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Abstract

A computational investigation of a turbulent methgawlspray flame in which a poly-dispersed droplet distritvuti

is achieved through the use of a pressure-swirl atomiseo falown as a simplex atomiser) is presented. A previ-
ously formulated stochastic approach towards the modgdifrthe breakup of droplets in the context of Large Eddy
Simulation (LES) is extended to simulate methaaiolflames arising from simplex atomisers. Such atomisess ar
frequently used to deliver fine droplet distributions inlbotdustrial and laboratory configurations where they often
operate under low-pressure drop conditions. The paperidesémprovements to the breakup model that are neces-
sary to correctly represent spray formation from simplexrasers operated under low-pressure drop conditions. The
revised breakup model, when used together with the existohastic models for droplet dispersion and evaporation,
is shown to yield simulated results for a non-reacting spinay agree well with the experimentally measured droplet
distribution, spray dynamics and size-velocity correatiThe sub-grid scalesg9 probability density functiongdf)
approach in conjunction with the Eulerian stochastic fiethod are employed to represent the unknown interaction
between turbulence and chemistry at the sub-filter levelenhcomprehensive kinetics model for methanol oxidation
with 18 chemical species and 84 elementary steps is useddoiaicfor the gas-phase reaction. A qualitative compar-
ison of the simulated OH images to those obtained from pliasar-induced fluorescence (PLIF) confirms that the
essential features of this turbulent spray flame are wetlurag using thedf approach. They include the location of
the leading-edge combustion (or liftfdeight) and the formation of a double reaction zone due tgtgdisperse
spray. In addition, the influence of the spray flame on thecsire of the reacting spray in respect of the mean droplet
diameters and spray velocities is reproduced to a good ¢d\acuracy.
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1. Introduction

In many practical devices ranging from gas turbine airceafjines, gasoline direct injection engines to liquid
propellant rocket motors, turbulent reactive flows wittuidjdroplets are often encountered. In order to enhance the
quality of droplet distributions, the delivery of liquid éis into combustion chambers is achieved through primary
and secondary atomisation. Disintegration of liquid fubiligamentsgrimary breakup can be achieved by various
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methods with its driving principles which vary dependingloatype of fuel delivery system3][ The most commonly
used form is a pressure drop within an atomiser which givest an increase in kinetic energy of the liquid that
then results in atomisation due to the growth of instabitifythe liquid jefsheet mainly caused by its interaction
with the surrounding gas. In general, pressure atomiserdeeclassified into three fiiérent types; jet, swirl and
jet-swirl atomisersZ]. In pressure-swirl atomisers of interest in this work,itghly, a hollow-conical, swirling liquid
sheet emerges from the nozzle and spreads outwards radiadiyfiquid sheet becomes unstable due to aerodynamic
forces acting on its surface and experiences fragmentetiodigaments and relatively large drops. They may then
experience another stage of fragmentation into even sndalgs; this process is referred tosecondary breakup
When disruptive aerodynamic forces are large enough, dstapsto deform and eventually break into a multitude
of small fragments. The manner in which drops undergo dedition and secondary breakup depending on the
magnitude of aerodynamic forces has been extensivelyestudi[3, 4]. The resulting droplets in the shape of a
hollow-cone spray then evaporate and create fuel vapouchmmixes with the surrounding gas and burns. The
general behaviour of the spray is, in parallel, influenceduh its interaction with a turbulent spray flame. This
whole process, from the breakup of droplets to the formatiom spray flame, occurs over a wide range of time and
length scales. It is thus necessary to employ an accuratdetaided modelling approach if the complex phenomena
associated with both phases are to be captured.

Despite ongoingféorts by various researchers, the physics involved in spmagdtion in pressure-swirl atomisers
is not fully understood and its modelling remaingidult. The majority of theoretical works on the primary brepk
of a liquid sheet relies on a concept of the aerodynamic geations growing on the liquid surface, leading to its
disintegration into ligaments and large drops. In additmthis aerodynamic instability theory, experimental werk
[5, 6] provide important insight into other mechanisms towaidsitl sheet disintegration. For example, fragments
torn of the liquid sheet quickly contracting into ligaments can le@erated due to the formation of perforations
on the sheet. Perforated-sheet disintegration is not welerstood, but impingement of small drops on the liquid
surface, turbulent motions inside the sheet, etc., mayd®enthin factors causing the onset of holes along the surface
of liquid sheets. This complexity has led to a general acoe, at least in modelling perspectives, that aerodynamic
instability mainly causes the liquid film to experience disgration. Following the pioneering work by Squi@ ¢n
the instability of a moving liquid film, many attempts haveebhenade to gain a better understanding of liquid sheet
disintegration. In the work of Dombrowski and Joh8§ p dispersion relation for the growth rate of long waveswit
infinitesimal amplitude was derived through consideratibthe efects of aerodynamic forces, surface tension and
liquid viscosity. The wavelength for the maximum growtheratas determined and assumed to cause the breakup of
liquid sheet into ligaments. Schmidt al. [9, 10] proposed a model for pressure-swirl atomisation whichnigvkn
as the Linearised Instability Sheet Atomisation (LISA) mbdFrom this linear stability analysis, the sheet breakup
length in addition to droplet size distributions can be detaed.

The design of spray injection systems leading to a redudtidhe final size of the atomised droplets and hence
an increase in the evaporation rate is vital if advanceserotlerall performance of particle-laden combusting flows
are to be achieved, with combustiofiieiency being improved and pollutant emission rates beingrotied. Con-
sequently, researchers have made considerable atteniptestigating the challenging issues involved in turbtilen
reacting flows laden with liquid droplets. Historicallyetlatomisation process has been represented by widely ac-
cepted breakup models such as the Taylor Analogy BreakuB)TAl] and the surface wave instability (WAVE)
model of Reitz L2]. The TAB model is based upon Taylor’s analogy to repredeatiscillation of mother droplets
as a spring-mass system whilst the WAVE model employs adigsedility analysis of liquid jets to determine the



growth of Kelvin-Helmholtz waves on the surface of the itgetliquid ‘blobs’. These breakup models have been
widely used in studies of droplet breakup as they can be lyeiagblemented into existing CFD codes.

In the context of Large Eddy Simulation (LES), determimistieakup models have not gained popularity as they
are applicable mainly in Reynolds Averaged Navier-Stolk&NS) approaches. To the authors’ knowledge, there
have been few previoudferts devoted to the investigation of liquid atomisationngsLES. Apteet al. [13] are
amongst the few who have introduced stochastic sub-gricetedal LES of an atomising spray. Their model is based
on Kolmogorov's discrete model which is rewritten in therfoof Fokker-Planck equation to determine the probability
of the size of daughter droplets. In the present work thehststic model for the spray atomisation formulated by
Jones and Lettieril[4] is adopted and further developed for the modelling of kibdioplets formed by pressure-swirl
atomisers. A Monte Carlo trajectory integration is usedetoresent the influence of gas-phase fluctuating motions
on the secondary breakup of droplets. The validity of thekue model of Jones and Lettieri has been demonstrated
by comparisons with the experimental results of Ratrkl. [15] and the measurement of Hiroyasu and Kada#.[
However, the application of the model has been mainly tom@tting sprays and there exist only few previous studies
in which stochastic breakup models have been applied toisétion in turbulent two-phase flamek?] 18].

LES has been successfully applied in many complex flows shreeeonceptual foundations laid in the pioneering
works of Smagorinskyl[9] and Lilly [20]. For turbulent combustion manyftirent LES models have been proposed
including, for example, artificially thickened flames (ATEonditional Moment Closure (CMC) and Flame Surface
Density (FSD). A comprehensive review of LES combustion eied¢an be found in the paper by Pits@i][ In
recent years, the probability density functignaf) method, which was originally developed in the context ofNf&\
has been extended to LES on the basis of a transport equédtioh describes the temporal evolution of the sub-grid
scale 6g9 pdf of scalar quantities?2]. The conventional method adopted to solve the modellet fwirthesgs-pdf
transport equation is that based on stochastic Lagrangidicles R3]. In this work, however, the Eulerian stochastic
field method P4, 25] which was extended to LES ir2f] is applied. The LESdf approach in connection with the
stochastic field formulation have provided good resultslirt@mbustion regimes including auto-ignition in a hot
co-flow [27], piloted flames with extinctiord8], stratified swirl burner29] and gas turbine combustion chamb&d][
to cite a few examples.

