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model of multicomponent-liquid (MC-liquid) drop evaporation in a three-dimensional 

mixing layer is here exercised at larger Reynolds numbers than in a previous study. and 

trar~sitianal states are obtained. The gas phase is followed in an Eulerian frame and 

the lrlultitude of drops is described in a Lagrangiar~ frame. Complete coupling between 

phases is incluclcd, with source terms in the gas conservation equations accounting for the 

drop/flow interaction in terrrls of drop drag, drop heating and species evaporation. The 

liquicl (:omposition, initially specified as a single-Gamma (SG) probability distrik~ution 

fur1c:tiori (PDF) depending on the molar mass is allowed to evolve into a linear corribi- 

nation of two SGPDFs, called the double-Gamma PDF (DGPDF) . The con~positions of 

liquid and vapor emanating from the drops are calculated through four moments of the 

DGPDFs, which are drop-specific and location-specific, respectively. The mixing Iayer is 

initially excited to prornote thc double pairing of its four initial spanwisc \iorticrs into 

an ultimate vortex in w1.lich srriall scalcs proliferate. Simulations arc pcrfornled for four 



2 Luurcnt C. Selle and Josette Bellan 

liqrlids of different compositions and the effect of the init,ial mass loading and irlitial h e -  

st,ream gas temperature are explored. For reference, sirndations are also pr fo rn~ed  iol 

gczseous multicomponent mixing la>ler; for which the effect of Reynolds number is investi- 

gated. The result,s encompass exa~~,iiiat.ion of t,he global 1a.yer charactt.riei,ics. fiow 7-isua!- 

izations and homogeneous-plane statistics ;%t8 ti.ransition. Comparisons are performed with 

prr\-ious pre-transitional MC-liquid simulatiorls anti with transitional singie-cornponeni 

(SC) liquid studies. It is found c hat in h/LC flows at, transitiarl: tllc clr~ssical energy cascade 

is of similar strength: but, that the smallest scales contain orders of magnitude less energy 

than SCI fiows. v;hich is col- firmed by the larger viscous dissipation ir! the forrner case. 

C:ontrasting to  pre-transitional MC flows, the vor~icity and drop organization depcncl on 

t,lie init,ial gas tcmperature, this being due to the drop/turbulence coupling. The vapor- 

cor~~j>osition mean molar inass a.nd .standard de~irttion (1istril;rltions st 1.01lg1p cor.re1nt.c 

m:ii,h thr initial liquid-composition PDF; such a correlation 01113; exists for. the magnitude 

of t,he mean but not for that of the standard deviation. Unlike in pre-trarlsitional slt- 

ua~ions. regions of large colnposition standard deviation 110 longer necessarily coincide 

with regions of large mean mt~lar mass. The kinetic energy, rotational and c.ornpositio11 

characteristics, and dissipat,ion are liquid specific and the variation anlong liquids i s  air]- 

plificd with increasir~g free-streanl gas temperature. Eulerian and Lagrangiail stiltistics 

G: gas-pha.se quantities show that the different observation framelwrk may aff'e:ct; t,he 

perception of the  flow charact,eristics. The gas composition, of which the first four mo- 

ments are calclilated; is shown to bc close to. b ~ l t  distinct from a SGPDF. The PDF 

of t.he scalar ctissipation rate is celcul~ted for tirop-laden layers and is s l l o ~ n ~  rT) ditp;~rr 

more si~ificant-ly from the typ~callg assumed Gaussian in gaseous flows than experimen- 

ta!!y measured gaseous scalar dissipation rates: this being attributed i,o thr illcreased 

hciern~eneitp due t.o drop/flou- interactions. 
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1. Introduction 

Turbulent flows laden wit.h drops of liquid contgning a multitude of chemical species 

occur both in nature and in industrial processes. An example of the former is the ocean 

spray formed when waves break up, and an example of the latter is spray paiating (au- 

tomobiles, wood, etc.). When ocean water drops are transported by wind into the at- 

mosphere, differential evaporation of the chemical species leads to the eventuai formation 

of a solid particle, which, when entrained in the upper atmosphere can bias the interpre- 

tation of satellite data. During spray painting, there is a delicate balance between the 

very volatile components that evaporate before the liquid drops arrive to the substrate, 

ancl the other components that eventua;ly reach the substrate; tllrls, the paint formu- 

tation must t,&e int.0 account the physics occurring in the time Lag between the paint 

release and its arrival a t  the target surface. In both of these examples, the fate of the 

liquid cornyosition evolution is governed by the interaction between turbulence and the 

drops. 

There is a very substantial body of literature t o o  many papers to be c i t ~ d  -devoted to 

the study of single-component (SC) species drops in turbulent flows. Also, there have been 

numerous studies of single drops of liquid composed of a small number of species. dating 

back to the landmark binary-species model proposed by Landis & Mills (1974). Emulating 

Landis & Mills (1974), a large number of investigations are available (some of these studies 

consicier many drops in turbulent flows) that consider a relatively small number (e.g. u p  

to 10) of species in the Iiquid compared to the composition of liquids that are of interest 

in marly applications. For example, petroleum fuels, which are used to poweT rnost of 

the transportation systems in the world, are composed of hundreds of species. some of 
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which upon vaporization are instrumental in ignition, others which during combustion are 

responsible for pollutant productiun, and yet others which upon vaporization condense 

on walls and contribute to corrosion. Some of these species may be present in tile liquid 

in minute conrentrations, yet their importance may be totally disproportio~ate tc. their 

concentration. Thus, while valuable results were obtained from modeling studies of SC- 

liquid drops and small-number-of-species liquid drops in turbulent flows, the reality of 

MC-liquid drop interaction with turbulence has not been explored by those studies. It is 

ord:- rccently that the physical understanding of multicomponent-species (MC) ~lrops in 

turbu1er:t flows has been addressed through modeling and simulations. 

Realizing the impossibility of accounting for each individual species as an elenlent of a 

discrete set, a statistical approach has recently been developed -- a methodology which is 

much more attuned to large ensembles of variables. A11 MC-liquid stat istical ap~jroaches 

have been based on Continuous Thermodynamics (CT) concepts. The CT theory, devel- 

oped by Gal-Or, Cullinan & Gaili (1975) and Cotterman, Bender & Prausnitz (1985), 

includes :an ~ppropriat~e representation of the chemical potential for a mixture containing 

numerous components and involves a derivation of the Gibbs function through molec- 

ular thermodynamic methods in terms of the probability distribution function (PDF) 

describing the mixture composition. The concepts are fundamental and independent of 

the physicochemical model chosen for the chemical potential. From a specifieti initial 

composition PDF, the evolution of the ~nixture is determined by the physics of the sit- 

uation encapsulated into thermodyrkamic relationships and/or conservation equations. 

Although the composition PDF generally depends on many variables, it can be tailored 

t u  depend 011 one or a restricted number of variables that govern the phenomena under 

consideration. Examples of such choices are those of Cotterman, Bender & Prausnitz 

(1985). Whitson (1983), Wtzsch & Kehlen (1983). Chou & Prausnitz (1986) where lt 
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was shou-n, with validation, that the single-Gamma PDF (SGPDF) depending on the 

molar mass, m, can represent an entire hornulogous species ciass of hydrocarbons. The 

normal boiling point, Tb, has been shown by Harstad (2005) to be a good choice in a CT 

study focussing on atmospheric hydrocabon partitioning. Cotterm=, B e ~ d e r  &: P P ~ ~ u s -  

rlitz (1985) have used thermodynamic relations to show that during evaporation, the 

same mathematical form of the PDF applies in the gas phase as in the liquid from where 

the vapor originates. The flexibility of the C'I' approach in terms of the PDF  mathemat'- 

ical form and of the choice of the PDF variabie(s) makes it attractive for a variety of 

studies. 

1-amim & Hallett (1995) and Baliett. (2000) have pioneered the application of CT 

concepts to the study of a MC-liquid drop. Their model has been adopted by Lippert 

k Reitz (1997) in practical sirnillations of spray comk>~~stors and by Le Clercq A; Bellan 

(2004) in a direct numerical simulation (DNS) of a transitional mixing layer having a 

iower stream initially laden wjth a large number (e.g. 0(106)) of drops. The 'Tcamirn & 

Hallet,t (1 995) and Hallett (2000) model bas also constituted the point of departure for 

the development of models with increasing range of application (Harstad, Le Clercq & 

Rellan (2003), Arias-Zugasti & Rosner (2003), Harstad & Bellan (2004)). Specifically, 

Harstad, Le Clercq & Belian (2003) have shown that the Tamim & Hallett (1995) and 

Hallett (2000) model based on I-epresenting the liquid composition by a single-Gamma 

PDF (SGPDF) depending on m, while appropriate for slow evaporation in fuel-urlvltiated 

surroundings, cannot describe even qualitatively evaporation under high-temperature or 

in fuel-vitiated conditions. Instead, a double-Ganlma PDF (DGPDF) has been proposed, 

which exercised for single drops czompared excellently for most conditions with the results 

from a discrete-species model based on a 32-species representation. The flexibility of the 

statistical representation was manifested once more in the DGPDF model of Harstad & 
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Bellan (2004) that was shown to fit all three preponderant homoiogous ciasses of Jet A, 

RP-1 and JP-7 petroleum fuels with only EI singie DGPDF when the PDF dependence is 

chosen to be on m0.5 instead of m.. 

The recent pre-transitional DGPDF DNS study of Le Clercq & Bellan (2005) enlxged 

t,he SGPDF study of Le Clercq & Belian (2004) for the same mixing layer configuration. 

