combusion of rich
alkandair mixtures

The main parameters of this corfiguration are S, the lattice spadng (in readive-diffusive length units),

¢, , theliquid loadng (or equivalenc ratio relative to the fud under liquid phese), and ¢ (with g5 <0.8),
the gaousequivalence ratio (i.e. that correponding to the saurated vapourpresure in thefresh spray). We
preently focuson spays, he owral equivalene ratio of which is within the range 1< (p, +¢) <1.85.

For alarge set of parameters, we retrieve a fedure often observed on the rich side in the expeiments:
flame propagation in the presence of droplets can be fader than the pure premixed flames with the same
overall equvalerceratio. Thisis mainly obsevedwhen thelattice spaingis sufficiertly large. However, the
study undefinesthe role played by the velocities of two patticuar singe-pha® premxedflames the “initial
vapourflame” that only bums (if any) the mixture due to the saurated vapourand the “all fuel flame” that
propagtes(if any) in amixture where al fud is vapoized andmixed When the “initial vapourflame” is 0o
slow (i.e. a feeble spray Peckt nunber), the spray-flame speed reaults from the compeition beween two
mechansns: a spead chemicdly enhaiced due to sone eniichment coming from vapotization (possbly
bounded by the “all fuel flame” speed) ard a slowing down in flame velocity becausethe vapoization time
sale sets the paae on combuston. On the other hand, for large spray Pedet nunber, the uppe flanmability
limit is foundto be strondy enlarged, andthe spray-flame propagteswith the velodity of the “initial vapour
flame”.

Moreover, the flame structure deeply depends on lattice spadng; for alarge lattice the combustion stage
mainly corresponds to a triple flame, with the diffusion flame that develops aroundthe oxygen pocket locaed
behind the lean wing of the flame front (i.e. far from the droplets). On the other hand, as s deaeases, this
diffusion flame tends to be more and more incorporated into the flame frort.

Keywords . spray-flame; two-phag combusion; heterogeneus combuston; stratified conbuston;
dropletarray conmbusion, flamelet model
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Nomenclature

D, themal diff usvity

F (¢)u) hed of reaction dgpendng on unbunt mixture equivalene rato

I marker of diffusonflame (.e.the neyative pat of theindexal reaction rate)
L latenthed of fuel vapoiisation

Le Lewis nunberof spedesi in the mixture

P presure

Pe patia presure of fud

Pe spray Pedet nunmber

Q effedive hea of readion at stoichiometry

R dropletradus

S latice spadng

T, adivation tenperture

T, adiabatic flame tenperature for stoichiometric gaseows mixture
Tu tempenature of thefresh gaeousmixture

U, (@) adiakaicflame speedfor the singe-pha® pgemixture d equvalercerato ¢

U, =U (p=1) adisbaicflame pedal forthe oichiometic singe-pha® premixture

W reaction rate

Y, mass fradion ofspeeiesi in the mixture

Z; fuel mixture fradion (tha follows the fuel atoms)

Z, oxygenmixture fraction (that follows the oxdizing atoms)
Ze Zeldovich nunberfor stoichiometric gaseows nixture

5E adiabatic flame thicknes for the goichiometric gasmixture
@ equwalenceratio

?, locd estimate oftheunbumnt mixture equvalerncerato

o ligud equivalene ratio of the fresh spray (or liquid loading)
Ps (initial) gaseaus euivalence ratio of thefresh ray (afundion of thesaurated vapourpresure)
Ot overall equvalercerato of thefresh gray

A(T) themal condudivity (her,a function d tenperature)

Vi redued nass fradion of spedei
P densty
0 reduedtenperture
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“*” (resp. “”) supe@saipt indicates the \alueat stoichiometric (reg. saurated \apou) corditions
“u” (rep. “b”) subgriptindicaes the valuefor fredh (resp. bunt) mixture
“L” (resp. “G”) sulsaipt indicaes te valuefor liquid (resp.gaseous) phas

1. Intro duction

Combuston sprealing through a spray corcerns a large number of applications suchas Diesl engnes or
rocket engnes gasturbines or indudria furnaces. In a recent study [1], it hasbee peformed numericd
simulations of isdbaiic flames propagting throuch a face-centred 2D-lattice of droplets. The lattice was
coneived asa schematization of a paticular initial state of the fresh spray. Since the purposewasthe lean
sprays, it hasbeen obseved thattheresults very weekly dependedon the chemical scheme: theclasscd one
step irreversible chemistry with a global exahermic reaction was found to be sufficient for exhibiting the
main feaures ofthe conbusion speal in a lean mist

Contrarily to that previouswork on lean spays, we ae now inerested in rich gray combuston. In [2], we
hawe shownthat the results of nhumericd simulatonsin rich sprays can strondy depand onthe sdeded
chamical schame. Althoudh the overall spray conpostionis suppeed to be rich, thelocd equvalence ratio
can be fourd lean far from the droplets, if the saurated vapour presaure of fud is low. To study the
combuston in sucd a heerogeneus medium, we hawe implenented a chemicd schene, which is a
conpostion-coreded one-step global reaction. To ohtain sdisfactory propetieswe have proposd to adagt
the hed releaseto the equvalence ratio of the fresh gassows mixture, that reaults from droplet vaporzaton
and the sulseguent mixture of fud with air. This chemica schene introduestwo progress variables that
allow usto adat hea release to fresh conpostion. This procedue gives satisfadion onbath lean and rich
sides[2].

The problem of flame speed enhancement by droplets hasa long history; anintereging sunmary of the
ealy works hasbee caried out by Myers ard Lefebvre (1989 [3]. Let us paticularly quote the works by
Cekalin (1961) [4] and by Mizutani and Nakgima (1973 [5-a, 5-b], who addel kerosene droplets to a
propare air mixture and sw anincreasein propagation speed. We alsohave to menion the pioneeing works
of Hayashi and Kumagai (1975) [6] ard Hayasi et al. (1976 [7], who usal a Wilson cloud chamber to
produe anealy monodspersespray. For polydisperse kerosene sprays, Pdymeropoulbs andDas(1975 [8]
obsevedtha buning velodty reaches amaximum for a ertain donain o droplet size.

Thesituaion corterning the welocity increase is, however, not conpletely clea. For ethand andisoodane
sprays, Hayashi and Kumaggi (1975 [6] andHayashi etal. (1976) [7] repotedvelodty enhancementfor rich
sprays, andfor lean sprays with large droplets. But, Ballal and Lefebwe (1981) [9] for isoodane andMyers
andLefebwe (1986 [3] with six differentfuds, did not obsrve the erhan@menteffect for lean sprays. Our
reent numericd study on flames propagating in a lean droplet latice [1] tendsto corfirm the latter
obsevations: no increase in spay-flame velocity were naticeade for lean alkane sprays. Theae are
newerthdessother expeliments repatedin the literature where a velocity increase ocaurs: for instanc, in the
lean spray case, a more recert expetimental study by Nomura et a. (2000 [10] on ethand sprays in
microgravity indicates larger propagtion speals in a spray than in the equivalert premxed flame, whenthe
droplet size beéongs 1o sone interval.
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Becau® it focuses on the droplets, our small sale DNS study doesna cortain an important effed
obsevedin the experiments: the role of the flame front instabliti es (see, for instane, the recent works by
Bradley et a. (2014)[11] andby Nassoui et al. (2013) [12] in the case of the expanding spheicd spray-
flameg. Giventhe importance of thes effects in numerousexperiments, we now discuss this quegion more

deeply.