The Eulerian stochastic field method has already been aptolieirbulent two-phase combusting flows; limited
examples are swirl combustd], spark ignition in a gas turbine combust82] and auto-ignition in a vitiated co-
flow [33. In all these cases, however, the inlet droplet size thistibn and droplet velocities were determined by a
trial and error procedure, an approach which may involveyratditional simulations in order to match measured
profiles. This paper therefore attempts to formulate an@gyr for the breakup of liquid droplets and that avoids
(or minimises) the need to estimate droplet properties i8+Hf simulations of a turbulent two-phase reactive flow.
The stochastic breakup model in conjunction with the transgg sgspdf equation approach are applied to study
phenomena such as turbulence-chemistry interaction]etrdispersion and evaporation and liquid atomisation. The
measurements of McDonedt al. [34, 35 in a turbulent methanol spray flame arising from a presswigtatomiser
are used to confirm the predictive capabilities of the LESho@tlogy.

The turbulent spray flame under consideration in the pregerk has been the subject of a number of RANS based
computational studies. Both flamelet godf methods have been applied, Hollmann and Guti3&, Hollmann and
Gutheil [37], Ge and Gutheil 38, 39 and Geet al. [40]. For example, a joint mixture fraction-enthalpgdf was
introduced in B9 while an extended — e model B7] was employed to close the transportedf equations and
to provide mean values of the gas flow required for spray cdatjpms. Measurements of droplet properties at the



first cross section were used to specify the initial cond&im all these previous studies and the main cause of the
large diferences between the predicted results and experimengaidat attributed36] to an insuficient amount

of measurements being available. Spray computations ayesessitive to estimated droplet inlet characteristics
which means that a detailed set of measurements close tmjgwtion point is needed in the approach adopted
by these authors. The use of the droplet breakup model inribeept work is aimed at minimising the need for
detailed measurements in the vicinity of the injection pofdditionally, as far as the authors are aware, the present
investigation appears to represent a first LEBréto characterise the behaviour of the spray flame of isterging a
secondary breakup model. The LES results are then exandrgdvide a better visualisation of the time-dependent
interaction between the spray flame and liquid dropletddiyig a deeper insight into the stability mechanism of the
flame.

2. Details of mathematical modelling

2.1. LES governing equations with the presence of liquighslro

The fundamental aspect of LES is the use of a spatial filteepaate the resolved, large-scale energy-containing
motions from those with scales smaller than the size of thker fitidth. In order to achieve scale separation in the
required LES governing equations, a low-pass filter is &gptd the conservation equations of mass, momentum
and relevant scalars such as species mass fractions aradpgntonsequently, the large-scale energetic turbulent
motions can be explicitly solved for whereas the influenciefunresolved motions on the resolved turbulence must
be accounted for via appropriate sub-grid modelling. Ittlent reacting flows where large variations of the fluid
density are present, the most straightforward way of adiogifor these fluctuations is to apply a density-weighted (o
Favre-weighted) filtering41]. The density-weighted filtered governing equations ofldve Mach number, variable
density flow, with the influence of the dispersed phase iregiidan be written as:
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wherepyq is the density of the gaseous mixtutg,s the gas velocity in théth direction,p is the static pressurg,

is the dynamic viscosity of the fluid argi is the gravitational acceleratiolNs is the number of scalar quantitigs,
the number of chemical species plus one. The quantiﬁijeanar"fjgs, appearing in Eqg.2) are the viscous part of the
resolved stress tensor and the residual stress tensactigty. To close the latter, definedﬁS% (m - pglill j),

a dynamically calibrated version of the Smagorinsky mod#&|is adopted in the present work. For the filtered scalar
guantities, Eq. J), such as species mass fractiovis,and the specific enthalpy of the mixtutg,a Lewis number of
unity is assumed so thatis the Schmidt or Prandtl number with a value of 0.7 as apjpatgrin Eq. 8) the unknown
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sub-grid scale scalar flux is given tj]?(gf = (pg%u, pg¢a ) and the chemical source term, (¢ T) represents

the net rate of formation and consumption of the reactiveiggehrough chemical reaction. The accurate evaluation
of the reaction rates is the major challenge in the modellihturbulent reacting flows due to the presence of a
strong coupling between turbulence and chemistry; theenfte of sub-grid scale fluctuations on chemical reaction
cannot be ignored. The chemical reaction term cannot berdited using only the filtered mean quantities and thus
necessitates a suitable closure which will be explaineleridllowing subsection. EquatioB)(is not solved directly,

but rather the evolution of the scalar fields is describe@iims of the appropriatedf. The filter width,A, is taken to

be the cubic root of the volume of the local grid cell. Ladtihe phase exchange source terms of mass, momentum and
relevant scalarge m, anomi andm, respectively, are obtained from a summation of tifeats of everyp-th particle
instantaneously located in a specific filter voluragy. in = —A—13 z’:gl m

2.2. LES-PDF formulation: Eulerian stochastic field method

The generic transport equation for scalde€q. (3), contains the chemical source term which is highly noraine
and requires careful treatment. In the present work, al@dtdiescription of the unknown interaction between sub-
grid scale turbulent motions and chemical reaction is aglighrough the introduction of the one-time, one-point
joint sub-grid scalgdf. With the use of the filtering operation and the sifting pntyef the Dirac delta function, an
exact equation (see Gao and O'Bri@®]) governing the temporal evolution of the density-weighégspdf for the
Ns scalarsje mass fraction of thé\, chemical species and specific enthalpy of the gaseous raifftigr= N,, + 1),
can be written as:
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where¥ (y) is the fine-grainegdf and the termsy, andm, represent the rate per unit volume at which mass of the
speciesy and mass of the mixture, through the evaporation of liquapblts, are added to the continuous phase. All
the terms including the chemical reaction term on the lefideide of Eq. 4) appear in a closed form; this is the main
advantage of thedf approach for studying turbulent reacting flows as no furttesure method is required by the
inclusion of chemical reaction. In contrast, there are tvatlAknown unknown terms which appear on the right hand
side of Eq. §), representing thegstransport of the joinpdf (first term) and the unknown influence of the molecular
mixing at scales smaller than the size of the filter width ¢setcterm). These two processes require modelling as all
information below the sub-filter level is lost in the LES apach. In the present work, tisgstransport of thepdf is
accounted for by the Smagorinsky type gradient model:
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whereusgsis the sub-grid viscosity given by the dynamic Smagorinskylet andrsgsis the sub-grid Schmidt number
assigned a value of 0.2¢, 33]. In order to close the micro-mixing term, a simple modelknaas the Linear Mean
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Square Estimation (LMSEYP] or the interaction by exchange with the mean (IEMJ][is adopted. This approach
is formulated based on the fact that there is a reductiondtasfluctuations due to the molecular mixing. Applying
these two closure models to Ed)(the transport equation for the joisgspdf of scalar quantities can be expressed
in the following modelled form:
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where the micro-mixing time scategysis defined as— (1 exp RZ)) whereR is defined as the ratio of sub-grid

to molecular viscosity, an@y is the micro-mixing constant with a value of 2.89 45].

The closed form of thegspdf evolution equation, Eq.6), is solved using the Eulerian stochastic field method
based on an Ito interpretation of the stochastic integrale femporal evolution of the joirdgspdf is represented
by an ensemble dfl stochastic fields with each field involving ti scalars, namelgl(x,t) with 1 < n < N and
1 < @ < Ns. These fields evolve according to:
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wheredW" is an increment of the Wiener procesdfelient for each spatial directiorand each stochastic fiefd but
independent of the spatial location The Wiener process is representedisl’ = &' VAt, where¢! is a{-1,+1}
dichotomous random variable. The stochastic term has neeinée on the first momente filtered mean values) of
&, The solution of Eq. {) for each field satisfies the mass conservation and presér@é®undedness of the scalar
of interest because the gradient of the scalar tends to Zeeo approaching extrema.(. the species mass fraction
is always positive and sums to unity). The filtered mean \&bfeeach scalap, can be evaluated by the following
ensemble average over the stochastic fields:
N
o= § D ®

The liquid-phase contribution in Eq7)is evaluated via the spray equations, which will be desctib the following
subsections, on the basis of the filtered mean continuousepredues of species concentrations and enthalpy. The
role of the micro-mixing term is to drive instantaneous cleahcompositions or enthalpy of theth stochastic field
towards their ensemble-averaged value according to thesdliime scale. Theshl stochastic fields constitute a
set of stochastic realisations, which are statisticallyieent to the one-poirggspdf equation #6]. Each field is
smooth on the scale of the filter width and should not be catfugth any particular realisation of the real flow field.