The advantage of the DGPDF representation is that a regime of higher evaporation can 

be att.ained and thus that the resuits may have increased relevance to the realistic high- 

t,elnperature regime of combustors, which averred impossible with either SC-liclilids or 

with the SGPDF MC-liquid representation. Notable results obtained by Le Clercq 2 

Bellan (2005) were the development of a DGPDF liquid composition horn an initially- 

specified SGPDF, the liquid-specific development of the vortical flow field and vorticity 

magnitnde, and the vapor ('vapor' is here defined as t,he ensemble of species PI-o!vilig 

from the drops through evaporation) composition which was directly traced to the initial 

liquid composition. 

Compared to the transitional SGPDF DNS study of Le Clercq & Bellan (2004) and to 

t,he pre-transitional DGPDF DNS study of Le Clercq & Bellan (2005), the present DNS 

irlvestigation accesses a higher-temperature turbulent-gas regime that is closer to that 

of real combustors, despite the fact that the initial gas temperature, To (the subscript 0 

denotes the initial condition), is still very much lower than in combustors. This lower To 

value is dictated by the requirement to match the drop characteristic time to that of the 

flow. which in this transitional regime is much larger than that of fully turbulent flows, 

which are inaccessible in DNS. The focus of this study is on the effect of the &irop/fiow 

iriteraction which exists only as long as the drop has not entirely e~aporat~ed. Tl~us,  the 

interaction charactperistic time is influenced by the liquid volatility, the initial drop size, 

the initial gas composition, the relative difference between To and the initial drop tern- 
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perature Td.O. and the relative difference between TdIa and the liquid boiling temperature 

which for MC-1iqu:d drops evolves with time as the liquid composition changes. Not 

only are the present results necessary to understand the coupled interaction of' evapo- 

rating MC-liquid &ops with a flow exhibiting turbulence features, but such a dzt,tzbase 

has the potential of being further used for a priori and a posteriori studies similar to  

those of Okong'o k Belian (2004) and Leboissetier. Okong'o & Bellan (2005). To aid 

the unified understanding of MC turbulent flows, simulations are here performed both 

for single-phase (SP) MC flows, where the effect of the initial R.eynolds number, Reo, 

is investigated, aad for two-phase (TP) WIC fiows where the effect of the initial mass 

loading, M L o ,  and higher To are expiored with the same model (whereas in Le Clercq & 

Bellan (20041, using a SGPDF, only the MLo effect was investigated and in Le Clercq 

k Beilan (2005), rising a DGPDF, only the To infiucnce was studied). 

As stated above, this investigation is conducted within the framework of the DNS 

methodology wherein all scales of the flow are resolved. Originally devised for SP flows, 

DNS for TP flows with particles that are much smaller than the Kolmogorov scale and 

which have a volumetrically small loading (5 was enabled by the results of Boivin, 

SinLonin & Squires (1998) who showed that the drops can be treated as point, sources 

of mass, momer~tum and energy from the gas-phase perspective. It is thus appropriate 

tc? perform TP simulations using a gas-phase resolution that is adequate for SP flow by 

foliou~ing the gas phase in an Eulerian frame and tracking the drops in a Lagrangian 

frame. The  terminology DKS, while not strictly accurate, is traditionaily applied to 

such simulations, and several recent studies have used this DNS methodology (Boivin, 

Simonin & Squires (199S), Mashayek (1998a), Mashayek (1998b), Mashayek ki Jaberi 

(1999). R&veillon & Vervisch (2000), Okong'o & Bellan (2004)). 

This paper is organized as follows: In 52 the conservation equations we  briefly re- 
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called from the detailed model developed by Le Clercq & Bellan (2005). Section 53 is 

devoted to the descrip~ion of the configuration, the boundaw and initial conditions, 

and then of the resdts. These results encompass global layer characteristics, flow visu- 

alizations, homogeneous-plane iatistics, analysis of the irreversible entropy prcduction 

including the PDF of the scalar dissipation, and an examination the vapor-composition 

PDF mathematical form away from drop surfaces. Comparisons with the SC DNS study 

of Okong'o k Bellan (2004) and with the pre-transitional DNS investigation of LC: Clereq 

k Bellan (2005) are also discussed. The results are summarized in 54 and future study 

directions zre discussed. 

2. Conservation equations 

The model of Le Clercq k Bellan (2005) is a.dopted whcrein r,he MC: liquid and gas 

compositions are described hy 

where fp' = fr(m; cxk, Dk) with integer k = 1,2 .  E is a weighting parameter (0 < E < I), 

J,') P(,m)dm, - 1 and 

&ere r (a) is the Gamma function and fr (m) is a SGPDF. The origin of f is specihed 

by y (we naturally assume that yl = yz = y), and its shape is determined by (I and p. 

At each time t .  P(m; a1 , $1, CYZ, PZ, E )  is determined by the vector 7 % (al ,  @I, ~ 2 :  B2.  E). 

According to Harstad, Le Clercq 6_: Bellan (2003), P can be determirid by an inverse 

mapping from its first four moments, <, where integer n E [I, 41, with a fifth parameter 

empirically calculated. These moments are defined as 
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for integer n 3 1, where subscripts 1 and v denote the liquid and vapor, respectively. 

_4t each t ,  describes the liquid-fuel composition, which is specific of each drop, and 

P,, describes the vapor composition, which varies with spatial location. Throughout, this 

p'iper -AT adopt the notation 0 G and + I- G ,  and the standard cleiriation of P is 

calculated as a - d m .  Also following Harstad, Le Clercq & Bellan (2003): one 

can define <zC'PDP' as being the moments of a SGPDF that would have the same and 

E2 values as a specified P. Thus, 'excess moments' of any PDF P with respect to the 

SGPDF that has the same 0 and $ as P are defined by 

SGPDF & - En Cn 

By definition <; = 4; = 0 and a DGPDF then corresponds to [k # 0 for 7s 3 3. 

Thus, the deviation of any PDF from the equivalent SGPDF decreases with decreasing 

( 6 6 / ~ : ~ ~ ~ ~  1. 

The conservation equations derived in Le Clercq & Bellan (2005) are succinctly recalled 

below. 

2.1. Gas phase equations 

'The gas is followed in an Eulerian hame and the generic conservation equations for 

~ont~inuity, momentum, energy, species and DGPDF first four moments (8,: ~5,: [3,, J4,) 

representing the composition are 
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is the vector of the conservative variables, 

aT d 
P U j  .f .tl,ffiJ + A- -t ( T )  -- a x j  ax, 

is the diEusiona1 flux vector corresponding to @, and 

is the source term vector of components S ,  associated with a. In (2.5)-(2.7) c is the 

molar density, xi is the i t lL spatial coordinate, u is the mass-averaged velocity, ,Y is the 

mole fraction, m = 8,,A-v + m,jl - X.)  is t.he molw rnass where ma is the ca,rrier gas 

molar mass (subscript a denotes the carrier gas), 23 is an effective diffusion coefficient, 

defined by Rarstad k Bellan (2004) as the proportionality coefficient between the vapor 

mass flux and cmV(X,/m), p is the pressure, oij is the viscous stress tensor, bij is the 

Kronecker symbol, et = e k  + rint = zl;u,/2 + h - p / p  is the total energy of the gas, 

p = 7rtc is the mass density, h is the enthalpy, X is the thermal conductivity and T is 

the gas t.emperature. The last three terms in the heat flux of the energy equation are 

the portion due to transport of species by tho molar fluxes; the detailed expressions for 

til (T) : n:! (T) and as are presented in Appendix A. The source vector arises from the 

coupled interaction of drops and gas, and is presented in 52.3. 

The perfect gas equation of ssate 

where R, is the universal gas constant, closes the system of gas-phase equations. 
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2.2. Drop equations 

Each drop is individually simulated and the liquid mass-density, pi ,  is assumed constant 

although the liquid molar-density, cr, may vary. Because p l p r  = 0(10p3), the gas phase is 

quasi-steady with respect to the liquid phase (Williams (1965j), and due to the relatively 

s~nall 1-aluc of To compared to that in combustors, the evaporation rate is relatii~ely lorn: 

(verified in Le Clercq & Bellan (2005)) so that the assumption of uniform internal drop 

properties is justified. The Lagrangian cansermtion eqi~ations for each drop position x. 

wlocliy v, energy, mass = Vdpl -- z - p , ~ ~ / 6  (V and D represent volume and d~ameter, 

and the subscript d denotes the drop), and composition are 

dTd X ,Xu ln(1 + BT) LWff 
-bfdCL- = - 

D 
A (T - T d )  + nLd- 

d t  BT B , 
\ " t -  

gnl - 3Oi dD2 X ,  xis) - - -- x P ) & ~  
-(I + B)jtnI -t --- m(s) (If B)  - 

Xz.Env 
dt 2BD2 dt "K - m(s) 

- (2.13) 
m 

for integer n == [I: 41. where the gas phase at the drop location, interpolated from the 

Eulerian solution, acts as the drop far field. -pi = (Md/7d)  fi (ur -- vi)  where 7 d  = 

piD2j(18p) is the particle time constant for Stokes flow; Td is the drop temperature; 

CL is the liquid heat capacity at constant pressure; A = 7iD2 is the dropsurface area; 

/L is the viscosity of the carrier gas; Pr = pCp/(Xm), where Cp is the gas heat ca- 

pacity a t  constant pressure. and Sc = p / ( p D )  are the Prandtl and the Schmidt num- 

bers re~pect~ively: and pl = ciOr. The Kusselt, Nu,  and the Sherwood, Sh,  numbers are 

se~ni-empirically modified using the Ranz-Marshall correlations, accounting for convective 

heat and mass transfer effects (Miller & Bellan (1999)): with the similarity assumption 

Nu -- 2 + 0.552 ~ e i / ~  (pr)'I3 , Sh = 2 + 0.552 ~ e i { ~  ( sc )~ '~ .  f l ,  given in Miller k Bellan 
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is an empirical correction to Stokes drag accouriting for finite drop Reynolds rlumbers 

using the slip Reynolds nlrmber Resr = jusll pD/p where u,~[ = (u-v) is the slip velocity, 

and for a Reyxlolds nimbcr Rec = Llbpd /p  bat,ed on the evaporation blom-ilig ve1ocit~- 1% 

obtained from the mass cor~servation relation at the drop surface, Ad = -7i-pD2Cb. 