Various expeliments have reveded thatflame spreading in arich spray hasa propagtion velodty larger
thanthat of the equivalert premixed flame. In a nunber of the® expelimens, the flame front was fourd
corugated, with a large number of cdls. Therefore, spray-flame speed enhancanent could passbly be
explained by instabiities of the front. As a matter of faa, the interplay between instabilities and droplets
se2mrs to hawe apealiarimportanc for the sprericd flames, a casethat hasextensvely been studiedin the
reent yeas[11-13]: dueto gasexpanson anddropletinetia, front accel eration modifiesvapaization which
in turn modifies conbusion spreading. Moreower, even for the pure gasows flame, we know tha the
spheical flame is sufjed to highly nonlinea effeds, leading to the creation of alot of cdls and evento an
acceeration d the flame pedl (calledsdf-accéeration), see the expaiments by Bradley etal. (2001 [14]. In
this reqard, the experiment with droplets lead nore orlessto the same dfeds, exceptthatthe nhomogenaty
seen bythe flame front is here caused bydroplets, and not by turbulence.

On the theaetical side, similar corclusions can be drawn. The creation of mary cdls in splericd
premixed flames (without droplets) haslong been modeled in the case of the hydrodynaric ingaklity with
the Sivashinsky equdion, nanely in 2D by Karlin ard Sivashinsky (2007)[15], Fursenko etal. (2008)[16],
(se= dso the simulations of D’Angelo et al. (2000 [17] in the 3D case, which codd be conpared to the
expeaiment with droplets) This model equdion contains the two main effeds, credion of many cdls and
sdf-accéeration. In the Elated @< of the Sivashinsky equdion closeto a paatolic shae, t hasbeenshown
in Dend ard Jouin (2011) [18] tha, asthe stretchis redued (as thefrontis lessandless curved), solutions
with alot of cells gpear, the same effed asthe oneobseaved in the pheaicd configuration. Every theoretical
appoad dresesonthe mgjor role plyed byhigh-level noise which can here betriggered bythe doplets.

A droplet lattice, asdepicted by theleft (unburnt) parts of the variousfields drawnin Fig.1, is a manne of
contolling the spray initial conditions. Other attenpts exist in the literature. For ingane, Mikami et al.
(2006 [19] measured the flame spread along an array of andhored n-decanedroplets. In this microgravity
expeaiment droplet size and transwerse interdroplet distance were fixed, only the interdroplet distarce in the
direction of spreaing was changed. The purpos wasto invegigate differert modesof droplet conbuston,
from individud to group combusion. The domain of overall equivalenc ratio consderedin [19] is much
higherthanthe e dudiedhere.

In whatconarnsthe recernt splericd spray-flamesasstudedin [11-12], we would warn the Reade tha
sud experiments cunulate many physicd effeds, and conequetly are nat easy to interpret. For instane,
the sdf-accéeration of flame is obseved in [11], but the effed of ingaliliti es seens to be limited to a
relaively mild increase of 50% in the reported flame velocity; it could be more in other experiments,
patticularly at high presure. Our present DNS study being peiformedin a small domain to focus on droplet-
flame interplay, we hen@ do nat pretend to reproduce the fedures obseved in the abowe-menioned
expeiment, espeialy the front instbiliti es

Let us finally note that the present DNS -as desribed in deail below- solvesthe vapoization and the
conmbuston of “thick” individual droplets. This is ih contrag to simulations hat usepoint droplets, suchasall
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1D nunericd studieson spray-flame, asin Aggarwal andSirignano (98) [20], Silvemrmanetal. (1998) [21],
Suad, et al. (2004) [22] and Neophyou andMastorakos (2009)[23], or in the 2D andysis by Reweillon ard
Vervisch (2005 [24]. By contrag, the presernt DNS fully resolvesthe droplets as in the numericd appoach
by Kikuchiet d. (2009 [25]; here, we adtionally allow the doplets o be nmoved bythe gasexpansion.

The pape is structured as follows. First, the spray-flame modeling is preserted, the chemicd scheme
being briefly desribed. Second, the flame spread throuch the lattice of droplets is numericdly studied. The
spray-flame speed is defined, and the flame structure is discussed. Finally, the role played by the various
paranetersis desaibed.

2. Heterogeneous modelli ng of spray flames

At low presaure, flame thickness in standad sprays appeas large in conmpalisan with dropletinterspadng.
In the recent yeas, this propety allowed us to resoit to a hormogenization process for developing an
appopriate numericd modeling [22, 26-27]. In suct an approach which aso negleds droplet inertia, liguid
fuel appeas asanadlitional species only allowedto enter into the chemicd scheme after a vapoization step.
Sewral spreadng regmeshawe been predicted [22], in patticular anintrinsic oscillatory regme, which had
been obseved experimentlly by Hana et al. [28] and by Atzler [13]. The existene of this regme, which
ocaurs as a Hog bifurcaion, doesnotrequre thepreene of differenial diffusivity effeds[26-27].

At modeiate ard high presaires, spray-flame thicknes can nolonger belarge enaigh -in conmparisonwith
droplet interspacing- to allow any process of homogenization. In sud a system where both phags are
initially in equiibrium, the spray-flame tendsto be contolled by vapaization, the chamicd hea release
pemitting the vapoization of the droplets one after another. Therefore, the spray-flame propagteswithin a
heerogeneus (or stratified) mixture with droplets. The mistinitial structure is repreenied as a face-centred
2D-lattice of alkanedroplets in a pre-mixture of alkane-air (ses Fig.1). Then,the droplets can move asthe
flame piopagates

This work is hene dewted to spray with droplet inter-distarce nat small in compaison with the
chaaderigtic combusion scales (at lead, of the same order). Our numericd modeling starts from the usud
sd of consevationlaws mass, moment, enegy andspedes The nondimensonal form of the congrvation
laws is peformed with the use of the units related the stoichiometric (gaseous) premixed flame, flame
thickness, flame velocity, asalrealy usel in [1]. A brief desription of the overall appioad is providedin
Appendk A.

2.1 General considerations

Since the accurate chemmicd schamesfor akaneare too complex for efficient numericd simulatons, a
simplifiedchemcd kingticsis geneaally recommendael. It islongknown thatthe dassicd one-step Arrherius
law (equpped with condant hed release) largely overegimatesthe adahatic flame temperature on the rich
side. To overcone the difficulty to asses the main rich flame characteristics (asspeed ard tenperature), we
hawe corsidered [29] a simple modification of the onestep chamicd scene: hed releae becones a

fundion, dended by F(gou), of the fresh mixture ecuivalence ratio ¢, (see bdow the définition of ¢,). In

pradice, this model is able to corredly mimic the premixed singe-pha® flame chaaderistics (adiabdic

5
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flame tenperture and flame speed). As a matter of fad, this adgtation accounts for al the spedesin
equlibrium at the actud flame tenperature. This appoad of flanmelet type requires to know —for any point
within the conputational domain- the adud conmpostion of the coregpondng fresh prenixture, already

denoed ¢,,. Sedion 2 is mainly dewted b the desaiption of this flameletappoad.

Let usfirst introduce the irreversible single-stepreaction for alkkaneair combusion

an+1l v
)N, D
2 vy

This singe reaction allows usto chaacterize the locd mixture conmpostion by ¢ , thefield of equivalerce

ratio, whichreals

C.H,.., +(‘°"‘T+1)[o2 + N NZ} 5 nCO, +(n+1)H,0+(
V,

(¢]

Y. voM
¢) =_F X Rlcihiiel (2)
Yo VM,
wher v; standsfor the stoichiometric codficient of spedesi, M, , the molar mass of speiesi. In fres air,
vy /Vo = 3.76 isthe molarratio of nitrogento oxygen,while the mass o is vy, =vyM /voM, =3.29.