2.3. PDF modelling of Lagrangian droplets

Following the work of Bini and Joneslf], the probabilistic representation of the dispersed plismseopted to
describe the physical state of a single droplet at titneerms of a set of macroscopic variables including its ei&yo
V, its diameteD and its temperatur®. In order to account for droplet breakup, additionally, dneplet numbeN is
introduced as a stochastic variable. The required filtevied pdf, denoted byi_’spr (v,d,8,n; x,t) where¥ = {v,d, 8,n}
is the corresponding phase space for the state vdetefV, D, ©, N}, evolves according to the following exact form
of the partial dfferential equation:

OPspr N d(aPsp) . A(DPspr) N T Pspr) N I(NPpr) 0
ot v ad 90 on

(9)

wherea is the conditional droplet acceleratiaf,is the conditional rate of change of droplet diameter thtoexap-
oration,7 is the conditional rate of change of droplet temperaturesedly heat transfer between the surrounding
gas and droplets an! is the conditional rate of change of droplet number througipkgt breakup process; these
guantities can be expressed in the general form as follows:

E (%@ = ‘I’) where ¥ = v, d, 8 andn (10)
WhereE(DT‘”tkltb = ‘I’) is the expectation O% conditioned upor® = ¥ anywhere within the filter volume. Since
these quantities are unknown, models are required in ooddose Eq. 9). In order to solve the modelled version of
Eqg. 9), it is replaced with an equivalent Ito systed®] of stochastic dferential equations describing the trajectories
of stochastic droplets in the phase spécel, 6, n}. The unclosed terms appearing in EQ) &re decomposed into
a deterministic part and a stochastic contribution. Themeiistic contribution to the Lagrangian rates of change
of the relevant variables is evaluated using only the fittar@&ues of the gas-phase properties at the droplet location
whereas the additional influence of the unresolved fluatnatbn the filtered Lagrangian rates of change requires a
modelling procedure.

2.3.1. Droplet dispersion: acceleration

The deterministic contribution to the particle accelenattonsists of only viscous drag and gravitational forces
taken from the Maxey and Riley formulatiod§] while a stochastic Markov model of Bini and Jon&®,[47] is
adopted to determine the unknowfiexts of the unresolved velocity fluctuations of the carrigwfon the dispersion
of droplets. The dispersion of theeth stochastic particle over a time intendtlis given by:

G-u k Oc
dup = — Pt + ,/coj—tgsdvvt + (1— %) gdt (11)

whereu, is the velocity of thep-th particle u'andpg are the filtered gas velocity and density interpolated apérécle
position,C, is a model constant assigned a value of urti), B3], ksgsis the unresolved kinetic energy of the gas-
phasedW; is the increment of the Wiener procegsis the liquid density and) is the gravitational acceleration. The
sub-grid time scale; which determines the rate of interaction between stoahpatticles and small-scale turbulence
in the gas-phase is given by:
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= —— (12)

2a-1
( )
ksés

7



where the parameter = 0.8 is used as specified id9] in order to reproduce the experimentally observed heavy
tailed pdfs and high levels of probability of extreme accelerationnése Thesgskinetic energy of the gas-phase
is calculated fromksgs = (2AS;;Si;)?/® whereS;; is the resolved strain rate tensor, an expression derived &n
equilibrium assumption. The particle response tirpés defined as:

. :ﬂ'ple 1
P 3p4Co [0 - up|

(13)

whereD,, is the diameter of thp-th particle andCp, is the particle drag cdicient which is determined from the draw
law of Yuen and ChenH1]:
24 Re/3 .
CD :{ ﬁa(1+ T) :0< Re< 1000 (14)

0.424 :Re> 1000

whereReis the Reynolds number based on the droplet diameter aneldase velocity of the droplet with respect
to the surrounding gas flow. In order to further consider ttileénce of droplet deformation on the drag €méent, a
simple correlation$2] is adopted in this work. In this dynamic drag model, tiffeetive drag coficient of deformed
drops is assumed to linearly vary between that of a sphera éatidisk.

2.3.2. Droplet evaporation

The evaporation model of Abramzon and Sirignab® pdopted in this work is an extended version of the infinite
conductivity model in which account is taken of such impotteffects as variable thermophysical properties, the
influence of Stefan flow on heat and mass transfer and noaryriewis number in the gas film. In their revised
model, the corrected heat transfer numBéris determined through the modified values of Nusselt andv&bet
numbersNu* andS H:

Cov SH 1
L= (1+By)’ -1 ¢=—2Y> 1
B = (L+Bu)’ -1 6= 2 (15)
N =24 N =2 (16)
T
SH =24 3022 (17)

Fm
whereC,, andC, 4 are the fuel vapour and gas specific heat capacities at comstssurele is the Lewis number
and the correction factork;r andFy, are given by:

a+ B’T)0-7
Fr=——=——In(1+B}) (18)
BT
1+B 0.7
Fu = & B By (19)
Bwm
in which By = ijﬁ‘”, whereYg s represents the mass fraction of the droplet vapour at ifaseiandYg,, refers

to the free stream vapour mass fraction away from the drapidace, is the Spalding transfer number. It should
be noted that the Ranz-Marshall correlations farand S h[54, 55 over-predict the mass and heat transfer rates
at low Reynolds numberfe < 10. Abramzon and Sirignan®3] pointed out that they may lead to the physically
incorrect super sensitivity of the transfer rates to thelsmabulent velocity fluctuations in the vicinity of zero
Reynolds number because dNU/dR@re0 = . Furthermore, Crocc®p] noted that this could result in erroneous
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simulations during a combustion instability analysis. Toléowing equations by Clifiet al. [57] can be used as an
alternative to the Ranz-Marshall correlations:

Nw = 1+ (1 + RePg)3f(Re (20)

Shy=1+(1+ReSg)Y*f(Re (21)

in which Prg andS g are the gas-phase Prandtl and Schmidt numberd @ is given by:

.077 .
f(Re):{Ré’ -1 < Re< 400 22)

1 ‘Re<1
The above expressions are valid up to Reynolds numbers ohA@Ghe typical range dRein the experimental
configuration of interest falls within the range. This evigimn model involves an iterative procedure for the deter-
mination ofB; which may result in an increase in the computational costrttzey be expensive for spray calculations
with very large numbers of droplets. However, as found byehp8, 53] and confirmed in the present work the
transfer number reaches a converged value typically withor three iterations. Chen and Peries8][conducted
many-droplet spray calculations with the rapid mixing matel the Abramzon-Sirignano model and concluded that
the latter model gave improved agreement with measurem@ith a knowledge of botfB; andSH, the rates of
change of temperatuiig, and massn, of the p-th droplet can now be obtained from the following expressio

—P-_ N (Tg=To) + [ =2 | =2 23
dt mMpBr (Cp,l )( o= Tl (Cp,l) Mp 23)
. dmy Sh (my
m”‘?‘_ssqj,(r_p)HM 24

whereC, is the specific heat capacity of the liquidly is the interpolated gas-phase temperature at the droplet
position,hyq is the latent heat of vaporisation akigh = In (1 + By) is the mass transfer potential.

Following the method proposed in the work of Bini and Jork}, [the influence of the missing sub-grid velocity
fluctuations on the temporal evolution of droplet mass igtakto account by decomposing the parameter governing
convection ie Sherwood number) into two parts: the resolved contribuBdff and the unresolved pagtiF9s The
rate of change of droplet mass after this decomposition eaxpressed in the following manner:

_ Mp t g9
dm, = 3S(\ng(sHj + S99 In (1 + By) dt (25)

where the deterministic Sherwood number is calculated hy(Ef while the stochastic contribution to EqRS) is

defined as:
5~ KsgDp
S99t = C,S ¢*| pg
Hg

1/2
) W2 (26)

whereC, is a model constant with a value of unity as applieds, 33]. A similar term to the Nusselt number could
be introduced, but was not considered herein because thengc ofS F95on the evaporation rate was found to be
small in comparison t& H'.

For any given evaporation model, the values of droplet viaption rate are found to be very sensitive to the



choice of thermophysical propertied]]. All the gas-phase properties with the subscrijgti6 Egs. (L5) - (26) relate

to the properties of a mixture comprising the liquid vapond @he surrounding gas. The most common approach
to evaluating the mixture properties is to use an interpmtalbetween the droplet surfacg, and the far-fieldeo,
weighted with a factor of /B, Hubbardet al. [61]. According to this simple rule, the reference states im&eof the
temperatureT.1) and mass fractionyt.) are defined as:

from which all the necessary properties of the mixture ateutated. The mixture density is evaluated assuming an
ideal gas mixture while the specific heat capacities andagpytare obtained from JANAF polynomial databaBg] |

The pure species gas transport properties are calculaedtfre method of Chunet al. [63, 64] for both viscosity
and thermal conductivity and the Chapman-Enskog kinegoity of gasesdy] for binary diffusion codicient. The
Wilke mixture rule is used for viscosityp] and difusion codficient [67] and the mixing rule of Wassiljewsp is
adopted for thermal conductivity.