The correlat.ion of (2.14) is valid in the ranges 0 < Resl < 100 and 0 < Ret, 6 10. 

B = ( - , - d")) is tile Spalding nunbcr, where E, = X,@,/m is the mpo1 

mass fraction, Y, = 1 - Y,, and (1 + BT) = (1 -t B ) ~ / ~ ~  with Le being the Lewis 

number, L U e f j  is an effective latent heat (Harstad, Le Clercq & Bellan (2003)) as defined 

in Appendix A of Le Clercq & Bellan (2005); and the superscript (s) denotes the drop 

surface. At t,his surface, the classical boundary conditions of temperature equality, and 

mass, species, momentum and energy flux conservation apply (Williams (1965)). Under 

the idcalLmkt8ure assumption, Raoult's law relates the drop and gaq PDFs 

where p,,, = l a t m  and L,(m) and G(m) are the latent heat and the normal boiling 

point, correlated as functions of m by Harstad, Le Clercq & Bellan (2003) using Tkouton's 

and 

Tb(rn) = A b  + Bbm. (2 18) 

where Ab = 241.4 and Bh = 1.45 for Tb in K (see Appendix A of Le Clercq & Bellan 

(2005) for Irlule details). 
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2.3. S o u r c ~  terms 

'The source-term-vector components of (2.8) are 

wh~rr ,I' = M d / O I  IS the n:l:r,ber of moles in ?.he drop, .;V is the number clf drops; and 

the: s~~ rnn~a t ion  in (2.19) is over all drops residing within a local numerical discretization 

volu~l-le, A\/;. Follo~iring previous methodology (Miller & Bellan (1999), Okong'o (b Br:l- 

Ian (2004) and Le Clercq & Bellan (2005)), a geometric weighting factor w, distrihutes 

r , l i~ indi\-idual rlrop co~~tr~butiorls t o  the nearest; eight, grid points in proportion i o  their 

djsrallcc, from t,lle drop location. Le Clcrcq k. Bellarl (2004) explained that becauye con- 

v c ~ i  ]\re c?ffcct,s dorminate the species flux term, for h/lC flows: hfferential species diffusivit?. 

is negligible ill transport from the drop locat,ion to the grid nodes. Because nu~nerical 

ditf1.1sion irldlicrri by distributing tile Lagsangian source terms at thr Eulerian nodes is 

prol~ortjonal to Vd/AV,: this potential effect. is here negligible since this ratio is initially 

O ( I  0-3 (set 53.1) and decreases with 1 as the drops cmporat,e. 

3. Results 

3.1. C o ~ f i g u r a t i o n ,  boun.damJ and initial conditzom, and reu~r~erics 

Tk? rliree-dirr~ensiunal (3D) mixing layer co~ifiguration is displayed in figure 1 where 

r,he coordinat,es /a1 ,x2. x3) ~orr~?spond t,o the streamwise, cross-stream arid spanwise 

dii-cctio~ls, respectively. The velocity difference across the layer is A0; -- 2lJ, and ii.s 

mat.hernatica1 form is prescribed using an error-function profile (Miller 6i Bellan (1999)) 

having a TI-idth given by the initial i7i)rticj ty thickness c iWTo = A LT0/ (dul /ax2)  (() tlenotes 
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averaging over homogeneous (xl, x3) planes). A perturbation is imposed on t,he vorticity 

field to promote roll-up and pairing (Moser 8t Rogers (199i), Miller & Bellan (1999), 

Miller & Bellan (2000)). The forcing wavelengths in t,he xl and x3 directions are l1 and 

1 3 ,  and their axplitudes with respect to the circulation are 10% and 2.25%. respectively. 

The evolution of the layer comprises two pairings of the four initial spanwise vortices to 

form an ultimate vortex in which small scales may proliferate if the Reynolds number 

is high enough. The dimensions of the domain are Ll = 4L1(= 29.166,,0 -- 0.2 m): 

L2 = 1.1 L.l : and La = 413 = 0.6LI. 

Tbt. gas-phase initial cordition is specified by six parameters: To; the free-strearrl pres- 

sure PO; Reo = P ~ , ~ A U ~ ~ , , ~ / ~ ,  where p, ,~ is the initial carrier gas (air) mass-density 

and p is calculated from the specified ~ a l u e  of Rea; the Mach number M,,o based on 

the carrier gas initial speed of sound a,,o -. JR,T~C,,,/C,,, where R, -- &/ma and 

the specific heats of the carrier (Cp,, and C,,,) are computed as in Miller, Harstad & 

Bellan (1998); the vapor molar fractions in the lower stream, X;,,, and upper stream, 

X:.o: here specified X::.o = X;,, - for all TP simulations (this non-null value is 

realistic in that it. simulates drop evaporation in vitiated air, as occurs in engines); and 

the specification of the free-stream vapor composition, which for each liquid is found 

from a single-drop simulat.ion in air at the specified To by choosing it to be the first-time- 

step surface-vapor composition. For SP simulations, either ~ f , , ~  = Xz,,, in which case 

there is no mass Aux between streams, or x: ,~ = 10-' so as to create a vapor mass Aux 

hetu,-en the two streams; the d u e  of 10-I approximately corresponds to the average 

lower-stream value encountered a,t transitiorial states in TP simulations. The free-stream 

velocity Uo - M,,ou,,o is calculated from the specified value of M,.o. The thermal con- 

ductivity and diffusivity (both constant) are computed using the value of p and specified 

values of Pr  = Sc, 0.696 at To = 375 K and 0.694 a t  To = 400 K, calculated as in Miller, 
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Harstad Sc Bellan (1998). The vapor heat capacity a t  constant pressure, Cp,, is calcu- 

lated as in Appendix A of Le Clercq & Belian (2005). Table 1 lists all initial conditions 

arid defines a baseline simulation; additional to the Reo = 500 and 600 simulations per- 

forriled here, the table alsc lists some Le Clcrcq k Bellan (2005) Reo = 200 computation 

conditions: as the present resillts will he compared to those of the listed pre-transitional 

simulations. The initial mass loading, MLo,  defined as the ratio of the initial liquid mass 

to that of the gas in the lower stream, is null for SP simulations and 0 < MLo < 1 for 

TP ~imulat~ions. For TP computations, the Reo = 300 simulations were close to the limit 

of tlre memory capacity of the computational platform (the MLo = 0.5 simulation was 

alrrlost at the memory limit), preventing 'TP simulations a t  higher R,eo. 

In the TP simulations, initially only the lower stream of the mixing layer (r2 < 0) is 

laden with drops, which are randomly distributed with a uniform number density and 

have at t = O a nu1 skip velocity with respect to the gas. The mean drop number density 

profile is smoothed near the center-line; xn = 0, using an error-function profile. The 

injtial conditions for the drops are specified by: T~;o which is uniform, with Td,o < TO 

anti a selected value of (To - TdSO) to ensure that the drop/flow interaction is captured 

over the entire layer evolution with a substantiai number of drops remaining in the 

simuiat.ion at all times (for the chosen Td,O = 345 K, these conditions were conservatively 

satisfied for all liquids when To = 375 K and 400 K as shown in 53.4); MLo; the Stokes 

nurnber Sto: where St G r&Jo/6,,o; pr ; and the liquid composition shown in figure 2, 

obtained through the selected-PDF moments. Le Clercq & Bellan (2005) emphasize that 

it is not possible to initialize all comp~ltations with the sanie values of the total number 

of drops, A%, since pl does not have the same value for all liquids and p. changes with 

To. Following the well accepted methodology of comparing sirnutations performed with 

specified non-hmensional numbers rather than physical quantities (Batchelor (1967)), 
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the specification of MLo and Sto determines for given pi and To the value of n;i, and 

Do (see table 1). The initial Stokes number is specified through a Gaussian distribution 

2 
with mean ( { S t a } )  -- 3 and standard deviation J { { ~ t a } }  - {{St.)) = 0.5 where {{I) 

symbolizes drnpensenble averages olrer all drops. Sixilarly to the study of Lie Cllercq & 

Rellan (2005), four fuels are considered as practically-significant examples of liquids - 

diesel, Jet A, RP-1 and JP-7 - whose initial composition (Edwards & Maurice (2001))' 

provided as a mole fraction versus the carbon number by Edwards (2002) was fitted in 

I'DF form by Harstad 6i Bellan (2004). Table 1 lists the mean and standard de~riation of 

the initial liquid PDF. PL,O: which is assumed to be a SGPDF to enable the examination 

of the potential deviation from its initial SGI'DF form. 