At stoichiometry, let us denote by Q”, the combuston hea related to the flame temperature (i.e. T, ), in
accordarce with

*

: Y,),
T C(‘v);\/IQ ®)
p F"°F

We dende by U L , thelaminar (singe-pha®) flame speed that characterizes the combuston of a prenmixed
fresh mixture of unity equivalenc ratio (i.e. @ =1). In what follows, the subscript “u” [resp. “b”] is

assodated with gasos fresh [res. burnt] mixture. Thus, Dt*h,b denoesthethemal diffusivity codficient of
the burmnt gasesin the stoichiometric (gasoug flane. The nondimensoning processdesribedin Appendx
Ausel,=D,, /U andz; =D, / (u;)” aslength andtime scales respedively.
Furthemrmore, wehandk temperature andspeciesmass fractionsunde the redued forms
0=T-T)/(T-T.) © v =Y/, (4.2b)
(i=f for the dkanefuel, i=o for oxygenandi=p for combusion poduds)

Appendk A recdlsthe system(A.14-A.17) of goveming equdionsthat are derived from the geneal laws of
consrvation. Equdion (A.14) desavesa paticular atenion
06

=5 V.VO = ldiv( pD, VO)+F(p,) W(p,v,,0) (5)
Yo

where W, thereadion rate, is defined in (A.11), ard D,, is a strondy nonlinea function of tenperature,

which prohibits the diffusion phenonenaat low tenperature. Vedor V stards for the velodty field that is
govemed bythe Navier-Stokesequaions (A.16-A.17).
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In Equ. (5), appears F(¢,), a quantity adjustable to the fresh mixture composition ¢,, which will

allow us to tackle the problem of flame propagation in stratified medium. Let us first propose the following
definitions.

The (initial) overall equivalence ratio of the spray is given by the normalized ratio of the total amount
of fuel to the total amount of oxygen in the lattice
d
VoM o Juisattaice PFY 6)
veM Ppdv

initial lattice

Or =

while the quantity ¢, [resp. @ | takes account of the fuel density under liquid phase [resp. gas phase],
only. We obviously have @, =@, + ¢, . In the present study, the range selected for ¢, is limited to

1<¢, <1.85. In Appendix B, it is show how ¢, (or the saturated vapour pressure) can in practice be

controlled without affecting the scalings of the paper.

Before combustion reaches a certain locus of the fresh spray, the local equivalence ratio ¢, is an
unsteady quantity since it depends on vaporization and mass transfer: it can vary from ¢, (far from the

droplets) to a very high value (nearly pure fuel close to the droplets). Two particular single-phase flames can
be considered in this context. On the one hand, if all fuel is mixed before burning, we can be faced with a rich
premixed flame, the laminar velocity of which is denoted by U, (¢, ). On the other hand, if the initial
saturated fuel vapour (mixed with air) is flammable, a combustion spreading can occur rapidly, so that the
fuel in the droplets has no time to vaporize. In this case, we are concerned with the propagation of a premixed
flame, the laminar velocity of which is U, (¢, ). To discuss the importance of the latter situation, let us now

consider 7, the characteristic time to vaporize (and mix) the droplets. Supposing that z, =~ follows the “D2-

the characteristic time of

0 s/U,(¢;)- The

law”, we obtain 7,,, [ o, /0, ><(2R)2 /D[h. Furthermore, we introduce 7

prop °
propagation in the lattice (without resorting to the liquid fuel), which behaves like =

prop

comparison of both characteristic times invites us to define Pe_, the Peclet number of spray combustion, as
pe - PLCR) Uy(g)

© pe Dy, b §
where p, , p., R and s are respectively the density of the liquid, the density of the gas, the droplet radius

(N

and the lattice spacing. In the case of large Pe_, we expect that U, (¢, ) will provide us with the spray-flame
speed.

2.2 Flamelets in stratified medium
When the assumptions D, ~ D, ~ D, hold for the diffusivities of fuel, oxygen and products, the

literature on premixed flames considers that certain combinations of variables are preserved from the fresh
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gasesto the burnt gases. In the preent work, we sdect two mixture variableswhich involve either fud and
produds mass fractions or oxidant and produds mass fractions nanely:

Y Y Y,
zZ . =—F __F and 7z -0 __Ye (8.ah)
veM  vpiM, oMo, veM,

Note that v ,isanegtive codficiert in equations(8.ab) and A.2) for i=p. Conseguenty, undertheabowe

assunptions ofequa diffusivity of the pedes the Z ard Z, fields ae obvously governed bythe nor

reactive eguaion

a—Z+V.§Z=1aliv(plﬁZ) 9)
ot P

whichreallts from conmbinatons of equations(A.2).
Henee, at the flame chaaderistic lengh scae, which is supp@ed much smaller thatthe dropletinterspacing,

Z. and Z, canbe consdered & mnsevedwhencrossng the flame front Since Z. and Z, are corseved

through the fame, her ratio Z. / Z, isalso corseved
Zy [ 2y ={[Ys ~ VM, [viM )Y, )| Yo, = (o, Mo, /ViM Y, [} {v, M, Jv,M, ) (10)

where Y, =1-Y,-Y,-Y, andY, = (VNZMNZ)/((/’TVFMF +Vo M, +VN2MN2)
Now, in the fresh gases Z, reduesto Z. =(Y;),/(ve M), wherss Z, to Z, :(YOZ) /VOZMO2 :

Therefore, Z_/Z, is nothing but ¢,, the equivalerce ratio of the fresh gases since Z_/Z, redwces in the
unbumnt gaseof theflameletto

Ze | Zo =[], /[ Yo, | }¥{Vo, Mo, /ViM:} =0, (11)
Thus, asgivenby equetion (10), theratio Z,(x,y,t) / Z,(x,y,t) allows us to delive anedimate of ¢,,
the upsream mixture equvalenc ratio, from any locd conpostion within the flame (epeddly in the

reaction zone). Hed release indde the flame thicknes canthen be adated to ¢, (within sonme uncetainties

newerthdess since the assumption of equa diffudvities does nat exectly had). This approab will be used
throughot the paper, which congquently corsiders the spray-flame asa se of locd flamelet propagatingin
a heterogeneusmedium. This coneptrequres thatthe characteristic lengh scde of conpostion variations
is muchlarger than the flame thicknes, whichis the main assunption ruling the pape. Let us remark thatin
[30-3]] is used another “invariant” which allows the authors to adat heat relesse and activation enegy in
pae with the conpostion variation; the resulting onestepkineics is implemented andchedked with reed
to a ouner-flow diffusionflame.

From the quantitative paint of view, it has been shown in [2] that the following geneal form of the

adugade quarity F(¢,) gives reliade reailts for the singe-pha® premixture in what concens the
alkandair flame gpeda andtenperature
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F((ou):[l-a((ou-l)] if ¢, <[05, 2]
W =0 if ¢, 2[0.5 2]

where ¢ is a coefficient depending on the fuel. The Zeldovich number has been determined theoretically for
the studied fuel and more or less appeared as independent of the equivalence ratio. More precisely, for heavy

(12)

alkane-air premixtures, it has been obtained o =0.33 and Ze = 7 [2, 29]. The quantitative comparison with
experimental data (conducted in Ref. [2]) indicates that the model describes alkane spray combustion quite
reasonably.

3. Numerical experiments

Figure 1: Simultaneous contour plots of fuel mass fraction (a), oxygen mass fraction (b), temperature (c),

reaction rate (d), /;, negative part of indexed reaction rate (e) (s =6, ¢, = 0.60, ¢, =1.25)

The numerical experiments consist in solving the whole set of conservation laws, as presented in
Appendix A. The numerical method [32] is briefly described in Appendix A. As mentioned before, the initial
conditions correspond to a lattice of individual droplets surrounded by a mixture of fuel and air in
equilibrium. Fig.1 presents the main characteristics of the numerical experiments. A spray-flame propagates
from the right to the left. Note the snapshots correspond to the time when both triple flames meet and mark the
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endof arapid stage in the spray-flame propagtion process(the ingan of the srapshatsis indicatedin Fig.2
by a vertical arow). Spray-flame periodcdly consumes the droplets, which remain at rest urtil they start to
vaparizeasindcaed in Fg.1.a, where the field of fuel massfradionis represented. It dso indicates that acertain
amourt of fuel is unbunt behind the (rich) spray-flame. Fig.1.b presents the field of oxygen massfradion, while
Fig.1.c correspondks to the temperature field. Fig.1.d shows the field of hed release. Asfor Fig.1.e, the negative
part of the indexed readion rate [33] is plotted for displaying the diffuson flames (see below); different
elementary flames are ndticedle, and will be discussed below.