2.4. Stochastic model for droplet breakup

In this work, an improved version of the stochastic breakwgueh of Jones and Lettierilff] is proposed to
characterise spray atomisation processes in relatioretogé of pressure-swirl atomisers that are operated unaler lo
pressure conditions. The modification of the previous fdation was necessary as its application in the present case
led to the production of an excessive nhumber of droplets. driggnal breakup model was introduced to represent
droplet formation in solid-cone liquid jets with high irdtivelocities typically of order 100 fa. In this situation
Weber numbers are much higher than is the case in the presekt Whe droplet breakup frequency given by the
original model was so high that a vast number of drops werdymred and thus no valuable results could be obtained.
To overcome this improvements are made in terms of the bpeia&quency, th@df of daughter droplet sizes and the
expected droplet life time. These are described in theviotig paragraphs.

The conditional Lagrangian rate of change of droplet nurtitmerugh droplet fragmentatioN, which appears in
Eq. ©) is represented in a statistical manner. A Monte-Carl@ttajry integration is adopted to compute tlkeets
of both the deterministic contribution and the modelledbedy fluctuations at the sub-filter level on the breakup of
droplets. Fragmentation of each droplet is described ascaaede Poisson process while a statistical model foptie
of daughter droplet diameters depending on the turbulemt@af the carrier flow is adopted to determine the size
of daughter drops upon each breakup event. As suggested wmatk of Lasherast al [69], the rate at which the
number density of droplets changes only due to their fragatiem into smaller ones can be expressed as:

N = fD B m(Dg) f (D, Do) w (€, Do) N (Do, t) dDg — w (e, D) n(D, 1) (28)

wherem(Dy) is the mean number of droplets resulting from the breakuprobther droplet of siz®,, f (D, Do) is

the size distribution of daughter droplets formed from tlagmentation of a mother droplet of si@g, w (€, Do) is the
frequency at which droplets of sii&, experience fragmentation angDy, t) is the probable number of droplets with
size in the rangeD aboutDg at timet. The physical interpretation of EqR) is the sum of the birth rate of droplets
of sizeD produced upon the breakage of droplets of sizes larger@amd the death rate of droplets of sR2alue to
their further disintegration into smaller drops. In ordesblve Eq. 28), it is necessary to provide appropriate models
that are responsible for the modelling of the breakup fraque (e, D), the pdf of daughter droplet sizes(D, Do)
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and the expected number of daughter drophe{®,). These fragmentation parameters are treated individaally
follows.

The present breakup model used to compute the total breedapencyw consists of a deterministic contribution
mainly due to disruptive aerodynamic forces imposed onlétsjpy the surrounding gas and a stochastic formulation
which is a function of both the dissipation rate of turbulkinietic energy and the diameter of mother drop@t

1 [ & \/,B (eD)?® — 120/ (pD)
w(e D) = - 027 + Kg D (29)

whereo is the surface tension of liquid agtlis an integration constant which is assigned a value of BR [The
simplex atomiser under investigation is operated at loveguee and therefore the deterministic component of the
breakup frequencye the first term on the right hand side of EQ9, is taken as an inverse function of the breakup
time [11] for droplets experiencing fragmentation at the Weber neim(/é close to its critical value of around
12. This Weber number corresponds to the transithdafrom vibrational to bag breakuB]. Typical values of
Wein the experimental configuration under consideration atendl to be in close proximity to the critical value.
Based on the experimental work of Martinez-Bagaral. [71] investigating the fragmentation of air bubbles in a
turbulent air flow, the stochastic contribution to the tdiedakup frequency contains the rate of dissipation of kinet
energy which necessitates a reliable knowledge of theblarién LES, it can be obtained from the following relation,
€e=2 (v + vsgs) Si;Sij. The empirical constanig, which is the only fitting parameter in the current stoclwasteakup
model, was originally determined to be 0.25 by consideriteglireakup of air bubbles immersed in a water jet. This
phenomenological model was further extended to studydidjguid systems by Eastwoast al. [72]. Lasheras and
others [3, 74] also adopted the model to characterise the far-field bygaka liquid jet by a high-speed annular gas
jet. In their investigations, the critical distanéethe distance downstream from the nozzle where a local eguith

is reached and the turbulent breakup no longer occurs, wasured over a wide range of gas velocities and liquid
mass loadings. The measured location of the droplet breagujibrium point was found to agree well with the
droplet breakup time proposed iil]. These previous works provide some justification for itplagation to the
breakup of liquid droplets in an air jet. After initial parairic studies in the present investigation, the model @orist
was assigned a value of 0.10 which was found to result in ggogkeanent with measurements in the vicinity of the
injector.

Martinez-Bazaret al. [75] also proposed a statistical model to determine the prdibatensity function of the
size of daughter particles resulting from the breakup of ghergparticle. The model assumes a mechanism of binary
droplet breakup leading to daughter droplet diametBisand D, = Dg [1 - (Dl/Do)3]l/3, when a mother droplet
with its size ofDg breaks. However, Martinez-Bazanal. [76] reviewed the model for the daughter sizéf and
suggested the following corrected version, which satisfiessolume-conserving condition:

f*(D") =
D2 [D*Z/g B A5/3] [(1 B D*3)2/9 ~ A5/3] (30)
fDDﬁax D*2 [D*2/3 _ A5/3] [(1 _ D*3)2/9 _ AS/B] dD*

min

whereD* = D;1/Dg andA = D¢/Do. The critical diamete., = [120/ (80)]*'° €72/5, simply represents the diameter
of the largest droplet which will not undergo any fragmeiotaunder the turbulent action of the flow. The inverse
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transform sampling method is adopted to generate randopledrdiameters from thpdf given by Eq. 80).

The Lagrangian treatment of EgQ)(governing droplet fragmentation should be made in such @nerathat its
computational ffect remains fiordable in the context of LES. In a trajectory point of viewudhter droplets gener-
ated upon breakup events should, in principle, follow tbein new, independent trajectories in the phase space; this
requires that fragmentation needs to be considered as egouns$ process. Since this approach would be computa-
tionally prohibitive, a discrete Poisson release proc&dki§ used in order for the breakup process to be modelled
at discrete time instants evolving along with the globalistep of the gas-phase. The global number of stochastic
droplets of sizeD experiencing fragmentation within the discrete time inéfto, t] is therefore represented by the
following integration:

t
Nooen(0) = [ (e, D) Nt (D) (31)

whereN; (D) is the number of droplets of size D at the instart mother droplet with its initial age of zero is assumed
to undergo disintegration into smaller fragments if itsrelateristic diameteb is greater than the critical diameter
D. and its accumulated adg is larger than its expected lifetimgea = 1/w. A Poisson distribution with its mean
equivalent to the computed fragmentation frequency of emchlet is used to select random deviates in the droplet
lifetime.

Upon each breakup event, two daughter droplets with the@ssdetermined by Eq.3(Q) and their physical
properties identical to their mother droplet are formed tuedparent drop is destroyed. These newly formed droplets,
which conserve mass, may subsequently experience antdiger & fragmentation into smaller ones. This breakup
process is cascading in nature and will persist until thel filsaghter droplets become stable D < D¢). The
probable change in the total number of stochastic drople¢std the breakup of droplets of diamet@s > D or
the expected number of daughter droplets resulting fronbtbekup of dropleten(Dy) is simply the sum of newly
formed droplets at each time instant.

3. Numerical setup

3.1. Experimental configuration

The experimental burner investigated here is a turbuletham®fair spray flame designed at the University of
California, Irvine Combustion Laborator4, 35]. A type of pressure-swirl atomisers, Research Simplexniser
(RSA), manufactured by Parker Hannifin is used to delivel@e&imethanol spray into an air passage. A schematic
representation of the experimental apparatus togetharanitetailed description of the simplex atomiser are shown
in Fig. 1. There are three fferent operating modes through the air passage such as sifmgl@tomising air),
non-swirling air-assist and swirling air-assist; detaileformation on the operating conditions can be found7in.[
The second mode under consideration is a good candidatedgrresent study of stochastic breakup model since
measurements are available for the following three cases:

(i) isothermal case without sprayhere the choice of the computational setup can easily lessad.

(i) non-reacting spray casehich does not possess the strong interaction betweenedsogrhd the flame meaning
that a more complete validation can be made only in termseppthsent breakup model.

(iii) reacting spray caswhere the fects of the flame on the behaviour of droplets can be analysdtha applica-
bility of the Eulerian stochastic field method can be confurfa this particular spray flame.
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Figure 1: A simple diagram of the experimental configuratioder investigation (left) and a detailed representatichesimplex injector tip and
the air passage within the injection assembly (right). $de@ote that drawing is not to scale.