The boundary conditions in the zl and xs directions are periodic, and adiabatic s l i p  

wall r:oxltiitions in the z p  direction previollsly derived (Poinsot & Lele (1992). Baum, 

Poinsot & Lele (1994)) were adapted by Le Clercq & Bellan (2005) to the DGPDF CT 

rnodel for MC mixtures (see Appendix B of Le Clercq & Bellan (2005)). Drops I-eaching 

I he slip wails are assumed to stick to them and are otherwise followed using the drop 

equations of 52.2. 

Thc equations displayed in $2.1 were solved using an eighth-order central fini1.e differ- 

ence discretization in space and a fourth-order Runge-Kutta for temporal advancement. 

To mitigate potential numerical instabilities for Long CPU time simulations, A~llowing 

Kenncdy & Carpenter (1994), a tenth-order filtering for spatial derivatives was used (ex- 

cept, irl a half-filter-size band located at the lower and upper xz boundaries) at every 

t,ime step. This filtering introduces a small amount of dissipation that. serves only to sta- 

bilize the computations for long-time integrations, but since it acts only on the shortest. 

waves that can be resolved on the grid, it does not act as a turbulence model and th l~s  

does not allow under-resolved conlputations (see Okong'o & Beilan (2004)). The time 
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step was controlled by the CFL number. The grid size is listed in table 1 anti scales 

approximately linearly with Reo (see Tennekes k Lu~nley (1972)). The grid resolution is 

approximately loW3 m, 0.%x10W3 rn and 0 . 4 6 ~ 1 0 ~ ~  m when Reo = 200! 500 and 600: 

respcct;i~.,e:e!y. The - T ~ U C  of {{!7dO))/AVq ( c o r n p t ~ d  using the values of ((Do))  ir, 

table 1)  ensures that ~~umerical diffusion induced by distributing t.he Lagrangiar~ source 

terms at the Ei~lerian nodes is negligible. A fourth-order Lagrange interpolation, 1: was 

used to obtain gas-phase variable d u e s  at drop locations. Drops whose mass decreased 

below 3% of the initial mass Md,o were removed from the calculation; for the conditions 

of this study. few drops feil below 3% of Md.0 (at the two extremes are diesel simulations, 

where no drops disappeared, and RP-1 a.t To = 400 K; where 9.8% of drops disappeared 

by transition) and mass was conserved in the system tpo a maximum relative error of 

5 ~ 1 0 - - ~ .  

3.2. Global layer evolution 

3.2.1. Growth and dynamics 

Figure 3 illustrates the global growth, mixing and rotational characteristics of the 

layers. C:rou-th is measured t)?; the momentum thickness, 5, 
xq max 

Szi:kin [ ( ~ l ) ~ ~ , ~ ~ ~  {P I } ]  [ {P I )  - < ~ u l ) z ~ . r n i n ]  dxz  
6, = 2 (3.1) 

((PI),, ,,ax - 

plotted versus t* 3 tALjo/Su,O, where xz,,, = Lz /2  and XZ,,~, = - L z / 2  are the lower 

and upper bolmdaries of the computational domain. The overall variation of Sm/Sw,o 

is typical of n~ixing layers with a roll-up region (t* < 20), and two regions of rapid 

increase (20 < t* < 50 and 65 < t* < 95) each ending by a plateau corresponding to a 

pairing. Co~nparing simulations with Merent  values of MLo in figure 3a, 6,/6,,0 peaks 

at t* -- 98 for MLo = 0 (unless otherwise stated, the MLo = 0 simulations considered are 

those with X,E,,o = lo-' so as to approach as close as possible the MLo # 0 sinlulations 
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in t.erms of species mass transfer) independent of Reo, at t' = 103 for all MLn - 0.2 

computations~ and at t* -- 106 for the MLo = 0.5 simulation. 'The delay of the second 

pairing x i th  increasing MLo is explained by the increasing total mass that must be 

entrairie:! as the layer grows. For all MLo = 0.2 computations shovvm in figme 35: cSm/E,,o 

peaks at t* = 103 showing independence of liquid composition; similarly, there seems to 

be inclependence of To (figure 3a and information not shown). The 6,/6,,0 peak docs 

not necessarily correspond to the transition time, t;, defined as that occurring when the 

energ?, spectra (discussed below) first exhibit classical turbuience charact,eristics. :in table 

2. t.;, and R,c,,,~, are listed where Re, - Reo CT,/S,,~. Tested only for SP compt~tations, 

the value of Re,,+, increases nearly proportionally with Reo . The Re,,tr value increases 

with MLo up to MLo = 0.2, and decreases from MLo = 0.2 t,o MLo = 0.5: which 

tvas also found by Okong'o k Bellan (2004) for SC-liquid drop-laden transitional mixing 

layers and was attributed to the initial iorcing that has a relatively weaker influence on 

the highest iWLo value layers; that is, SP flows do not behave merely as a simple limit of 

TP flows. Although a small variation, at To -- 375 K the value of Re,,t, increases with 

ir~creasing mean liquid molar mhss, a7hich is attributed to the decreased liquid valatility 

and consequently to the larger residual drop mass that promotes turbulence through 

ckop/flow- interactions (see $3.5). At To = 400 K ,  the three kerosenes have similar Re,,t, 

values, which are distinctively smaller than that for diesel, showing that liquid-specificity 

effects increase with larger To. Therefore, the growth of the layer seems insensitive, blrt 

the global transitionai characteristics seem mildly sensitive, to the liquid identity. 

Because the gas phase mass, Mc, can only increase due to lapor addition, the plot of 

h f c / - M ~ . ~  in figures 3c and 3d gives a direct measure of giobal mass evolution. Expectably. 

no change in the initial amount of vapor occurs when MLo - 0, but either an increase in 

M Lo or in To results in an augmentation in 1ZfG/MGV0, as shown in figure 3c. The major 
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augmentation occurs before roll-up, after which Mc/MG,o increases more gradually and 

at, generally similar rates for all diesel simulations, independent of MLo or To values. 

However, the augmentation in AfG/1\fG:~ occurs during the early part before roil-up for 

the lager lVLo and during the late part before roll-up at the higher TO, and is a much 

stronger function of To than of MLo. The strongest parameter influencing M(; /A'.~G,o 

is though the fuel composition, as depicted in figure 3d. Compared to diesel, the more 

volatile kerosenes evaporate at a much larger rate during roll-up, and they continue to 

increase the vapor in the gas phase at a slightly higher rate than diesel even during the 

remaining layer evolution. 

Figures 3e - 3h display the rotational characteristics of the layer: the positive spanwise 

vortjcity, ((w:)) 6,,o/AUo, which is initially null and measures the small-scale activ- 

ity, in figures 3e and 3f :md the enst,rophy, ( ( w i u l ) )  ( b , , o / ~ ~ l ~ ) ~ ,  which is related to 

stretching and tilting and represents an important mechanism for turbulence production 

(see Chorin (1991)), in figures 3g and 3h; (0) denotes averaging over all grid points. 

The results show that the wriation with Reo and MLo of both ( ( w g ) )  Sd,O/AUO and 

((uiw;)) ( 6 a . o / ~ ~ o ) 2  emulates t,he SC-liquid results discussed in detail by Okctng'o & 

Rellan (2004): For ((w:)) 6,,o/AUo the time of the major peak seems independent of 

R.eo for the SP layers; the peak is delayed with increasing A4Lo indicating the well- 

known stabilizing effect of small drops on a flow; and the value at  the peak increases 

with Reo and MLo, this being attributed to the enhanced small-scale formation at larger 

Rejmolds numbers and the increased source of vorticity represented by a larger liquid 

mass (S,,,,,, represents a source term in the vorticity equation), respectively. For all si~n- 

ulations, ((wiw;)) 6w,0/Au0 exhibits a peak earlier than ( ( ~ 3 f ) )  6u,o/AUo, similar to the 

obsermtions Okong'o &k Bellan (2004). Variation of the enstrophy horn its initial value is 

associated with the ciassical energy cascade that, unlike in two-dimensional flows, occurs 
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in 3D flows (Chorin (1991)): and thus the ( (w iw i ) )  6u.o/AUo relative magnitude with 

respect, to the initial conditions is directly associated with the strength of the energy 

cascade. Viewed in this perspective, the fact that for the same initial conditions both 

SC: SP and SC TP results of Okong'o k Bellan (2004) (their figure 3h) display a similar 

magnitude ((wiwi}} CI,;~/A& peak to the corresponding MC SP and MC TP sinlulation 

means that the energy cascade is of similar strength for SC and MC flows. Whether 

for ((w,:)) 6,.o/AUo in figures 3e and 3f or for ( ( w ; w i ) }  ( 6 w , o / ~ ~ o ) 2  in figures 3g and 

3h, To and t t ~ c  liquid composition seem to have negligible effect on the global rotational 

charact;e.ristics. 