The numerical experiment aim at deemining the flame speed when combuston propagatesthrouch
an array of fuel droplets positioned at the nodes of the face-centered lattice for a given rich spray. We are
interested in the influerce of the spray conpostion (.e. ¢;, ¢, ) ad S, thelatticespadng. Droplet radiusis

obvioudy afunction of liquid loading and lattice spadng. Three dimensonless lattice spatings ae invedigated:
s=3, s=6 and s=12 (in units of stoichiometric premxed flame thicknes, asdexribedin Appendix

A). Five differert initial premixturessurroundng the droplets are consdered ¢ =0, ¢; =0.2, ¢ = 0.4,
¢s =0.6 and ¢ = 0.8. Evidenty, when ¢ is fixed, the amourt of fuel initialy under liquid phase

increases as @ increases. In the same manrer, for fixed Sand @ , droplet radiusincreases as ¢ increases.

For initiating combustionin the lattice, we foll ow the same procedure than that used in our previous works
[1-2]: close to the open (right) end of the lattice the temperature field is impaosed with the profile of a snge-
phese flame. This all ows usto vaparizeandignite the first droplet of the spray. To foll ow the combustion spread,
we compute < 6> (x), the mean temperature averaged in the periodic (y-)diredion (i.e. transversally to the

propegation). Then, we dedde to define x, , the spray-flame position, asthe locuswhere < 8 > (x4) = 0.5.

3.1 Soray-flame speed

920

@1 Droplet Radius

%_,_ — 085 0.19

\;.\\\g\ == 107 0255
85 TN 1.25 0308
- 147 0350

«=+ 1.65 0.394
1-phase flame
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80 é’&& k
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Figure 2: Front position vs. time for various liquid loading (¢, =0, 0.25 0.47, 0.65, 0.87, 1.05; ¢, =0.6;

s =6 and iso-octare/air spray; droplet radius correspondng to ead ¢, is provided in units of stoichiometric premixed
flare. Verticd arrow indicates the instant of the snapshats of Fig.1)

In this section, we present reallts on spray-flame speed at congart gaseols equvalene ratio ¢ . In
other words, this numericd expeaiment considers a consent (saurated) vapourpresure; as the initial two-
phag mixture is suppaead in equilibrium at a given tenpemture, the initial tempemture is a logarithmic
fundionof ¢, thanks to the Clausus-Clapeyron relation of the corsidered fud, asdesribedin Appendx B.
o~ isthen modfied by changng ¢, , theinitia liquid loading. Considering the intermediete lattice spadng
s=6, Figs. 2 and 3 showthe flame front posttion for ¢, = 0.6 and ¢, =0.8, respedively. Note that a
singe-phase premixed flame can propagate in bath initial premixtures, sowly a ¢ = 0.6 and more rapidly at
¢s =0.8.

In Figure 2, we can obseve theadud way the flame propagtesin thelattice for ¢ = 0.6. Thefront
postion (defined as the tranwersdly averaged isoherm < @ > (x4 ) = 0.5) is plotted versustime for

variousoveral equvalerceratios(i.e.for increasing liquid loading). The lower (marked) curve coresgponds
to the front position of a singde-pha® premixed flame with the (initial) gasous equivalence ratio (i.e.

¢, =0, R=0). The mean slope of each curve is here negative andits ablute value determinesthe flame

speed for agiven @y . It can beseenthat for this latice spadng (s=6), the singe-phag premixedflame with

the overdl (gaseows) equivalerce ratio of 0.6 propagatessignificantly slower than all the consdered spray-
flames One also obsevesthat combuston propagatesthrough thelatticein an unsteady manne [1], since it
reallts from sucessive stages of droplet vapoizaton, species mixing, and reaction. Fig. 2 indudes a lean

case with the overal equivalercerato ¢, =0.85 (i.e ¢ =0.25): this is the slowest spray-flame. It can be
obseved hat the incresseof the $ope 5 nd monobnous wih the owerall equivalenceratio. The nmaximum in
slope is more or less obtined for the stoichiometric spry (i.e. ¢; =1.07). When liquid loadng further
increasesthe spray-flame peda deaeasesard seens o raddly reach an asymptotic value.

11
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Figure 3: Front position versustime for various liquid loadings ¢, =0, 0.27, 0.45 0.65, 0.85.
(¢ = 0.8 ard lattice spadng s=6 , iso-octare/air spray)

Let usnow corsider Fig. 3, where the vapou presaure is choen higher(i.e. p; =0.8). U (¢, =0.8),

the spedl of the singe-phase flame that spreads in the initial saturated vapour is large. Then, unlike the previous
case,the liquid loading is of little hdp in tems of propagtion. The maximum spray-flame speed is again
achieved for stoichiometric overall equvalerceratio. If theliquid loadng is still increased the spray-flame
speed dightly deaeases This slowdown with incressing equivalene ratio is, howewer, very we in
conpailisonwith the singe-pha® prenixed flame. This obsevation showstha fuel unde liquid phase does
not play the same role as the fud unde vapour As we shdl see, this role depend on the droplet size (i.e.
mainly on the lattice spacing) andthe initial vapou presure. The fact tha the droplet size plays arole in
spray-flame propagtion can already be seen for indane in Fig.3, where the fluctuaionsin flame front
postion increase as the liquid loading increases, i.e. as the droplet size increases. As studied in the previous
contibution [1], those fluctuaions in front postion are due to the vapoization stage (if neeaded), which
depends onthe doplet radius guared

We now invedigate the role played by the saurated vapour(i.e. by @) for the same intermediate

lattice spadng s= 6. In Fig. 4, the nondimensond spray-flame speed is plotted with repect to ¢ , the
overall equivalence ratio of the spray, for variousequvalenc ratios related to the vapour In otherwords, the
spray-flame speedis plotted for various(gasousg equvalenc ratio ¢ . In Fig.4, the curvesof spray-flame
speedare again comparedwith thesinge-phag pemixed fane elocity.

12
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Figure 4: Spray-flame speedversus overall equivalenceratio of the spray
for diff erent gaseaus equivalenceratios (s = 6, heavy fuel oil/air spray;,

numetical predctions are comparedwith the experiments by Ballal & Lefelvrefor ¢ = 1)

Forthe s&ke of validating the numericd approad, it can bechededthat the expaimental obsrvationsmade
in[9,11,19 are retrievedby our nunericd resuts:

- for modemtely lean or stoichiometric sprays, the fame velocity is higherwithout droplets (the overall
equivalenceratio being given). In Fig.4, we hawe addal five expelimental points from Ballal & Lefebwe [9]
for ¢, =1 (Sauer mean diameter in the expetiment beng in link with the lattice spacing used in our

nunericd predctions). The ageement between expetiment ard preseit modeling appers reasondly
sdisfadory.

- forrich sprays (say ¢, >1.6), this stuaton reversesfor al valuesof ¢ : rich spray-flame speed is
always higherthan singe-phas flame peel.

It is worth noting tha for very low vapour presue (i.e. ¢; =0) a spray-flame doesexist, even

thoughits velocity is qute low. In otherwords, conmbusion ensuresvapaization & a pae that allows its own
propagton! From Fig.4 (i.e. for s=6), we addiionaly haw to undedine anoher trend for

¢; =0, 0.2,0.4, i.e. when ¢ comregpondsto a nonflammable singe-phag mixture (in other words,
combudion needs droplets to propagte), the spray-flame speedis anincreasing funcion of ¢ . Othemwise

for higher @5, the spray-flame spead exhbits a maximum in the vicinity of the (overall) stoichiometry.
Lasly, we obseve that whenthe overal equivalene ratio still increases, the spray-flanme velocity does not

13
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vary somuch.In otherwords, m the far rich sde, it seens thata wnsantanountof liquid fud is involved n
spray-flame propagtion.