The simplex injector tip which is mounted centrally withiretair passage produces a hollow-cone annular sheet
with a nominal full spray angle of 85The methanol fuel is delivered at a mass flow rate of 1/2@&grresponding to
a pressure drop of 420 kPa while the atomising air throughathpassage is injected at a mass flow rate of 1/32 g
(3.48 and 3.73 kPa pressure drop for conditions in the alesamd presence of spray respectively). The fuel injector
assembly comprising a flat end and an exit of 4.9 mm in dian{Bter4.9 mm) is placed at the centre of a 49495
mm square duct. Methanol and air are injected at room terpesaranged between 18 and 22 This operating
condition corresponds to a Reynolds number of 20,000 basedeodiameter of the injection assembly exit D and
a bulk velocity of 62.5 s through the atomiser opening. Additional air which sundsithe injection assembly is
introduced through the top of the duct by a blower and has arege velocity of 1.0 fis. A lifted flame with its
base situated between 50 and 60 mm away from the atomiseaaresds and the flame blows$f@t higher Reynolds
numbers starting from 22,640.

The gas velocity statistics both without and with liquidapwere measured with Phase Doppler-Interferometry
(PDI) by the use of 2Zm alumina power in order to seed the carrier flow. The PDI systas also applied to measure
other quantities including liquid volume flux, droplet semed droplet velocity as a function of size classes. In aoldljti
infrared extinctioyscattering (IRES) was utilised to obtain measurementhifofitel vapour concentration. Statistical
comparisons of the numerical results over experimentaldete will be made at the following axial locations: 25,
50, 75, 100 and 150 mm from the exit of the injector assemblgasnotherwise stated.
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3.2. Computational domain

The computational domain, which is represented in Bjgonsists of a main inlet for the non-swirling atomising
air, a nozzle assembly into which the liquid fuel is delivkra co-flow inlet, a combustion chamber and an outlet
plane. The domain extends 30D and 100D in the radial and didattions respectively and is discretised using
a fully-structured, multi-block mesh with a total numberlo#t million cells and 162 blocks. The grid resolution
comprising 10 computational cells across the main inletetegmined in order for the fluctuating motion of the
incoming turbulent flow to be adequately generated. As pteskin Fig.3, a local refinement is made in areas where
methanol droplets undergo fragmentation, mixing of fuglo@ with air occurs and jet expansion takes place. The
smallest mesh spacing in these regions is around 0.1 mm wibect ratio close to unity. The mesh stretching factor
is maintained below 10% throughout the entire domain andbtfgest cell, located in proximity to the exit plane, has
a size of approximately 6 mm.

o

__Hﬁll/@%

@ 50.8 mm

2 300 mm

500 mm
©)

Figure 2: A schematic diagram of the computational domath Wwoundary conditions highlighted and a sketch of the faioneof the liquid film
at the final orifice of the simplex injector (not to scale). Hoaindary conditions applied in the spray computations sifelbows: @ = atomising
air inlet, @ = co-flow inIet,@ = liquid injection,@ = no-slip Walls,@ = free slip conditions an@ = zero-gradient outlet.

3.3. Inlefboundary conditions

A statistical method, originally developed by Kleghal. [78], based on the use of digital filters is adopted in order
to represent the structure of a spatially and temporallgindgeneous turbulent flow through the atomising air inlet
(refer to(2) in Fig. 2). The axial velocity component of the air through the co-flolet is taken from the measured
profiles & 1.0 nmy's) at the axial location of 0 mnie the reference plane collocated with the exit of the nozAeably.
No-slip wall conditions imposed on the surface of the irgeetssembly are assumed to be adiabatic as no significant
heat loss is expected because of the spray flame being agiplseliited. Free slip conditions are applied along the
outer plane of the computational domain located at 150 mrny dween the centreline of the domain. In addition,
a zero-gradient outflow boundary condition is applied ateki¢ plane of the domain. The initial gas temperature
and pressure are set to 295.15 K and 1 atm throughout the ¢atigmal domain while the initial composition of the
gas-phase is that of air.

The boundary conditions for the liquid injection are dédsed in the following. The liquid sheet formation sug-
gested in the LISA modellfJ] is adopted in the present work in order to estimate theahhftim thickness and its
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Figure 3: 2-D images of representing grid resolution (ah@icinity of the injector assembly and (b) across the jét ex

total velocity at the exit of the fuel injector. Each drogbeting fed into the computational domain is then assigned an
initial diameter Do) of around 81um and a total velocity\exir) Of 22.8 nys; no droplet size distribution laws such as
a Rosin-Rammler distribution are therefore required. Nlo&t the length of the primary breakup which can also be
defined by the LISA model is not considered in the present wedause the breakup length was found to be around
23 mm, meaning that the dispersion of the smallest dropsrttsthe centreline at the first measurement locatien (
25 mm from the nozzle exit) could not be captured. In an armmalegnanner to other work& ], 13], the stochastic
breakup model is applied as a sole closure to representadmiptributions at axial locations where the breakup pro-
cess is complete. Conserving the measured mass flow ratpuaf,lindividual droplets representing the formation of
the liquid sheet are injected randomly at 1000 circumféaéltcations. This injection plane is situated at an axial
position corresponding to the actual location of the fingddtor orifice (Fig. 2). The axial velocity component is
assumed to be constant whereas the tangential velocitgpmstge for the swirling motion inside simplex nozzles
is set to vary depending on spray (or injection) anglgsg)(at which each droplet is injected. The measurements
of Marchioneet al. [79] suggest that the nominal spray angle is not necessarilgléquhe measured spray angle
and unsteadiness caused by turbulence inside the swirll@vamay be the main reason for the oscillating behaviour
of the spray angle. The histogram of the spray angles medsheeein reveals the highest probability around the
average value of the cone angle; the spray angles are fowadytdetween 65and 114 using a simplex nozzle with

its nominal spray angle of 80The probability then reduces towards the lowest and lakgdses of the spray angle.
There exist no empirical findings to estimate the range obwllating spray angles in relation to the geometrical
features of pressure-swirl nozzles. In the current work,standard normal distributioig N(O, 1), is therefore used

to mimic the most likely event around the estimated injectimgle of 64 as well as the gradual decreasepitdf
towards the minimum and maximum injection angles. Figupgesents variations of the injection angles collected
over 10,000 drops along with the number of counts againgtthge of the injection angles used {406;,; < 90°).

3.4. Numerical implementation
All the computational results, which will be presented aistdssed in Sectiort, are obtained with the in-house
CFD code (BOFFIN-LES). The code is based on a block-stradtyrarallel, pressure-based flow solver with a low-
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Figure 4: (a) variations of injection angle and (b) numbecaints versus injection angle.

Mach number, variable density approximation. A Crank-Misbn method is adopted for time integration while the
convective terms in the momentum equation are approxinmmgtedcentral energy-conserving discretisation scheme.
All other spatial derivatives with the exception of the ceative terms in the scalar equations are discretised with
standard second-order centrafdiences. A Total Variation Diminishing (TVD) scheme is usadhe scalars in order

to avoid unphysical overshoots and second law violatiohge. Hulerian stochastic field equations are discretisedjusin
the Euler-Maruyama approximatioB(], which represents an extension of the standard Euler mddtiroordinary
differential equations to stochastidfdrential equations. A fractional step method in conjunctioth a Newton
method are adopted to integrate théfsthemical rate equations appearing in the stochastic fialéteans. The
performance of this integration constitutes a large foactif the computational load and to avoid performance loss,
the integration work is parallelised further using MPI nmaggs passing routines. The stochastic spray equations are
solved using a semi-implicit approximation of the form damto the Euler-Maruyama method. Chemical reaction of
methanol-air is described using the reduced, but compealekinetics mechanism 08[] comprising 18 chemical
species and 84 reversible elementary steps. This reactmhanism includes important intermediate species such
asCH,0O andCHjs. During the oxidation of oxygenated hydrocarbon speciesekample CH,O plays a major
role as almost all of the carbon atoms in methanol are oxddiseough a path includin@H,O [82]. The unknown
interaction of sub-grid scale turbulence and chemistryeiscdbed by the transportaedspdf approach with the use

of 8 stochastic fields. This number of stochastic field samgglihas previously been applied to the investigation of
turbulent spray flameglp, 83] and found capable of providing results with a good degrescofiracy.