The peculiarities of energy transfer anong scales in MC Aows (of which the stretch- 

ing and tilting activity is only one manifestation) are manifested in the energy spectra 

ciepict.ed in figure 4 at tTr. Both the streamwisc spectra in figure 4a a1d the spanwise 

spectra in figure 4b, shown as an example for ul and for selected simulations, exhibit a 

smooth behavior characteristic of turbulence (the peak observed in figure 4b is a t  the 

forcing frequency) a11d no accumulation of energy at the smallest scales, which indi- 

cat'es excellent spatial resolution. At same Reo, SP spectra have less energy in a given 

wavenumbe~ than TP flows, which is attributed to their reduced vortical characteristics 

at t;,. Compared to SP spectra, of particular interest is the enhanced energy in the TP 

spar~wise spectra at the smallest wavenumber. portraying the increased vortical features 

of TP flaws resulting from the source terms in the vorticity equations. The fact that at 

thc srnallest scale TP flows have more than two orders of magnitude more energy than 

SP flows is due to reasons discussed in 93.5. Increasing Reo produces a SP flow with an 

increased range of large wavenumbers, as expected, while increasing MLo increases the 

energy at the smaller wavenumbers and imperceptibly decreases the energy at  the largest 

wavenumbers indicating a larger dissipation, a fact confirmed by the dissipation budget 
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analysis of $3.5. There is no sensitivity to To and to the fuel composition. Compared to 

the TP SC results of Okong'o & BeIlan (2004) (their figme 2), the energy in the highest 

wavenumbers is here reduced by a factor of 1g5 in the streamwise direction and by a 

factor of Inore than 10"n the spanwise direction suggesting that because the energy 

cascade is of similar strength in SC and MC flows, the viscous dissipation must be larger 

in TP MC flows, which is confirmed in 53.5. 

The kinetic energy of the flow, EkG = Jdi:maiu p (uiui/2) d V ,  is illustrated in figure 5 

as a fraction of its initial value. Insensitive to the magnitude, the fraction of SP- 

flow- kinetic energy slowly decays up to the end of roll-up (figure 5a), after which the 

rake of decay accelerates and by transition only about 80% of the kinetic energy remains 

in the system, the balance of 20% having heen dissipated by the evolved small scales. 

In TF flows: the fraction of kinetir: encrgy slightly (less than 4%) augments during tfhe 

early roll-up. culminates, after which it monotonically decreases. Increasing MLo or To 

promotes an initial augmentation of the kinetic energy, and for MLo it eventually leads 

to a larger decay at t;, while for To the opposite is observed. The different \ariation 

with MLo and To is consistent in that in the former case the liquid mass, ML, is larger 

with respect to the baseline case during the simulation, whereas in the latter case ,VfL is 

smaller due to the larger evaporation. Liquid composition effects are shown in figure 5b 

and are seen to be as strong as the MLo or To effects. With increasing liquid volatility, 

the fraction of kinetic energy increases, emulating the increased To effect of figure Sa, 

and the rate of decay is slightly reduced, consistent with the dissipation budget shown 

in 53.5. At To = 375 K the effect is small, and similar plots at To = 400 K in figure 5b 

exhibit a slight.ly larger difference between liquids, which indicates that at larger To the 

liquid-specif c effects are enhanced. 
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3.2.2. Drop characteristics 

Shown in figure 6 are mixing-layer Lagrangian ensemble averages portraying the evo- 

lution of the drop characteristics in that portion of the domain. The lower (upper) 

sirearn is defined as the region in which (ul) < -0.99Uo ((ul) 2 O . ~ ~ U O ) ,  and the 

mixing layer, which is the complement of the free-stream domain, is the region where 

-0.g9[j0 > ( 7 ~ ~ )  > 0.99h.  Ensemble averages over the mixing layer are here of interest 

bterause ir, is that site which hosts most of the interaction between drops and a flow 

with t~lrbulent characteristics; comparisons with the simulations of Le Clercq Bellan 

(2005) where the flow was pre-transit ional should reveal the effect of drop/turbulence 

irlteractions. 

1% define net evaporation as corresponding to s decrease in Md,  or equivalently Ad < 0 

or sirice pl is assumed constant a decrease in D; net condensation corresponds to thc  

reverse variation of these variables. Each of net evaporation and net condensation en- 

compass concomitant evaporation of some species and condensation of other species. 

Figures Ga and 6b portray { {Td ) )  m l / T d , O  and { { D ~ ) } , ~  / ( { 0;)) where the subscript 

m.l (Icnotes the mixing layer. {(Td)}ml/Td;O varies only slightly, by at most a few % 

from Tb,a: arid exhibits the undulatory behavior identified by Le Clercq & Bellan (2004) 

and Le Clercq & Bellan (2005) to originate in the cooling and heating cycles experi- 

enced by the drops. Up to the first pairing, there is practicall~i no difference between the 

prcsent simuiations and those of Le Clereq & Bellan (2005), however, past that station 

{(Tdj }nd/Td.O is here larger, which is a manifestation of the enhanced mixing due to 

tlirbuierlce that promotes drop heating. At the higher To, the drop heating is dominated 

between roll-up and first pairing by the total number of drops, resulting in a larger 

{ {Td)},iL~/Td,~ for Re0 = 200 (fewer drops), whereas past the first pairing the enhanced 

turbulent heating governs, leading to a larger {(Td})ml/Td,O for Reo = 500- Jet A being 
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the liquid containing the most volatile species, the corresponding drops experience the 

largest initial cooling resulting from the early evaporation, with further drop heating. 

R.P-1 and JP-7, having relatively less-volatile species than Jet A and narrow composi- 

tions, exhibit ~ n l y  modes:. cooling followed by heating, and the slightly more vol~tile 

species in RP-1 lead to a slightly increased cooling with respect to JP-7. A larger MLo 

manifests in an enhanced drop cooling which rivals for diesel at MLo = 0.5 the cool- 

ing experienced by Jet A. For all liquids: the small variations in {(Td)}ml/Td,O though 

translate in considerably larger variations in {(D2}},1/ {{D;)) , with the rapid initial 

t,ernptlrature change corresponding to the steepest decrease in the drop size, which sub- 

sides by the end of roll-up. -4n intermediary rate of evaporation follows which abates 

by the middie of the second pairing, upon reaching a very gradual drop reduction. The 

non-constant rate of { {D2)),,,l j { (Dg} ) decay is a mark of the ensemble averaging? as 

each individual drop obeys the classical ~ ~ - 1 a w  (Harstad, Le Clercq & Bellan (2003)). 

On going from pre-transitional to transitional flow results, one notes an eventual reduc- 

tion i11 { { D ~ )  } nl ,/ { {Dg ) } by - 5%) (Vd by -- 11%). Kerosene drops reach by the end 

of the simulation - 46% of compared to diesel's h. 63%, and an increase in mass 

ioztdirlg of a factor of 2.5 leads to a factor of - 1.7 increase in Vd by the end of the 

computation. Clearly, within the range of parameters investigated, the fuel identity is 

the most prominent factor influencing the drop size evolution. 

Companion plots of {{81}),~/8~,0 and {{ar}},l/~l?o are displayed in figures 6c and 6d. 

As in results portraying entire-domain ensemble averages Erom simulations of Le Clercq 

6i Bellan (20051, the init>ial { { O r ) )  ,l / B Z , ~  surge is accompanied by a drastic rt:duction 

in  at,^ as the most volatile species evaporate, thus reducing the nllmber of 

species in the drop. Eventudly {{a,}},~/al,o reaches a minimurn which coi~lcides with a 

tapering off in the augmentation of {{81)},1/8~,o. The interaction of drops with the flow- 
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promotes evaporation/condensation, and t bus enhances changes in both {(01 } ),[/dl 

and { {al } /ar  ,o. The augmentation in ( { ol )) mr /'ol ,o indicates that condensation oc- 

rurs. with a local plateau evident by the end of the first pairing; the concomitant increase 

in { (dl)) , l  /8;,G indicates thar, on an ensemble basis evzporzition is more effective than 

condensation in determining the mean liquid molar mass. Up to the first pairing there 

is no sensitivjty to Reo, however, once small scales become preponderant (figure 3g and 

3h) one can detect not only quantitative but also qualitative differences between the 

prv-transitional and transitional results; although { { B l  ) ), 1 continues to inrrease in 

both cases: being larger in the latter situation, ({al)) ,~/ol ,o  for transitional cilmplita- 

tions reaches a minimum, then increases, and eventually crosses over the ever increasing 

{ { a r ) } m ~ / a i , o  at Reo = 200. The decrease in { { 5 r } } m l / ~ l , o  corresponds to a narrower DG- 

P DF, and represents the accelerated release of species due to the drop/t,urbulence interac- 

tion. Eventually! the species evaporation becomes limited by the value of Td whiic species 

condensation again augments { { u ~ ) ) , ~  lolTo. The lack of {{81) )mr /01 ,0  and { {a l  } },! /51.0 

variation in tandem as a function of Reo means that the pre-transitional simulations do 

not merely represent an intermediary state to the transitional results because not only 

is the mean molar mass here larger, but the entire composition distribution is different 

due i.o the simultaneous evaporation and condensation of different species promoted by 

the turbulent flow transporting drops to various sites of the layer. For all liquids at the 

baseline conditions, { { B ~ ) ) m ~ / O ~ . n  continuously increases with t* as evaporation depletes 

increasingly less volatile species, but the rate of augmentation is not uniform even after 

the initial surge. This nonuniform rate is consistent with the non-monotonic evolurjon of 

representing evaporation when it decreases and condensation when it in- 

creases. At the larger MLo,  ((Bl}},r/81,0 no longer increases monot,onically and instead 

experiences a minimum about half-way through the first pairing while { { a l ) } m l / ~ l , O  dis- 
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plavs a maximum at  the h s t  pairing; that is, the reduction in Td at the larger MLo 

results in decreasing evaporation which combined with the condensation of the lighter 

species reduces the mean molar mass and further increases the width of the composition 

distribution. Clearlj; as A4Lo increases, emporrttion becomes goverced by limitations 

in drop heat up rather than by the drop/turbulence interaction. At the larger To, the 

larger (s~naller) {(Or}}n,i/8r:o for Re0 = 200 than for Reo = 500 between roll-up and first 

pairing (after the first pairing) corresponds to the higher (lower) {{Td}}ml/Td,o. 