3.2 Role of the lattice spacing

In the previous paragaphs increasng the liquid loadng led us to slightly increasethe droplet radus
(in 2D, asthe square root of ¢, ). A more efficientinaressein droplet radius is achieved whenthe latice

spatingis entanced:for fixed ¢, , the droplet radius increasedineady with S. For three differentvalues of
gasousequvalene ratio (¢p; =0.2; 0.6; 0.8), the role played by the latice spaing is now studied.

More predsdy, for eech ¢, the spray-flame velocity is edimated asa fundion of the overall equivalene
ratio for three lattice spadngs (s=3, 6 ard 12). Figure 5 (re9. 6 and 7) plots the spray-flame speedsor
@5 =0.2 (rep. for g5 =0.6 and ¢z = 0.8). On each figure, the dashel line realls the 1-pha flame

speedversusgaseousequivalerceratio (since ¢g = ¢; ), while theexperimentl data from Ballal & Lefebwe

[9] are reported for ¢ =1 [Note the Sauer mean diameter studied in the expeiment coregonds to

s=10and no tos=12].

Thespray-flameschaaderizedby ¢, = 0.2 neal to vapoiize droplets, previously to any propagton.
Henee, Fig. 5 indicatesanimportantrole played by lattiice spacing on the spray-flame speed. For srmall lattice
spaing (say, s= 3), droplet radus beng small, the droplets quickly vapoize and contribute to achieve a
rather rapid propagton. For larger lattice spaings (S=6; S=12), droplet radius being higher, the
vapoiization is slower andimposes its pace to the combusion. When the overall equivalenceratio is high, Fig.
5 indicaes that propagation velocity of the spray-flame with small lattice spadng [i.e. S=3] follows the same

trend as the singe-phase flame: spray-flame speed deaeases as equivalence ratio increases. This fedure is due
to the rapid vapoiizaionard mixing of thefud, whichthen lurns accordingly with thechamicd scene.

14
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Figure 5: Lattice spacing effed on spray-flame velocity:
spray-flame speed versus overall equivalenceratio for s=3, 6 and 12and @g = 0.2

(comparison with the experimerts by Ballal & Lefelvrefor ¢ =1, heavy fuel oil/air spray)

Figure 6 treats of a slightly differert situation since vapour presare is high emudh (¢ =0.6) to

ohtain a flammable (initid) singe-phase premixture. The spray-flame now requires a smaller amourt of fuel
coming from the liquid loading to reat the nea-stoichiometric condtions in the premixture. Therefore, for
relaively small droplet size (cass s=3 or s=6), the spray-flame presrs a maximum of its velocity. The
intensity of the maximum is nevertheless lower than the maximum singe-phase flame speed, since non-zeo
vaparization time scde impads on combustion. The latter impad is wegker for small lattice spadng; for s =3,
the aurve ofspray-flame ped roughly adops the same pdtern thantha of the sSnge-pha® flame.

On the very rich side of the overall equvalerce ratio, spray-flame with small latice spaing again
expeierces the rich chamistry, wheras the spray-flame with large lattice spaing, i.e. with a large radus
maintains a large part of the liquid fud non reacting. In other words, althoudh vapoization of large droplets
is a slow process, the rich spray-flame with large droplets propacatesfader than the rich spray-flame with
small droplets.

Figure 7 preertsthe pray-flame peal when he vapourpresaire is large (.e. g5 = 0.8). If thelattice
spadng (or the droplet size) issmall, theliquid loading rapidly participates to the spray-flame propagation. In this
cese (say, s = 3), the spray-flame shares the same trends as the singe-phase flame: the maximum flame speed
ocaurs a (overdl) stoichiometry, and a flammability limit occurs on the rich side, too. Otherwise, for large
droplets (say, s=12), the spray-flame propegation ignares the liquid loading and propagates at the same speel

as woud propagate a singe-phase flame in the saturated vapou [since U (¢; =0.8)=0.76, as discussed
below].
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Figure 6: Lattice spacing effed on spray-flame velocity:
spray-flame speed versus overall equivalenceratio for s=3, 6 and 12, and for ¢ = 0.6

(comparisonwith the experimerts by Ballal & Lefebvrefor ¢ = 1, heavy fuel oil/air spray)

The previous comments on Figs. 5-7 invite us to stresson the foll owing fedures, that have dready been
observed in numerous experimental and numericd studies[11, 12, 20, 21, 23, 34] :
- spray with small droplets (i.e. short vaparizationtime scde) tends to burn with the same trends as the
singe-phase premixture.
- when the overal equivalenceratio islarge enough(say, ¢; 21.5) spray-flame speed is dways higher

than the singe-phase flame which tends to extingush acwrding to the singe-step chemicd scheme.
The difference betwveen spray-flame andsingle-pha® flame bemmes more pronaunced asdroplet
size inareasesIn other words, the presence of large droplets causes some amourt of fud (i.e. under
liguid phase) to be maintained out of the combustion. This paint will be clarified below.

Furthermore, the vaparizéion time scade of the droplets undoultedly plays a role in the spray-flame

propagation. Since droplet radius depends on bath lattice spadng and liquid loading, the point deserves to be
studed spedficdly. Thisisthe objed of the next paragraph.
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Figure 7: Lattice spacing effea on the spray flame velocity:
velocity versus overall equivalenceratio for s=3,6 and 12and @5 = 0.8

(comparisonwith the experimerts by Ballal & Lefetvrefor ¢ = 1, heavy fuel oil/air spray)

3.3 Detailed role of droplet radius

We now consder a spray with fixed tenperature ard given chemicd conpostion: ¢y, its overal

equialenceratio, is herce deermined aswell as ¢, the equivaence ratio related to its saturated vapour.

Different lattice spadngs are considered. We present a series of figures (i.e. Figs. 8-10) for sprays with a fixed
overal equivalenceratio. In ead figure, a cetain amourt of fuel is suppased in vapou form and the rest under
liquid state; the size of the correspondng fudl droplet is a parameter ill free Our numericd study then consists
in computing the spray-flame spead dependence on the radius of these fuel droplets.

Figure 8 concans a dightly rich spray (@; =1.25). It presents the spray-flame speed versus droplet

radius for various gaseous equivaence ratios (or various vapour presaures). For this case of overal equivalence
retio, the results show that the singe-phase flame speed (i.e. U, (¢, =1.25 =0.89) is always larger than any two-

phese flame of the same overdl compostion. Let us observe additiondly that three curves (i.e. for
¢; =0., 0.2, 0.4 ) correspondto a nonflammable gaseous surroundng of the droplets. It is naticedle that these

curves are dose to ead ather. In other words, the soray-flame needs to resort to vaparization of some liquid fud.
In that case, vaparization rules propagation, and the spray-flame spead behaves in inverse ratio to droplet radius
(asdreay studied inlean spray, seeRef. [1]).

Furthermore, let us recdl that theinitial vapour (in fig.8) isonly flammable for g5 = 0.6 and ¢ = 0.8,
for which the correspondng singe-phase flame speeds are U (¢, =0.6)=0.29 and U, (¢, =0.8)=0.76,
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respedively. Therefore, from Fig.8, it is clea that droplet vaparizaion enhances flame spead, whatever the
droplet size and the considered vapou presaure. But, this enhancement readies the singe-phase flame speed of
the same overal compasition, only for vanishing droplet size To sum up, Fig. 8 is charaderitic of the situation

for U (¢;)>U (p), where U (¢;) represents the laminar flame speed of the singe-phase premixture
ohtained for ¢ = ¢, (which isaso the spray-flame speed for a spray with infinitely small droplets)

1
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Figure 8: Spray-flame speedversus droplet radiusfor various @5 (and ¢; =1.25).