4, Resultsand discussion

In this section, a comparison of model predictions with measents is made and discussed in detail in order to
confirm the validity of the Eulerian stochastic field methadtonjunction with the stochastic breakup formulation.
All the numerical simulations are conducted with a time siépround 0.4Qus, ensuring a maximum CFL number
of below 0.30. In order to assess the choice of the numerétapsincluding the quality of the numerical grid and
the inlefboundary conditions applied to the computational domaimstatistical results obtained from the isothermal
case in absence of droplets are first compared in terms tleeaimraged mean and fluctuating velocity components
of the gas-phase. The computational results obtained ubmgtochastic breakup model are then presented and
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compared in many aspects of the non-reacting spray; itdqineglcapabilities are, as a consequence, investigated.
A qualitative description regarding the structure of thactang spray that undergoes fragmentation and leads to the
formation of the spray flame is given. In the last part, theuigriice of the flame on the global behaviour of the spray
is studied.

4.1. Isothermal case without droplets

A flow-through time of 0.008 seconds corresponding to 20,6@®putational time steps is defined based on
the bulk velocity at the nozzle exit and the length of the floowndin, ie 62.5 mis and 0.5 m, respectively. The
isothermal simulation was initially run for 10 flow-througimes in order to flush initial disturbances caused by
the initial conditions out of the domain. All the statisfigasults for the isothermal case without droplets were
accumulated over a further 30 flow-through times in orderctieve an adequate level of convergence.

4.1.1. Validation of the numerical setup

Radial profiles of the simulated mean and fluctuating axiahggocities are compared with measurements in Figs.
5 and6, respectively. The spreading rate of the air jet, the pellevaf the mean axial velocity component along the
centreline and the level of turbulence are reproduced #halneasurement locations with a high degree of accuracy.
The isothermal case without the presence of droplets dis@laypical behaviour of a free jet with a maximum value
of u{, occurring at a radial distance close to that associated aviteak in the radial gradient of the axial velocity,
dUy/dR This region is known as the shear layer which becomes lesopnced along the axial distance as the air
jet decays due to the entrainment of air from the surroundtjow.
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Figure 5: Radial profiles of the mean axial velocities of ths-phase.

Figuresr and8 show a comparison of the time-averaged mearrarsdjuantities of the radial velocity component.
Radial profiles ofug, exhibit trends almost identical to those observedupiin terms of both the appearance and
magnitude. Overall, the predicted statistical quantiiesagain in excellent agreement with the experimentaltsesu
apart from a slight under-prediction along the last two meament locationde Y = 100 mm to Y= 150 mm. The
difference might be attributed to the grid resolution appliethig region being coarser than that applied upstream.
However, no &ort is made to improve the quality of the grid along the secoad of the computational domain as
it is likely to lead to a considerable increase in the comigonal cost. In addition, the ratio of the axial to radial
velocity component is so large that no apparent change®igeheral pattern of the flow field are expected upon the
improvement in the size of the mesh.
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Figure 6: Radial profiles of the fluctuating axial velocitiefthe gas-phase.
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Figure 7: Radial profiles of the mean radial velocities ofghs-phase.
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Figure 8: Radial profiles of the fluctuating radial velogtief the gas-phase.
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The application of the synthetic turbulence generator atafomising air inlet together with the quality of the
computational domain are demonstrated by the excelleeeagent achieved between the simulated results and the
measurements of the time-averaged gas velocity statistics

4.2. Non-reacting spray case

The applicability of the stochastic formulation for dropteeakup is tested and validated here against measure-
ments under non-reacting conditions. The non-reactingyst@st case was initialised with the flow field taken from
the isothermal solution corresponding to 0.027 second3flow-through times) in order to avoid the impact of initial
disturbances on the formation of the non-reacting sprag adtumulation of statistics was initiated after another 20
flow-through times were performed in order to ensure thahtrereacting spray reaches a fully-developed state well
beyond the last measurement location. All the numericalli@svhich are subject to comparison with the measured
profiles were then achieved after the non-reacting sprag/was further simulated for 8 flow-through times.

4.2.1. General structure of the non-reacting spray

In order to deliver a general impression on the structuréefton-reacting spray, a contour plot of the instanta-
neous flow field together with a corresponding snapshot gfldtootions is shown in FigR; a detailed representation
of droplet fragmentation occurring in proximity to the nézexit is also presented. Initially, droplets having a fixed
diameter of around 8im equivalent to the calculated liquid sheet thickness drediuced at a range of spray angles
varying between 40and 90. The droplets being injected into the computational donuaidergo breakup and then
produce daughter droplets with a wide spectrum of sizegm@ted by Eg. 80). Depending on the size of a newly
formed drop, further disintegration into even smaller dropcurs as a cascading process. Generally speaking, small
droplets possessing relatively large velocity fluctuatitend to be quickly convected in towards the centreline due t
the entrainment of the co-flow into the air jet imposing anangVy radial force onto the spray. These small drops
with a short relaxation time are highly responsive to theadyits of the gaseous flow and thus accelerate quickly to
the velocity of the gas. Those with larger diametéeddrger inertia), on the other hand, are more likely to follow
their initial trajectory for a greater distance. As a restétatively slow, large drops confined along the edge of the
spray (or spray boundary) are observed to surround a cexatralof small droplets with a higher loading. Many of
the large drops are found at radial locations far from themgi¥ayer of the air jet.

4.2.2. Statistical comparison: Droplet diameters

A quantitative comparison of model predictions with measwuents of droplet mean diameters is first presented
and discussed. The measured and simulated droplet meaetdiafie the arithmetic mean diametdd{p) and the
Sauter mean diameteD§,), are compared in Figsl0 and11, respectively. At all the measurement locations, the
predicted mean diameters are found to be in good agreemitrnthwose measured experimentally in terms of spreading
and magnitude. The predicted and measured profiles bothieahiypical characteristic of those resulting from the
application of a hollow-cone simplex atomisér,a minimum value along the centreline and a maximum value at
a certain radial location. This distinct feature occurs tlua partition of droplets depending on their resistance to
momentum transfer from the gaseous flow. The increase of #xémum mean diameters along the furthermost radial
positions, observed in both the LES simulation and the éwpan, is caused by droplet dispersion; the convection of
small droplets with less inertia towards the centrelinetiores in the streamwise direction and a higher population
of large drops thus appears along the spray boundary. Aagterieasurement location &'150 mm), the gradient
at which bothD;9 and D3, increase in the radial direction is computed to be steep#rarspray calculation. This
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over-prediction is caused by the radial velocity of the graing underestimated between the last two measurement
locations. The outwards radial spreading of droplets, aanaequence, is less pronounced in the LES computation.
More discussion on this will be made in the following subastt
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Figure 10: Radial profiles of the arithmetic mean diamear).
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4.2.3. Statistical comparison: Droplet velocity behaviou

The dynamics of the non-reacting spray are now discussed.sifhulated mean and fluctuating axial velocity
statistics, which are collected by considering all dropleé classes, are first compared with the experimentaltsesul
as shown in Figs12 and13, respectively. An excellent reproduction of the time-aggyd mean spray velocities is
achieved at all the axial locations while timasfluctuations of the axial velocity component of the spraygaeerally
in good agreement with the measured profiles, with the eiaepf the outer half of the profiles at axial distances
beyond Y= 75 mm where the simulated values are too low. The cause df thesvalues can be explained as follows.
A fraction of droplets with small sizes, which were expentadly observed to travel along the spray boundary, are
found to be fully convected in towards the centreline in tESLsimulation. As a consequence, they do not contribute
to the fluctuations in the outer part of the spray, leadindpéolow simulated values away from the centreline.

The computed mean radial spray velocities, as presenteg.id4 agree reasonably well with measurements until
the last measurement location by which the simulated ragialy velocities decayffectively to zero. This could be
a consequence of the simulated radial velocity componetiieofjaseous flow which is also found to be lower in
comparison to that measured (recall the discussion madedrs.1). The simulated radial component of the spray
velocities being too low is also responsible for the disjpersf a smaller number of droplets away from the centreline
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Figure 13: Radial profiles of the fluctuating axial velogtfer all droplet size classes.

than that observed experimentally. In other words, the atdly radial spreading of the spray is less pronounced. As
a consequence, the simulated mean droplet diameters angtowhereas themsfluctuations of both the axial and
radial spray velocities in the vicinity of the spray boundare too low. As anticipated, the magnitude of the radial
component of the fluctuating spray velocities is found todss lthan that measured across the two most downstream
measurement locations. Apart from this discrepancy, tinellsited results are generally in reasonable agreement with
the experimental results.
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Figure 14: Radial profiles of the mean radial velocities fbdeoplet size classes.
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Figure 15: Radial profiles of the fluctuating radial velagstifor all droplet size classes.