Noteworthy, except for the iiquids urith the most narrow composition PDF (i.e. RP-I 

and JP-7), does not exceed unity-. That is, drops of liquids with a narrower 

composition are more prone to larger changes in the width of their composition distrib 

ution is each condensing species onto a drop rnakes a larger impact on the composition 

of the liquid drop. When t,he liquid [:omposition has a PDF a-it,h a larger width: evapo- 

ration of species of ever decreasing volatility dominates the condensation of thc lighter 

species within the time span of these simulations, resulting in a reduced composition 

h~t~erogeneity. 

3.2.3. ITo.por compositzon characteristics 

The effect of Reo and MLo on the vapor composition is illustrated in figures 7a and 

'ic, and the influence of liquid identity and To is depicted in figures 7b and 7d. Paralleling 

the drop ensembles averages of figure 6, the volumetric averages of figure 7 are also over 

the m ~ i n g  layer portion of the domain. Koteworthy, the simulation provides only the 

first four moments of the vapor composition, but not the mathematical form of its PDF. 

Indeed, consistent with the calculation of the source terms a t  grid nodes, the vapor- 

composition PDF is at each node the sum, according to equation 2.19, of all vapor PDFs 

a t  the drop surface for drops located within the grid volume associated with the specified 

node. The summation of DGPDFs having different values of same-order moments is not 
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necessarily a DGPDF. Only the first two moments of the composition are examined in 

figure 7. The PDF representation of the vapor composition, including the higher moments, 

is addressed in $3.6. 

For &esei, independent of the initial conditions, ( (B , ) jm l  /8,,F experiences a ses~ainec! 

gowth from unith initially representing the combined effect of condensation of lighter 

species onto drops, as obvious born by the sharp decay in ((a,))ml /CT",~,  and of species 

heavier than B,,o that may have been released through drop evaporation. Further increase 

in ( { # 2 , ) ) n L 1  /6',,,o is accompanied by a11 augmentation in ({a,)),l /o,,~, showing that al- 

though evaporation of some species occurs concomitantly with condensation c.bf other 

species, during the remaining of t.he sirnulation it is species addition from the liquid 

phase that dominates the changes in the vapor composition. In contrast, the kerosenes 

exp~rjence immediate increase in ((O,j)nL, /O,,o due to  evaporation: w ((oC)jrnl / o V , ~  si- 

multaneously increases. Compared to a change in Reo by a factor of 2.5, a change by the 

same factor in MLo produces a much larger effect on {(0,)),1 /O,,-, and ((a,)),,l /D, .~.  

The much reduced ( ( O , ) j m l  /Ov,n obtained when hdLo = 0.5 results from the increased 

condensation detected in figure 7c, reflecting dropheating relative impediments, and is 

consistent with the lower {(Td)jml/Td,O in figure 6a. The larger initial decay experi- 

enced by ( ( u , ) ) ~ ,  /cr,.o a t  the lower Reo (figure 7c)  shows that relative to the higher R,eo 

a larger number of species condenses and because the condensing species have a smaller 

molar mass, this process produces a higher ({B,)),, /B,,o from roll-up to the first pairing 

(figure 7a). Past the first pairing. the larger ({Td))ml/Td,O at the higher Reo (figure 6a) 

Ieatis to increasing evaporaticrn versus condensatiorl which augments ({cr,})ml / ( T ~ , ~  and 

elelates ( (O , ) jnL l  /O,,o through the addition of higher molar mass species. 

Mirroring the drop composition characteristics, changes in the vapor composition ,we 

smallest for the narrowest composition-PDF kerosenes for which the vapor mean molar 
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mass increases (figure 7b) owing to net evaporation (figure 7d); To has only a very mod- 

est effect as the species thermodynamics are quite similar for the narrow- compositions. 

Although initial net evaporation also increases ((9,,)),1 /O,,o for Jet A, its muck wider 

compouitior~ PDF !cads to a correspondingly greater To impact. Finally, as: zkeady dis- 

cussed, diesel is distinct from all other liquids in that the augmentation of /d7,,o 

is initially due to condensation of lighter vapor species onto the drops and also t80 evapo- 

rat.ion of heavier species from the drops) and its much wider composition PDF makes it 

prone to the largest influence of To.  Noteworthy, the value of ( ( 6 , ) )  /6'7,.a ha? a theoret- 

ical maximum limit corresponding to complete drop evaporation. Neglecting the initial 

amount of vapor (which here represents less than 0.53 % of the total liquid mass), if 

all liquid were evaporated, the composition of the vapor would be that of the liquid at, 

t" - 0, that is, max(({O,)) /%,,o) = 61,0/ev,o. From table I one finds that Ol,o/O,,cl is 1.32 

for diesel, 1.23 for Jet -4, 1.076 for RP-1 and 1.087 for JP-7. The departure of { ( O , . ) )  /Bv.o 

from these asymptotic limits depends on the amount, of vapor already released. The im- 

pact of To is only on the evaporation rate, and thus on the time needed to reach this 

asynlptotic value. Consequently, the bunching in figure 7b of ((0,)) /d,,o for RE'-1 and 

JP-7 is consistent with their similar values of 91.0/0v,o and evaporation rates (figure 6b), 

and cllrves for Jet A and diesel match by happenstance as a result of the competing 

effects between the significantly higher asymptotic limit for diesel and the much higher 

evaporation rate fox Jet A (figure 6b). These considerations are independent of the actual 

composition of the initial vapor; however, because the initial vapor is here found from a 

si:~gle-drop sinlulation in air at the specified To (by choosing it to be the first-time-step 

slufacilvapor composition,} this means that 9,,o depends on f 3 ~ , ~  through the width of 

the liquitl-PDF, finally explaining why RP-1 and JP-7 on the one hand and diesel and 

Jet A on zhe other hand show similar ((6,)) /B,,o. 
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Clearly, averaged quantities can only give a general physical picture of the flow, and 

detailed visualizations, presented next, are necessary to understand the details of the 

situation. 

3.3. Flow visualizations 

3.3.1. Drop f ie ld  

The detaiied distribution of the drop number density: p,, calculated as an Eulerian 

field from the Lagrangian distribution 

is presented in figure 8. The plots depict the between-the-braid plane x3/L3 = 0.5 for 

selected simulations, each at t:T. All simulations display an intricat.e drop organization 

exhibiting a multitude of scales. The void regions correspond to locations of high vorticity 

(Srluircs & Eaton (1991)) and contain no drops as the p, value based on one drop per 

computational volume leads to p ,  = 5.9 x 10' m-3. The outline of the void regions 

corresponds t,o high-strain locations (Squires & Eaton (1991); also see 53.4.1) and tiisplays 

largr: concentrations of drops. 

Increasing MLo (figures 8a and 8c) leads to a more intricate drop organization exhibit- 

ing a larger range of scales; this is because at same St0 value the larger No induces more 

droplflow interaction which anlplifics local non-uniformities through the drag action. The 

larger M L o  leads expectably to higher p, values. 

145th increasing To, diesel (figures 8a and 8b) and JP-7 (figures 8g and 8h) exhibit 

more heterogeneity in the lower stream and part of the~mixing layer, with void regions 

which now punctuate the rather uniform p, lower stream. These new regions of small 

p, result from the enhanced drop heating which promotes evaporation. No such regions 

are detected for Jet A (figures 8e and 8f) within the range of displayed p,, although 
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structural changes with increasing To are clearly visible. This dependency of the drop 

organization as a function of TO should be contrasted with the insensitivity to To found 

in the pre-transitional simulations of Le Clercq & Bellan (2005). It is thus clear that the 

ceupling betl.een turbu!ence and drops creates this Tg dependency. 

Composition eifects, examined at both To - 375 K (figures 8a, 8e and 8g) and  400 K 

(figures 8b, 8d, 8e and 8hj show- that the co~nplexity of the drop organization decreases 

with increased fuel volatility: indicating that by reducing the drop size and thus the local 

tirop/flom7 drag force, early evaporation has a homogenizing effect on the p, structure. 

Because at  To = 400 K d l  kerosenes have the same No and { { D o ] )  (see table I), the 

different pp, distributions portrayed in figures 8b, 8d, 8e and 8h result solely from the 

different liquid composition. The global structural organization for RP-1 and JP-7 (which 

have similar composition PDFs) at same initial conditions is virtually identical, dthnrlgh 

local differences in the structure of the field and value of p, are visible. 

Additional insight into the relationship between the drop position, its temperature 

and its composjtion is achieved by examining Lagrangian visualizations displayed for the 

bascline case in figure 9 at t:r in the mixing layer portion of the domain; each sphere in 

the plot represents a physical drop, the drops are magnified for readabiiity and there is 

no relationship between a drop size and its plotted volume. Due to the viewing angle, 

the void regions evident in figure 8 are obscured. The lower part of the mixing layex is 

populated by low-Td drops (figure 9a), but as the drops penetrate further into the mixing 

layer: they heat up and form temperature-wise a very heterogeneous drop ensemble. The 

largest Td is achieved by drops located a t  the top of the ultimate vortex, as the!. are in 

contact with the upper stream carrier gas at To. The impact of Td on 61 is evident in 

figure 9b. Both the drop historv and its instantaneous Td determine the value of t)(: as 

not all drops within a given temperature range have the same composition. The drops 
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with the smallest 6'1 are located in the iower part of the mixing layer, and their 81 is 

noticeably higher than owing to  he already evaporated volatiles. The mixing layer 

contains drops with a great variety of compositions and the composition diversity is also 

obvicus in the r e ~ n m t  of ',he ir,itial f o x  spai l~~ise vortices; a quantitative mzzs;sure of 

the heterogeneous distributiori is presented in $3.4.1. Drops having el > 245 kg/kmol 

are primarily located at the top of the ultimate vortex. However, not all drops at  that 

1ocst.ion have Or > 245 kg/krnol, as most drops have there 235 kg/kmol < Or < 245 

kg/krnol. Moreo\rer, some drops with 235 kg/kmol < 81 < 245 kg/kmol are also found 

embedded deep in the lower part of the ultimate vortex. This substantial local variation 

in H1 is premonitory of what could be expected for 0,. 