Figure 9 now concerns a moderately rich spray (¢, =1.45). Spray-flame speed is again plotted versus
droplet radius for various vapour presaures in this figure, which exhibits two diff erent behaviours. The first case
corresponds to the results obtained for ¢; = 0.8, for which we have U (p;=0.8)=0.76 and

U, (¢, =145 =0.67. This situation [i.e. for U (¢;)>U, (¢;)] exhibits a flane speed enhancement with
droplet radius. This behaviour is explained thanks to the following rationale: for very small droplets (R—> 0),

vaparizaion and mixing are immediate so that we start from the rich singe-phase case with the spedl
U (¢ =145 =0.67. On the other hand, for large droplets we retrieve the singe-phese with the speel

U, (p; =0.8) =0.76. In other words, the droplets are large enoughto have no time to fully vaparize during the

spray-flame propagation. This is the sense of the upper curve of Fig. 9 (i.e. for ¢ = 0.8), where spray-flame
spead increases with droplet radius: the larger the droplets, the lesser liquid fuel isinvalved in combustion.
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Figure 9: Spray-flame speedversus droplet radiusfor various @ (and @; =1.45).

In fig.9, the semnd cese consders the other four curves (¢; =0., 0.2, 0.4, 0.6), for which

U, (¢5) <U_(¢;). These curves are nonrmondonic as droplet sizeincreases: if droplet radius slightly increases,
lessliquid fud is invdved in combustion, and the spray-flame speead dightly increases; now, if the droplet radius
istoolarge, the spray-flame speed asymptoticdly tendsto U, (@), Sincethe vaparizaion time tends to infinity;
therefore, ead curve reades a maximum for an intermediate droplet radius, and afterwards deaeases to the

asymptotic flane speed U, (¢;) [which can beazero valug].
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Figure 10: Spray-flame speed versus droplet radiusfor various @ (ard ¢@; =1.65).
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It is interesting to still increase the overall equivalence ratio of the spray. Fig.10 is concerned with a rich
spray (¢, =1.65): it plots spray-flame speed versus droplet radius for various vapour pressures. In a more

marked manner, this case presents the same trends as those of Fig. 9. Initial configurations with feeble vapour
pressure need droplet vaporisation: if the droplets are vanishing, a very rich premixture burns; by contrast, if the
droplets are very large, only a lean vapour pressure is submitted to combustion. Both opposite trends explain why
spray-flame speed versus droplet radius here exhibits a maximum for an intermediate droplet radius. On the other
hand, if the initial configuration has an equivalence ratio of vapour background which does not require droplet
vaporisation for efficient burning, the presence of large droplets allows the actual mixture to ignore the liquid

loading; this is why the curve with ¢, = 0.8 is an increasing function of droplet radius, this curve starting from

U,(p, =1.65) =0.48 (for vanishing droplets) and ending at U, (¢, =0.8)=0.76 (for large droplets). This

confirms that liquid loading does not intervene when the droplets are huge.

To sum up, for fixed ¢, and @, (with @, >1> @, in the present work), increasing the droplet radius can

have different effects :
- ifU(pr) <U(95)
and U, (¢, ) [ U, , spray-flame speed is enhanced (and tends to U, () as Pe [] 1)
and U, (¢,)[] U, , spray-flame speed admits a maximum for an optimal droplet radius.
- it U (o) > U (9;)
and U, (@,)0 U, , spray-flame speed diminishes (and tends to U, (¢,) as Pe [l 1)
and U, (@,)0 U, , spray-flame speed admits a maximum for an optimal droplet radius.

We now turn to a detailed description of how the flame propagates.
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4. Analysisof spray-flame structure

4.1 Large lattice spacing

In the caseof leansprays, it hasbeenfound [1] that the flame propagted from one droplet to the next
in different ways, either with a very lean prenixed flame, or with congart re-ignition of the next droplet in
the case of very small equivalence ratio relative to initial vapour Once the next droplet was ignited in one
way or anoher, atriple flame propagted aroundthe droplets, leaving behind the diff uson flame aroundthe
droplet Sucha popagtion wasfourd to carespondto thethird propagtion modeobseved in [19].

In the rich case, howewer, Roland Borghi suggeded -see the sketches in the book by Borghi and
Chanpion[35] ard alsoin Denpulin andBorghi [36] - thatthe diffuson flame should be arourd the oxidant;
this was alled pocket combuston. Let us sse wha we obtain in the present simulations.

In Fig. 11, we showdifferent fields chaaderistic of the spray-flane at a patticular ingart for a the
large latice spaing s=12: fud and oxygen mass fradions, tenpetature, heat relesse The fifth field

requires a paticuar comment we hawe plotted |, , the negtive part of the indexed readtion rate, which is
definedasfollows [33]

{ Iy, =0 if 1.>0

. ith |7 =V, - Vi
ly =W I /]I;] if 1,<0 with | = Vi - Vi (21)

wher |, isthe socdled Takenoflameindex[37]. |; is expeded negative whenthe spesiesdiffuse

towards each other, asit occursin a diffusion flame. In other words, plotting the necative patt of |, helpsus

to locdize the diffuson flames Thechose timein Fig. 11 coregonds to the late indarts of thetriple flame
stace (i.e.just before bath triple flamesmee); we do not acudly showthe conplete computational domain.
Asin the lean case [1] , for a large value of S, we obseve triple flames the wings of which are connected
here to lean andrich prenixedflames Fig. 11.eclealy exhibits the locaion of the diffusion flames The first
diffuson flame aaconpanies the triple flame, while the second one bums oxygen in exeess beween the
previous vapaized droplets. As a reallt, the lean premixed flame doesnat burn all the oxidant available
locdly, andis followed by a diffuson flame surounding the oxidant(andnat thefuel as in the lean cas), as
suggeded by Borghi. We are here at a late stage of droplet vapoization, it appers that a significant
premxture exists closeto the droplet (we recl that the diffusion codficiert is larger for the oxidantthanfor
thefud, i.e.aLewis nunberof 0.9for theoxidart and 1.8for the fuel). As a matter of fad, theflame arourd
the droplet is a (slow) rich premxed flame. This rich premixed flame doesnot burn all the fud, since a
significant amount of fuel is found at the right of the figure wher the flame extinguishes. In the sane
manne, the premixed flame doesnot burn all oxygen in Fig. 11.c,a feeble amount of oxygenis presert at
the right of the domain, and is slowly consumed thanks to the diffusion flame locaed at the right of the
domain.
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Figure 11: Simultaneous contour plots of fuel mass fraction (a), oxygen mass fraction (b), temperature (c), reaction

rate (d), [, negative part of indexed reaction rate (e) (s =12, ¢, =0.60, ¢, =1.25)

As in the case s =6 (the case presented in Fig.1), the case s=12 with a value of the vapour
equivalence ratio low enough, the flame propagates from one droplet to the other by re-ignition of the next
droplet, which Cekalin [4] called time relay combustion (see also the mode 3 in Ref.19). Note that this

mechanism leads to a faster propagation velocity than the premixed flame for very rich ¢, (say @, >1.65).
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4.2 Small lattice spacing

Figure 12: Simultaneous contour plots of fuel mass fraction (a), oxygen mass fraction (b), temperature (c), reaction
rate (d), /,, , the negative part of indexed reaction rate (e) (s =3, ¢, = 0.60, ¢, =1.25)

In principle, for a very small lattice spacing [i.e. s=0] , the flame propagation is supposed to retrieve the
homogenization regime as studied in [22] and [26-27]. Fig.12 presents the same plots as in Fig.11, fuel and
oxidant mass fractions, temperature, heat release, and the negative part of indexed reaction rate, for the

smallest value of s that we have studied (i.e. $ =3 in units of stoichiometric single-phase flame thickness).
In Fig.12, we observe that combustion does not yet occur in a completely pre-vaporized case. If one only
looks at both temperature and oxidant fields, it might be concluded that the flame appearance is that of a
premixed flame. By contrast, heat release field is rather strange, with a reaction zone thickness very large, of
the order of the flame thickness.