4.2.4. Statistical comparison: correlation between sind @elocity

The axial component of the mean droplet velocities, as atimmof three dfferent size classes (B 11-20um,
D = 31-40um and D= 51-60um), is analysed in order to investigate if there exists a @mutelationship between
droplet size and velocity. In Figl6, the simulated mean droplet velocities conditioned dfedént droplet sizes
are compared with measurements - the gas-phase velodististaare also presented for the purpose of comparison.
Close to the fuel injector and in the regioncYs0 mm, a strong correlation between droplet size and vglpcévails;
larger droplets, which can maintain their initial momentiama longer period, exhibit a significant slip velocity with
respect to the gaseous flow whilst those within the smallestcdass are more likely to follow the dynamics of the
gas-phase. In general, this size-velocity correlationedl veproduced. Along the edge of the spray, however, the
presence of the smallest droplets is not captured in the luE8lation. The following could, in part, provide an
explanation for this disagreement. In the experiment, siggoof small droplets ‘torn fi’ the outer edge of the liquid
film travel at a location away from the centreline. This pheaon cannot be reproduced in the spray computation
with discrete droplets as all the smallest drops are quicklyvected towards the centreline. In the vicinity of the
spray centreline, both the measured and simulated axigblgase velocities are found to exceed all the conditional
droplet velocities, indicating that momentum is mainlynsgerred from the spray to decelerate the gaseous flow. The
deceleration of the gas-phase owing to the presence of tiieaazting spray at the centreline is well captured, as is
evidenced by the accurate reproduction of the maximum itee@t axial locations ¥% 75 mm. Beyond Y= 75 mm,
on the other hand, the strong correlation of droplet siza wélocity is no longer apparent because of a relatively long
time for droplets to reach this axial distance. A long-expe®f large droplets to the gas-phase results in a relaxatio
of the relative velocity to #ectively zero, implying that momentum transfer is mininratie downstream part of the

spray.

4.2.5. Local droplet dynamics

The detailed comparison of the simulated results with messents has been presented and discussed in terms
of the time-averaged behaviour of the spray thus far. Howévie also important to correctly reproduce the instan-
taneous structure of the spray. A further assessment ofrtdigive capabilities of the present breakup model is
therefore made by examining a local, time-resolved catbecdf the droplet dynamics at two radial locatioiesR
= 0 and 24 mm, at Y= 75 mm. At the centreline, as presented in Fig, the range of droplet sizes collected in
the LES simulation is found to fall well within that measumperimentally. The clustering of droplets, associated
with either atomisation or the aerodynamics of the fl@®4]]is both computationally and experimentally established
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Figure 16: Radial profiles of the mean axial velocities fdfatent droplet size classes and for gas.

(Fig. 17b). The visible evidence of the clustering, possibly in e to the flow pattern of the gaseous flow, can be
observed in Fig9. The computational investigation of Squires and Ea&%h &lso suggests that the clustering might
be attributable directly to the aerodynamics of the surdimflow field. As can be seen in Fi§8, droplet arrival at

the edge of the spray (R 24 mm) is, to some extent, more consistent than it is at theelare. However, the local
voids where no droplets are present as well as the clustefidgpplets are detected, in both the experiment and the
spray computation, to repeat in a random fashion througiheugntire period of the time series collection. This kind
of droplet arrival is not desirable since local fluctuatiofistoichiometry &ecting either the stability of the flame or
the rate of pollutant formation can aris®].

100 T
90 [ (a) 5-ms window

D [um]

Time [msec]

(b) 1-ms window

D [um]

Time [msec]

Figure 17: Time series collection of drop sizes at ¥5 mm and R= 0 mm: (a) 5-ms window and (b) 1-ms window. Red solid and dasihed
indicate the arithmetic mean diameter and the range of diapeters obtained in the experiment while blue solid lineresents the predicted
mean diameter over the collected drops.

4.3. Reacting spray case

Having achieved an accurate representation of the genelaliour of the non-reacting spray with the use of the
stochastic breakup model, the reacting spray case is nosidered. The spray flame calculation was initiated with a
non-reacting solution obtained after 0.018 seconds (orm2tfwough times). In order to establish the stable anclgorin
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Figure 18: Time series collection of drop sizes at Y5 mm and R= 24 mm: 40-ms window. Lines indicate the same variables agginlF.

of a lifted flame, the reacting spray case was further siredlfdr around 12 flow-through times. The statistical results
which are to be compared against the experimental resiétg, @btained after another 3 flow-through times to achieve
a reasonable level of convergence in the quantities ofaster

4.3.1. General spray flame structure

Prior to presenting a statistical comparison between timeemical and experimental results, the general structure
of the methanghir spray flame is first examined in depth. In the experimetypa R thermocouple was employed
to obtain gas temperature measurements in regions awaytfi@neacting spray. It is unfortunate, however, that the
temperature measurements were reported to have large @rrtire region close to the high-velocity atomising air
jet and droplets34]; the experimental results are therefore only qualitatiéthough no direct comparison of the
computed gas temperature field with measurements is madisimork, the simulated results are presented as an
aid to the interpretation of the formation of a distinctivanfle structure that develops in association with the use of
pressure-swirl nozzles.

A contour plot of the instantaneous gas temperature field avitorresponding snapshot of the reacting spray is
presented in Figl9. The reproduction of the structure of this methanol sprapdlaising thepdf approach is found
to be, at least qualitatively, in good agreement with thateobed experimentally in terms of the following features.
The structure of the reacting spray in regions near the aiagnozzle exit remains almost identical to the behaviour
of the non-reacting spray; the formation of a central cornwmall droplets in proximity to the spray centreline
and the surrounding of the core by relatively large dropietgelling along the spray boundary. It can therefore be
argued that spray atomisation process in this particulamdsus not influenced by the presence of the spray flame
because this zone corresponds to a region where the bre&kgpio fuel primarily occurs without an apparent sign
of combustion and is complete prior to the onset of burningrtiter downstream, starting from an axial location of
roughly 50-60 mm, the reacting spray begins to develop aifealistinct from that in the non-reacting spray. A local
void of large droplets away from the centreline can be olekrwhich was believed to coincide with the location of
the reaction zone3¢]. The central core travels relatively far downstream, bettdmes fully evaporated at an axial
distance corresponding to a region where the reaction zaspénetrated to the centreline.

4.3.2. Examination of turbulent spray flame structure

The morphology of the reaction zone numerically observetthénspray flame of interest is further investigated
and qualitatively compared to other experimental woB& 87, 88] where lifted turbulent spray flames were studied
using pressure-swirl atomisers. Lifted gaseous flamedaleaesingle reaction zone, the structure of which may be
explained by triple flame arguments - a detailed descriptfdriple flames can be found i8§]. Idealised triple flames
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Figure 19: A contour plot of the instantaneous gas-phaspeesiure with the reacting spray.

are composed of fuel-lean and fuel-rich premixed flamesthegeavith the appearance of a trailingldision flame at

the intersection of the two premixed wings. In theory, tlabaisation of this difusion flame extending downstream is
achieved by the two premixed branches which permit flameaggation against the incoming unburnt mixture. This
theoretical flame structure has been confirmed experimgiidB7]. The fuel-lean premixed flame branch witnessed
in CH planar laser-induced fluorescence (PLIF) images @ayimmportant role in the flame stabilisation as it is found
to protrude radially outwards at the flame base (or the lgpelitye). On the other hand, the fuel-rich premixed branch
that is not apparent in CH-PLIF images is believed to haveetinto the trailing dfusion flame due to the relatively
high-speed fuel jet. It is therefore said that the leadidgeecombustion in lifted gaseous flames exhibits a distorted
triple flame B7]. In contrast, the turbulent spray flame under considemagweals a double (or dual) reaction zone
structure as a result of the polydisperse spray emergimg fhe simplex atomiser.

Two contour plots of the instantaneous mass fraction of Otd péarticle motions in regions close to the leading-
edge of the flame are presented in FR). The leading-edge combustion observed through the apiplicaf the
Eulerian stochastic field method clearly shows featuréferdint from lifted turbulent gaseous flames. The develop-
ment of the double reaction zone is apparent and is assdaidtte two conical-shape flame fronts diverging radially
inwards or outwards on each side of the spray centrelineh Biihe two flame fronts originates from the same flame
base, the height of which can be referred to as a stabilisgtiint. The inner flame front corresponds to a reaction
zone which develops along the turbulent shear layer in priiyito the spray centreline while the outer flame front is
situated in regions of the low-speed co-flow. The simulatéldOntour plots are in good agreement with the exper-
imental observation that the outer reaction zone, whichah isolated from the structure of large-scale turbulence,
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tends to be stable and to show a less wrinkled OH con@&]r Relatively large droplets with high momentum are
more likely to penetrate the flame front along the inner iieactone and then evaporate rapidly between the dual
structure; this region provides a fuel vapour source forstble outer dfusion flame 90]. The simulated OH mass
fraction which appears as a thin band along the stoichidamaixture is an additional evidence that the outer reaction
zone may exhibit a typical characteristic offdsion flamesJ1].