3.3.2. Plow field 

Dynamics 

To differentiate between SP and TP simulations, the between-the-braid plane W ~ ~ T , , ~  /A& 

is first displayed in figure 10 for all ,ULo = 0 computations. In all cases, the complex 

structure of the flow is apparent with regions of negative values, as in the initial condi- 

tion, interspersed with regions of substantial positive values which are a manifestation 

of the developed small-scale activity. The maximum w3b,,o/AUo value increases with 

Reo. ns expected, and decreases with increasing (XA,o - X:,,), which is attributed at  this 

point to the correspondingly increasing scalar dissipation, a fact confirmed in $3.5. The 

increased scalar dissipation contributes to the larger dissipation and due to the cc~upling 

of the dynamics with scalar transport, the viscous dissipation whose role is the reduction 

of organized motion also increases (see 53.5), which decreases the vorticity. 

The MLo # 0 spanwise vorticity is illustrated in figure 11 for the same simulations 

show11 in figure 8. The maximum ~ab , ,~ /AUo value increases with increasing MLll when 

going from null to non null valucs (compare with figure 10a) but the opposite occurs 
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when MLo changes from 0.2 to  0.5: and instead concentrated regions of high vorticity 

appear, conjectured to result from the amplified local interaction of the larger size drops 

(figure 6h) with the flow. The value of To has considerably more impact than MLo in 

cietcrmining the wab,,o/ALT8 activity and its ma~irnum value. Although for diesel, JP-7 

and RP-1 the larger To increases the maximum W ~ S , , ~ / A U ~ ,  the opposite occurs for Jet 

A. This liquid-specific behavior is explained by the variation of the source magnitude; 

{ p  [ d'h'81) v] ) , in the vorticity equation. Evidently, thic source Dx($S,,,,) = V X  1 F f  ----- 
d t  

conta i~~s  two terms: the drag, which is positive and decreases with the decreasing drop size 

prornot,ed by the increasing To; and the momentum of the vapor released from the drops 

which is negative and increases in absolute value with increasing To. In the wg equation, 

this tcrm is (a(smi12"p) - 8x1 ) )  nleaning that it is not only the sign of each of 

the two contri1)utions that is important, but also their spatial variation that infiuerlces 

the sign of the source term. Although a direct relationship between liquid volat.ility and 

the sign of the source term is not immediately apparent, we note that for a very volatile 

liquid such as Jet A, {V x { l S , , , , ) ] g  evidently becomes smaller with increasing To, 
. P  

whcrc<as for a relatively much less vokatile liquid, such as diesel, the vorticity source term 

becomes larger with increasing To. Because JP-7 and RP-1 follow the diesel trencl, what 

seems to be the determining factor in this variation is the lightest species entering the 

co~rlposition of the liquid (see figure 2) rather than the width of the compositior~ PDF. 

This To effect on the vortical activity should be contrasted to the insensitivity observed in 

the pre-transitional simulations of Le Clercq & Bellan (2005), indicating that this aspect 

is int.inistel>- rt:lated to the turbulence production through the drop/flow interaction. 

Thermodynamics 

The Yu contours are shown in figure 12 for the same simulations illustrated In figure 

8. The heterogeneity of the vapor distribution is noteworthy in all cases, with the larger 
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values generally confined to the lower stream. As either To or MLo increase (figures 12a, 

12b and 12c), the maximum Y, increases, but this effect is a much stronger function of To 

than of MLo because an augmentation in To promotes single-drop evaporation through 

enhanced heat tr2nsfer, where= the opposite happens at a more elevated MLo due to 

limitations on heat transfer horn a gas phase with a fixed amount of heat. ,The larger 

nlaxiniurrl Y,, at MLo = 0.5 compared to MLo = 0.2 is thus a consequence of which 

affects A7&. Examination of the Y, field structure shows increased heterogeneity with 

increasing To or MLo,  with regions of the largest Y, penetrating well into the mixing 

layer and reaching its boundary adjacent to the upper stream while pockets of negligible 

I';; enlbedding deep into the mixing layer. Concomitantly, regions of low Y, are now 

present as isolated pockets in the lower stream. At h e d  To and MLo, the maxirnum I:, 

iricreases with increasing fuel volatility, while the structural complexity of the Y, field 

decreases, which is attributed to the earlier evaporation that allows substantiai srnall- 

scale mixing before the achievement of transition. 

To entirely ctlaracterize the vapor, composition contours are displayed for 8, in figure 

13 and for a, in figure 14 corresponding to the simulations presented in figure 12. Com- 

pared to the pre-transitional results of Le Clercq & Bellan (2005), the 0, contours are 

considerably more heterogeneous, with multiple locations of very high values throughout 

the mixing layer. With increasing To, the maximum value of 8, increases (figures 13a 

arid 13b; figures 13g and 13h) due to the evaporation of the heavier compone~lts: the 

opposite occurs when MLo increases (figures 13a and 13c) due to the limitation in heat 

transfer which prevents the release of heavier components. Generally, the range of 0, 

v~lues mirrors that in the initial Liquid composition (figure 2) in that a narrow initial 

PDF range translates into a narrow range of 0, values. For a narrower initial PDF having 

a larger-nz component as its most volatile species (e.g. JP-7, for which y = 93 kg/krnol, 
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shown in figure 13g relative to diesel, for which y = 86 kg/kmol, shown in figure 13a), 

the lower stream is uniquely composed of very light species due to the larger time lag 

necessary for the drops to reach a Td value at which evaporation may proceed (not vis- 

ib!e at the reduced number of contour levels shown); a t  the more cle~ated MLo, e, is 

in the lower stream also smaller (not detectable on the contour levels of figures 13a and 

1 3 ~ ) :  this being attributed to the lower Td which hinders evaporation of relatively less 

volatile species. The very close association between initial liquid composition and the 

~rlagnit~ude and distribution of 8, is best highlight,ed when examining figures 13d and 

i3h representing XP-1 and JP-7 at same conditions: their airnost coincidental PDFs of 

figure 2 results in virtually the same coiltour distribution and magnitude. Whether at 

To - 375 K (figures 13a. 13e and 13gj or at To = 400 K (figures 13b. 13d, 13f and 13h). 

the heterogeneity of the B,, distribution increases xvith decreasing PDF width. 

Parallel contour plots of CT,, add more details to the information on the vapor compo- 

sition. For all simulations, 0, displays a complex distribution with generally smali values 

in either strearr~: and intermediate and high values confined to the mixing layer. Iqotable 

exceptions are the baseline diesel simulation (figure 14a) and that with MLa = 0.5 (figure 

14c) where the upper stream exhibits larger D, than the lower stream (only detectable 

in equivalent color plots, not shown), this being a manifestation of the lower stream con- 

densation rather than implying that the upper stream is heterogeneous. Whereas in the 

pre-transitional study of Le CIercq & Bellan (2005) the locations of maximum 0, and 

a,, erltireiy coincided, here this is no longer the case. Although the intersection of the 

maximum-value 0, and o, 1ocatic)ns is not null in correspondin~*'plots of figures 13 and 14, 

there is a considerable number of locatioris of maximum 8, value that do not correspond 

to a location of maximum D, value, and vice versa. After substantial evaporation, when 

only the heavier species remain in a drop, the evolved turbulence is responsible for- trans- 
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porting that drop in regions where the vapor composition may be relatively uniform, and 

thus the local drop evaporation will result in a, location of large 8, but relatively small D, 

(e.g. figures 13a, 13e and 13g compared to 14a. 14e and 14g, respectively). Conversely, 

drops at i~terrrtediary stages of evaporation may be brought 1.:-'I turbuience in a regioz of 

strong composition non-uniformity, the~eby creating through evaporation a location of 

intermediary 8, values and high u, values (i.e. figure 13f compared to 14f). Scrutiny of 

figures 14d and 14f makes it clear that, unlike for 8,: here there is no longer a s  strong a 

relationship between the initial liquid-composition PDF and the 0, magnitude: althoilgh 

the qualitative aspect and the relative structure of the o, distribution are still closely 

reia,ted to  this PDF. Increasing To (figures 14a and 14b; 14c and 14f; 14g and 14k:1 results 

in the maxi~num a,, increasing, and this effect is stronger with decreased fuel volatility 

(diesel versus all kerosenes) because this promotes the release of an increasing mnge of 

heavier components from drops, as seen when comparing figures 13a and 13b. 

The gcncral picture that emerges is that of the importance of dropiturbulent-flow 

interaction and initial liquid-composition PDF in determining the vapor distribution 

and local composition. Both To and MLo couple non-linearly with that interaction and 

with the initial liquid-composition PDF. 