To better understand what happens, let us look at the fuel mass fraction. At the time step chosen here, we are
in the late stage of burning of one droplet, and the reaction proceeds around the droplet, reminiscent of the
triple flame in Fig.11. It seems actually (see the blue zone with almost no fuel mass fraction) that the
diffusion flame exists but is not separated from the rest of the reaction. This is obviously corroborated by Fig.
12.e. The overall reaction zone thickness here appears very large: it corresponds to both premixed and

23



B ~1 O U wDN

OO UGG UG OO BB BB DR R R WWRWWWWWWWWWNNNNNNNNNNNRFRFE R P PR R e
OB WNHFOW®O-TOHOO B WNRFROWOW-TOHOURBEWNR,OWW-TOUOEWNR OWW-TOUEWNREOWOW-TJO U R WN O W

diffusion flames. As a result, for s=3 there is no more complete separation between both types of flames, an
effect we have already observed in the lean case (see Fig. 8 of Ref. [1]).

5. Conclusion

In the paper, which follows a previous article on lean sprays, we numerically study the propagation of
spray-flames in a rich spray, which is initially schematized by a regular lattice of droplets. The paper focus is

the spray-flames characterized with a rich overall equivalence ratio (i.e. ¢, >1). The characteristics of the

spray-flames are expressed in units of the stoichiometric single-phase flame.

We aim at comparing our results with the characteristics of the classical single-phase premixed flame
that has the same overall equivalence ratio, the speed of which has been denoted by U, (goT). This
corresponds to the “all fuel flame™ that propagates (if any) in the mixture obtained when all fuel is vaporized

and mixed. Another single-phase premixed flame of reference is the flame which would exist if the saturated
(initial) vapour burns only. The latter single-phase flame is called “initial vapour flame”, and is characterized

by @, , the so-called gaseous equivalence ratio, and its velocity has been denoted by U, (%). It has been

argued in the literature (see Ref. [7]) that the relevant propagation velocity in spray is precisely the single-
phase flame speed U, (%)- The whole set of our results do not corroborate this claim: it presents rather

intricate data that strongly depend on the three parameters @, ¢, , and s, the lattice spacing. For the

studied situations (i.e. 0 < ¢, <1< @, <1.85), we can conduct the following discussion.

Here, the simplest case to interpret is the case Pe, >>1 (i.e. T prop L T, )¢ droplet vaporization does

r vap

not act on propagation. In other words, the liquid loading is maintained apart from the combustion that rules
propagation (a part of the liquid fuel possibly reacting with the remaining oxygen behind the leading front).
We here retrieve the situation described by Hayashi et al. [7], who claimed that the relevant propagation

velocity is U, (¢ ) , i.e. the propagation due to the saturated vapour, only. In our present study, this is the

situation met for @, = 0.8 and large droplet radius.

By contrast, if Pe, <O(l) (ie. 7, = 7., )» Propagation uses (or must use) some part of the liquid
loading. Thus, propagation results from the following mechanisms: vaporization is needed to increase a too

lean @, , which diminishes T prop (since U, increases); as soon as 7 <7, Vaporization ceases to

prop
contribute to propagation. Two subcases are then to be considered here: (a) if U, (¢, ) is of the same order as
U, lie. U,(@;)~O0() in our figures], spray-flame speed is a decreasing function of droplet radius, and

asymptotically reaches U, (¢;) for large droplets ; (b) if U, (¢, ) is small or moderate, there is an optimal
droplet radius for propagation, and, for radii larger than the optimal radius, the spray-flame speed presents a

minor dependence on ¢ . Subcase (b) includes the most striking situation: we have found propagation even

for U, (¢, =0)=U, (¢, =2.2)=0 [i.c. neither “initial vapour flame”, nor “all fuel fame” exist], the

24



O©CoOoO~NOoOUOR~WNE

OO0 OO DIMDEDRNOWWWWWWWWWNNNNNNNNNNRPRRERPRPERPRERRE
ORWNRPOOONOURARWNRPOOONOUPRARWNRPOOONOUORARWNRPRPOOONOUOPRAWNREPRPOOONOOUUIAAWDNEO

optimal radus being on the order of 0.4 timesthe stoichiometric flame thickness, andthe maximum spray-
flame gpeed béngfoundcloseto 0.45

As for the comparison with the experimental literature, it must be condicted in terms of the
fundanent laminarspray-flame peeal, be@aus our DNS caried ait a the £de of the diopletsis nat aleto
simulate large scae indabilities or spheical expansion ins@biities as those ocaurring in the Wilsm
chambers. As mentoned in Introducton, thoseingabiliti es are very sensitive to petturbatons a chang in
geametry, presue, can trigger thoseinstabilities andincrease the measuted propagation velodty. Thisisa
possble reaon for the conflicting results found in the experimentl literature. Whatever the scatering in
literature, our resaults corroborate an often observed fedure on spray-flames the rich flanmability of spray-
flamescan be eharced byalarge ectent, provided that droplet radus telongs o the gppropriate rancg.
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Appendix A

This aldendimis devotedto derve a nontdimensond form of the goveming equaions from the bais
congrvation laws, which read for erergy and pedes

o(pC.T _ _
% +div(VpC,T ) =div(AVT)+Q w(p,Y,,T) (A1)

L sdiv(TpY,) =div(pD, Y, )~ Mpw(p.Y,,T) (A2)

where w(p,Y,T)= (p)2 Y.Y,exp[-T, / T] (A.3)

is thereection rate, and T, the adivaton tenperature. Non-dimensoning is carried out with the use of the

chaaderigtics of a flame of refefrence which hasbeen chosen asthe stoichiometric singe-pha® prenmixed
flame. Namely, thes chaacteristics are: (a) the stoichiometric mass fradionsderoted by Y:M for speciesi [

i=F, 0 andp, for fud, oxygen and produds, respectively]; (b) the adakatic flame tenmperture T, ; (c) the
comesponding themal diffusivity in the bunt gasesD;, , =M (T, ) / (p,C, ); (d) thelamina velodty of the
stoichiometric flame U, .

Within the framework of a snge stepchamicd scheme, note thath* , the adabaic flame tenmpenature,

allows usto define Q*, thehed of reaction assciatedto expression (A.1) at soichiometry, asfollows

Q =G, (T, - T,)ve M, /(Y;), (A.4)
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As amatter of fad, the non-dimensoning we useresorts to the following theaeticd expression of the
laminar velocity, asderivedby Joulin andMitan’ [38] (seedso Garcia-Ybaraetd. [39]).
pb Ay )2 *
(U ) = [ veM_Y | exp(=T,/T,) A5
L Ze o pr (pb) FVIET Al lp (A.5)
Note that superscript “* ” denotes a quantity related to the stoichiometric composition, while subscript “u”

[resp. “b”] is associated with gaseous fredh [re9. burnt] mixture. As classically, D;h,b and U, , allow usto
definetwo sales for time and lengh, the so-cdled trarsit time and flame thickness, asfollows

T:?D = :h,b /(UZJZ I;D = :h,b /UZ (A.6.ab)
Henee, for these of simplifying the ndations, {t, X, V, p,D,.D,, F((p )} standherindter for
{t/T*RD , X/I;D ’ V/UZ , P/PZ ) Dth/D:h,b 'Di/D:h,b'Q/Q*} (A.7.af)

Furthemmore, enperture and speies mass fradions ae madedimensoness asfoll ows
0=(T —Tu)/(Tb* —Tu); v =Yi/Yifu (i=F forthealkanefud andi=O for oxygen) (A.8.ab)

We are nowable to write Equ. (A.1-3) in norrdimensonalform as

%ﬁ%——dzv(pahvehF(cpu) W(p,y,6) (A.9)
p
o, oo 1. =
a_tl + V'V\Vi = _dlv(pDiV\Vi) —MiW(P:\If,-;e] (A.10
P
ze*(p, : p ’ 0-1
where Wip,y,,0)=—1/— | exp| Ze————— A1l
(Pv,,0) ==, (pbj wpwo( bj P{ 1+v(9—1)} (A-1D)
with theredwed coefficierts t=vM,/(veM;) (A.12)
and he dassical pammeters, Ze:TA(Tb*—Tu)/(T;)2 and y = (T, -T,)/T, (A.13.ab)

It isworth noting that F (¢, ) , theredu@d hea of reaction, is a quartity tha is tuneable in fundion of

the local conpostion of the fresh mixture, which is charecterized by thefield F(¢,) [see section 2] . This
takes account of the heterogeneous compostion of the mixture. Accordingy with the present non
dimensoning, we have F(p, =1) =1.