The flame morphology of the inner reaction zone in the vigioit the leading-edge is found to possess clear
differences in comparison to that of the stable outer flame ftoatnner zone burning in aftlision-like mode §6]
is highly wrinkled and corrugated because of the interaabidarge-scale turbulent motions with the flame front. At
downstream locations, the flame undergoes transition tatéalba premixed combustion mode owing to turbulent
mixing along the shear layer. The broadening of the simdl&tel contour confirms this transition from afiiision
like to a partially premixed flame. In premixed or partiallgemixed combustion, the widening of the OH signal
occurs as OH radicals are present within the hot combustioduyzts PQ]. It may thus be inappropriate to employ
OH-PLIF imaging techniques when determining the locatibthe reaction zone under these combustion regimes.
The thickness of the inner reaction zone is observed to beaaltly thinner than that of the outeriision flame.
The relatively thin OH contour might be attributed to thetfidaat this inner combustion occurs in regions of relatively
high strain rates while the outer reaction zone burns indheJelocity co-flow. There are two essential mechanisms
involved in flame stabilisation in this configuration; (i)etlpresence of small droplets to produce a mixable fuel
vapour and (ii) rapid mixing of the fuel vapour with air thiglularge-scale turbulence. The smallest droplets with
high evaporation rates are found to disperse in regionsdsethe spray centreline and the turbulent shear layer and
to produce the fuel vapour, which is then consumed to mairtked inner flame front. The spray flame is observed to
stabilise at an axial location of roughly 50 mm away from tbezie exit, a value to be compared with the measured
lift-o ff height of 50 to 60 mm34.

In order to better understand the structure of the spray flacedter plots of mixture fraction and temperature
together with theipdf at three diferent flame locations are examined in FRJL. The location of LES probes, as
highlighted in Fig. 20, is chosen such that the initial mode of the inner reactiorezznd its downstream transition
into the partially premixed mode can be analysed. In additibe structure of the outer flame front is investigated
along its entire length. Apparently, the inner flame in thenity of the stabilisation point (P1) appears to possess a
complex flame structure with the coexistence of both prechiased ditusion combustion modes. Although thdf
of the mixture fraction around the stoichiometric mixturadtion ;) of 0.136 is slightly higher, the occurrence of
a lean premixed flame is evident. The presence of the two flaogteemalong the initial inner flame is also captured
numerically in a lifted spray flamedp]. At the downstream location (P2), the influence of turbtil@ixing on the
structure of the inner reaction zone can be clearly seeneadisipersion of the mixture fraction in the temperature
space becomes wider. The higlpalf towards the mixture fraction well below its stoichiometvalue supports that
the inner flame at this axial location burns mostly in fuehleanditions. The outer reaction zone exhibits a similar
pattern to that of the initial inner flame in terms of {h@f of the temperature, but shows a much higher maximpdin
around the stoichiometric mixture; this indicates thatahter flame reacts in a purefiilision mode.

4.3.3. Influence of spray flame on droplet distributions

In Figs. 22 and23, the statistical results in terms of the mean droplet dianseD;0 andD3p) are compared to
measurements (for the purpose of comparison, the resalts thhe non-reacting spray case are also included). The
simulated and measured droplet distributions at the firstetimeasurement locationis,up to Y = 50 mm, remain
almost identical for the reacting and non-reacting case®aeaction takes place in this region of the spray. AtY
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Figure 20: Instantaneous mass fraction of OH together \Wigtcbrresponding droplet motions and the stoichiometridure fraction highlighted
in red solid lines. The location of two LES probes for flamesture analysis is also highlighted.

75 mm, a considerable reduction in the mean diameters begimscome evident at radial locations away from the
spray centreline. This reduction is indicative of the atibn of combustion upstream this axial location, consiste
with the OH images. There exists a significarfielience between the two cases at YOO mm; the radial location at
which these dterences become apparent moves towards the spray cen&netireesmaller number of droplets travel
away from the centreline due to their relatively long resicketime within the hot combustion products. AEY150
mm, only a few droplets are present in the region close toehéreline and a further reduction in the mean diameters
is well reproduced.

4.3.4. Influence of spray flame on droplet velocity
The dfects of the spray flame on the behaviour of droplet dynamiesaw discussed. Again, radial profiles

of the mean axial and radial velocities for all droplet sif@sses, as presented in Figsl and 25, display identical
results between the reacting and non-reacting cases dlemggasurement locations up te=Y50 mm. The influence

of the reaction on both the mean axial and radial spray visdsdiecomes apparent away from the spray centreline at
Y =75 mm; the reacting spray velocities are observed to be htphe those of the non-reacting spray. The increase
in the magnitude of the velocity is attributable to the exgan of the gas-phase associated with chemical reaction.
The acceleration of the reacting spray is reasonably wetbsented at the downstream measurement locations.
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(a) Inner flame at P1 (b) Inner flame at P2 (c) Outer flame
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Figure 21: Comparison of scatter plots of mixture fractiowl gas-phase temperature (top ropgdf of mixture fraction (middle row) angdf of
temperature (bottom row) at threefdrent flame locations. Note that data collection is perfarmely when reaction takes place across the LES
probes.
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5. Conclusions

In the present investigation, a stochastic breakup modekisulated and applied, in conjunction with the sub-
grid scalepdf formulation, to LES simulations of a turbulent methaaalspray flame. A fully-coupled, stochastic
Lagrangian particle methodology is employed to repredamiprobabilistic behaviour of the spray undergoing dis-
persion, evaporation and atomisation. Gas-phase turteHelnemistry interactions are describedshg-pdftransport
equatiornstochastic fields method together with a reduced, but comemsve reaction mechanism for the oxidation
of methanol involving 18 reactive species and 84 elememntaygtion steps. The results obtained from LES com-
putations are compared with existing detailed measuresvaithe gas-phase with and without droplets and spray
characteristics under non-reacting and reacting comditib ES is shown to provide an accurate reproduction of the
mean and fluctuating turbulent flow field in the isothermakcagthout droplets. The statistical results for the non-
reacting spray case are found to be, both locally and giplialexcellent agreement with measurements in terms of
the dispersion of the spray, the mean droplet diametersngan spray velocities and the correlation between drop
size and velocity. The stochastic breakup model, with imeneents in the breakup frequency, the daughter droplet
size pdf and the determination of the expected droplet life time ulfothe discrete Poisson process, has therefore
demonstrated its predictive capabilities in the modeléhgpray atomisation arising from low pressure, swirl nezz|
The revised breakup model may be employed in place of theatnderror procedure that is often used to match the
measured downstream profiles of droplet velocity and sigigilutions and in situations where no such measurements
exist. Based on the examination of OH contour plots togetliter scatter plots of temperature and mixture fraction,
the turbulent spray flame of interest is observed to exHileifollowing features:

¢ In contrast to turbulent lifted gaseous flames with the apgreze of a single reaction zone, the leading-edge of
the spray flame develops a double reaction zone as a reshét pbtydisperse spray emerging from the simplex
atomiser.

e The inner flame front initially burning in éiusion-like mode and then under partially premixed conditd
downstream locations is observed to be highly wrinkled dutstinteraction with large-scale turbulence while
the outer combustion zone occurring in regions of the loeesicoflow tends to be stable and relatively smooth.

e A complex flame pattern along the inner flame is revealed withdccurrence of both fluision and lean
premixed flame modes whereas the outer reaction zone buenglas ditusion flame.

e The presence of small droplets that follow the turbulentsleyer is responsible for flame stabilisation along
the inner flame structure as they readily evaporate andeceefatel vapour source for enhanced mixing (due to
large-scale turbulent structures) and combustion. Onftier dvand, large droplets, penetrating the inner flame
front, provide the fuel vapour between the double flame streavhich is then consumed to maintain the stable
outer dffusion flame.

e The location of the leading-edge (also called liffdoeight) is found to agree well with the measured value.

In addition, the influence of the flame on the behaviour of tiragis reasonably well captured in terms of a reduction
in the mean droplet diameters and the increased spray tietoiti response to the expansion of the gas-phase during
the reaction. Future work may include the application offifesent approach to investigate ttigeets of the swirling
atomising air on the structure of a spray flame and the LES edetlbgy presented in this paper can be considered a
promising candidate for modelling of other spray flamesaipiressure-swirl atomisers.
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