Findly, we assune that al Lewis nunbers [Le =D,,/D,] are constnt (i.e. the rato of themal
diffudvity to moleaular diffusivity is supp®ed corstart for each species | ; they are taken equa to
Le. =1.8 for the fuel andLe, =0.9 for oxygen. The same hypothess is se on the Prandl number |

Pr= V/ D,, is uippoed mnstn{. Sothat we obtain thefoll owing system of goveming equaions, thatreads

% +V.VO = —dlv(thh VO)+F(@,) W(p,y,,0) (A.14)
oy, == 11, S
LAV, == div(pD, V)~ W (., 6) (A.15)

i

coupkd wih the Naver-Stokesequaions
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%, div(pV)=0 (A.16)
ot

a—V+W/'.V:Pr1div{po [W+($)T}}—E§P (A.17)
ot Yo P

where P standsfor presaure.

System (A.14-17) hasbeea solved nunericdly with a mixed numericd method that takesaccount of the
y-petiodicity, for which Fourier spedral methods is usel. As for the x-diredion, the numericd approach
reorts to finite differenes. A paticular treament for conputing presure has been implemenied [32] ard
coninuowsly improved [40], since the preent isokaric combusion is chaaderized by low Mach nunber
flows. As surfacetersionis nededed, the rumericd gpproach can condde a snde-fluid flow with very high
variationsof denstty, from the volumetric mass of a hot gasto that of aliquid fuel. In such a way, inertia of
the den® phas is easily accourted for. To corfine the liquid fud into the droplets, diffusvity is frozen at
low tenperature [1]. Typical disaetization is 3072 nodesin the (propagtion) x-diredion and 256 Fourier
modesin the (transwersg y-diredion. More predsdy, about15 nodesare at least present along a droplet
radius. To check the numerical predsion, this disaetization hasbeen douded no change in the obseved
feaureshas been ndiced.

The limitation of the numericd appoad is that no immediate cowpling with sound can be envisaged,
since amusic filtering is asodated to low Madh number flow modek, aswell ashighly conpresible flow
(or high spead combuston) cannot be conddered. Another limitation is related to the absnce of surface
tenson: if the lengh sale of the flow shars is smaller than the droplet size, freezng the diff usivity will be
insuficientto confinethe fuelingdethe doplets.

Appendix B

This addendum is devoted to answer a pradicd question: isit possble to change ¢, withou drasticaly

affeding the characteristic quantti es usedfor the nonrdimensond stage tha has been describedin Appendx
A? This pont is an important issue in terms of interpreting our reallts with regped to labortory
expeiment.

Our numrericd experiments hawe considered spray-flames which are determined by the sd of
parameters that chaacterizesthe initiad mixture: presure P, tenperature T, , chenicd conpostion (i.e. ¢,

and @, given) and droplet geonetry (i.e. S given). Evidenty, sud a spray-flame cannd geneadly exist

fromthe expeiment point of view,since P, T, and ¢, are notindgpendat. Thes quantitiesare linked by
the Chusus-Clapg/ron formula on siturated vapou.
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Furthemmore, asflame of reference in the nondimensond process we hawe used the stoichiometric
singe-phag flame defined by the se {P, T, ¢, =¢, =1}. Obviousl, the latter only exists if the pair

{P, Tu} belongsto a eertain domain, whichis celimited bythe condtions d saturated \apour.

Hene, indead of consdeing the spray-flame deermined by {(0(;' () S} for any {P, Tu} the
expeaimentlist hasto perform the expeimentfor {P, T, goG} sdisfying the conditions of saurated vapou.
For exanple, we caninvedigate two opposite cases (@) we fix Tu andcorsider P((DG), or (b) wefix P and
consder Tu((pc). Both strateges are studied below, for the range 0.1<¢, <1, discarding the limit case

¢, =0.

(a) we first consder that al spray-flameshave the sane initial tenmperature. Then, p, , the saturated vapour

presure of fud, is given Therefore, @, is expaimentally cortrolled by the amount of air addel to the
mixture that surourdsthedroplets. We heice oltain the pesue d theexpeimentas

P((pG) =Py +p,, (L+ VNZ/Voz) =P, [1+ (vVo, + VNZ)/(VF(DG )] (B.1)
Tofix theideg P reads for isooctne
P((DG) =Dk [1+ 60/(00] ~ 6Q)F/§0(; (B.2)

Expressions (B.1-2) recdl ustha -for heary alkanes- thetota presure is esertially deeminedby the
amount of air. If we consder the range of varation 0.1<¢, <1, expesion (B.2) indicates that tota
presure will vary by a fador 10. Althouch flame eal is known to vary mildly with pressure, this manne of
monitoring @, is nat sdisfactory, sinceflame thicknes variesas P. Therebre,usng P, acertain presaure

valueindegendent of ¢, instead of P((pc), introduesa huge error in assasng the lengh sale. We must

turn to another manne of controlling ¢, .

(b) we now question the role of T, (goG) , thefresh mixture temperature, which all ows the expaimentlists to

monitor the fuel saturated vapourpresure for a giventotal presaure (i.e. a given amountof air, esenialy).
In combustion, it is well-known that the most senstive quanity to temperature is the reection rate. More
predsdy, it is known asanexponeria function of the bumt gastenperature, which dependslinealy on T,

[asredledin Eq.(3)]. In otherwords, the issue conerns the error committed by the fact of using f‘u , Sone
congantvalue of the equilibrium terrperature, instead of T, (¢, ). To fix the ideas about the eff ects of suicha
modificaion in reaction rate, let us edimate the eror conmitted on the single-pha® flame speed U,f by the

fad to use Tu inseal of T, ((/)G) . Eq. (A.5) recalls that readion rate and flame speed squered are in dired
link.
Fromthe Claisius-Clapeyron formula, we réate T, and ¢, asfoll ows.
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L T
. {1— —u} =In(2e)=In(%) (B.3)
RT,| T, Dr D6

wher p,, L and R, arethesaturated \apourpresure d fuel, thelatenthed of fuel vapaization andthegas
congant respectively. Superscript “~” corresponds to the condition of saturated vapour for an intermediate

value of ¢, , sy ¢, =0.3. Now, from Eq. (A.4-5) and Eq. (B.3), we can derive the following relation
beween U, (T,(¢,))/U, (f‘u)and @, as

U (T,) ze| T, - T,(0s) | : -
L — oy ~ N, | / = / ®
U:(Tu) XD oF eXp{ RV n(¢e @G)} ((DG ¢G)
(B.4)
ZeRT, T
b

Note tha N,yis a number tha takes account of vapoizaion and reaction. For the isoo¢are flame under
stancard condtions, Ny is @ small as 0.03. In congquene, a ratio of ¢,/@, =3 is damped into
U, (T,(¢,)) /U, (f"u) =1.034 by expression (B.4). This coregpondsto arelative error on the order of 3%. In

othe words, interpreting our reaults asobfained with the same initial tenperature introdu@san eror on the
reaction rate largely within the eror bas of the expeliments, as well as within those of the numericd
methods.
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