3.4. Liquid and vapor first-order stntzstzcs 

3.4.1. Statistics related to the drops 

Thermody~lamics 

Figure 15 displays the homogeneous ( X I ,  x3) plane average number of drops, Nz., at 

t;,,. For a specified x*, the value of ATz, represents the number of drops in the region 

(x2 - A:c2/2, 2 2  i- Ax2/2). Ciectrly, for MLo = 0.2, in the lower stream (qualixatively 

meaning here ~ ~ / 6 , , ~  < -10) and in the mixing layer (qualitatively meaning here - 10 6 

~ ~ / 6 , . ~  < 7) there is a very large number of drops, and thus all drop statistics performed 
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at these locations are meaningful. With increasing X~/S,,~ beyond x~/S,;o - 7, the 

quality of the statistics deteriorates. For MLo = 0.5, the number of drops in the lower 

stream increases proportionally to the ,WLo augmentation and in the mixing layer. despite 

the !o::al (with s2/bw,G) fluctuatior,s: the number of drops remains proportiofial. 

St.ai,ist,ics over a specified drop ensemble may be of interest either for drop-defined 

quantities, in which case the concept is straightforward, or for gas-defined quantities 

interpolat.ed at the drop locations, in which case it represents the drop's far field value. 

From a gas-defined quantity. -4, interpolated through 1 to drop locations' resulting in 

t,he quantity ..IT; three types of drop ensemble averages can be defined as shnurn in 

table 3. For example, p, can be interpolated to the drop locations to obtain p:: and 

one can further calculate the number of drops per computational cell (i.e. inside hV,), 

7 1 ,  -- jp;], = P: x AVq: where Alf, = Arcl x Az2 x Ax3 is the cell volume defined in 2.3. 

Drop ensemble averages of n,, Td: d l  and 51 and their standard deviations are presented 

in figure 16. 

Despite the large number of drops in the lower stream, ( t a , )  < 1 ( 1 )  defined in table 3) 

for all simulations (for readability, only a restricted selection of simulations is shown in 

figure 1Eia). In the mixing layer, {n,) < 1.5 for MLo = 0.2 and {n,) 5 2 for MLo = 0.5, 

showing again the consistency of our assumptions regarding the volumetric loading past 

the initial condition, particularly since {{Vd]-) /{{Vd,o))  has considerably decreased from 

unity, conservatively indicated by {{D2)),~/{{0~)) in figure 6b, the mixing layer 

region being that where both in,) and the standard deviation, (($1 - (n,)2)0.'' shown 

in figure 16b: are largest; the same result prevails for rr2/Sw,o 7, although the statistics 

arc not considered converged. 

f i r  all simulations at MLo = 0.2 and To = 375 K, { T d ) / T d , o  decreases in the lower 

stream from its initial value (figure 16e) and this reduction is by happenstance similar 
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for diesel, RP-1 and JP-7, while for Jet A, the most volatile liquid, slightly smaller 

values are obtained. This reduction is due to the immediate evaporation of the most 

volatile species, and since Jet -4 contairis more-volatile species than each of the other 

liquids (figure 2), the decrease in {Td )/Td.0 is largest. Expectab!~~, with increasicg T;, 

{ T d } l T d , ~  is larger and even exceeds unity at To = 400 K, indicating that heat transfer 

to the drops combined with condensation more than compensates for that lost from 

evaporation ( { ~ r } / ~ l , o  < 1 in figure 16g). Conversely, when MLo = 0.5, { T d ) / T d , o  is 

further depressed due to the same heat now being available for an increased number 

of drops. MLo trends similar tc) the lower stream are observed throughout the mixing 

layer, with the important difference that in this region of high drop/'flow interaction, 

with increasing there is increasing coincidence among all kerose~les, which is 

ai.trib11ted to similar species in the three kerosenes oilce tlic very voiatile ones have 

been released, that is, to the coincidence of the high-m region for Jet A, RP-I and JP- 

7 (figure 2). With increasing x2/6,,0 bcyond the lower stream, and for To - 400 K,  

{Td}/TdTo augments at a higher ratme than at  To = 375 K. this being explained by the 

hotter a i ~  entrained into the mixing layer from the upper stream, which promot.es drop 

heating. Whereas ({T:) - {Td)2)0-5/Td,0 is minimal in the lower stream (figure 16d), in 

the mixing layer it abruptly increases by approximately a factor of 10, indicating the great 

(Tb}/Td.o variability of conditior~s in this region of high drop/turbulence interaction; the 

plateau-like value exhibited by the standard deviation across the entire mixing iayer i s  

indicative of nearly uniform variability. The least {Td}/Td,o variability occurs for RP-1 

and SF-7, portraying their narrow co~nposition, followed by diesel and Jet A which havc 

wider PDFs. The ( T d ) / T d , O  variability declines with increasing MLo and augments with 

higher To, being a direct consequence of the reduced/increased availability of heat for 

each drop in the Layer. 
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Tile drop corriposition statistics are illustrated in figures 16e and 16f for Ol/d1.0 and 

in figures 16g and 16h for al/al ,o.  The lower stream is characterized by a uniform 

{ H l } / B l , O  > 1, resulting from the early evaporation of the most volatile species, with 

the largest values reached by diesel and Jet A that contain more volatile species than 

R.P-1 and JP-7. However, while {ml}/al ,o  < 1 for diesel and Jet A, indicative of evap- 

oration, { ~1 } / u ~ , ~  > 1 for RP-1 and JP-7 indicative of condensation, both with respect 

to thc initial condition. Increasing MLo or To has opposite effects on { O 1 ) / O [ , o  in that 

it &creases/increases its value, portraying reducedlenhanced evaporation with respect 

to the baseline case, whereas it has a qualitatively similar, increasing effect on {a1 ) / o ! , ~  

with the influence of MLo being much weaker. It is clear that within thc restricted para- 

metric: range investigated, MLo has in the lower stream a much stronger influence on 

{ H i j / B l , o  than on { ~ r ~ ) / o ~ , ~ ,  while the opposite is true for To. Both ( { O f )  - { O i } 2 ) 0 . ~ / 8 1 , 0  

and ( { a : )  - {01)2)0.5/ul ,0  are minimal within the lower stream, consisterit with the low 

level of lieterogeneity encountered in this region. At MLo - 0.2 and To = 375 K: pro- 

ccrding into the mixing layer, { H 1 } / O 1 , O  augments with X ~ / S , , ~  at a larger rate for diesel 

ar~ri Jet h than for the other two kerosenes, which is evidence of increased evaporation 

of the most volatile species in diesel and Jet A that are not part of the RP-I and JP-7 

compositions. In contrast to the {81}/8L,o variation, for {o l ) / o l ,O  two distinct behaviors 

are apparent: RP-1 and JP-7, which have the narrower compositions, have experienced 

increasing condensation in the lower part of the mixing layer (i.e. { ~ r ) / a l , o  > 1 and 

increases) with ~ ~ / 6 , , ~ ,  followed by reduced condensation (i.e. { O ~ } / D ~ , ~  > 1 and dc- 

creases) with ~ ~ / 6 , , ~ ,  and finally by evaporation in the upper part of the mixing layer 

(i.e. { a l } / ~ r , ~  < 1 arid decreases) with ~ ~ / 6 , , ~ ,  whereas for diesel and Jet A globally evap- 

oration has oct:urred (i.e. { U ~ } / U ~ , ~  < I )  which was enhanced (i.e. { m l ) / m l , o  decreases) 

wit.11 increasing x2/dw.(). The non-monotonic behavior for the narrower PDF keroscries is 
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conjectured to result from a combination of the smaller Td value in the lower part of the 

mixi~lg layer and of entrainment into this region of the very volatile species that have 

esaporated early into the lower stream and are here encountering favorable conditions 

f ~ r  condensation; while both t.~:~ipcration and condensation m2y cconcomitantly occur for 

diesel and Jet A, the larger separation in saturation pressure between the early et-apo- 

ra~.ed species residing in the lower strearn and the intermediate species released in the 

mixing layer leads to a larger loss of species through evaporation. Neither a change of 

1-alue in +44Lo nor in To results in qualitative changes in the variation of jOr ) /C i l : o  and 

(oi},'al,o with ~ ~ / 6 ~ . ~ .  and even t,he quantitative rate of augmentation trends remain 

for ( # I } / # i ~ o .  However, { o i ) / ~ l , O  exhibits a stronger decay at the higher f i ,  indicative 

of stronger evaporation, whereas the opposite occurs at the larger MLo. The larger 

(1 8: 1 - { 1 9 ~ ) ~ ) ~ . ~ l e r . ~  and ({u;)  - {(T( } 2)0 .5 /o i .~  values, b y  approximatrely a fact#c:,r of 10, 

in the rrlixing layer compared to the lower stream remind of the enhanced hetero,geneity 

of tl-le laycr. Of note; among all liquids the largest values of ( { O f )  - { O l } 2 ) o - 5 / O l , o  occur for 

diesel: closely followed by RP-1 and JP-7. with Jet A showing distinctively less {Bl}/61,0 

variability in the lower part of the rnixing layer: apparently due to its increased vfilatility 

wit,k respect to all other liquids. Within the range explored, either changes in hdLo or 

To lead to substantially (- 60%) more elevated values of ({Qf) - { B r ) 2 ) 0 ~ 5 / 8 1 ~ o ,  indicat,- 

ing that the diversity of {&) /O l , o  values will be considerably greater in real combustors 

where To is much larger. Contrasting to the variation of ( ( 8 f )  - {61)2)0-5/d1,0 with fuel 

composition, ((of) - { u ~ } 2 ) 0 . 5 / ~ l , 0  is largest for RP-1 and JP-7 because their narrow 

co~rlposition means that either evaporation or condensation of a very small nrlrtlber of 

species can greatly &ect the liquid PDF. This interpretation is supported by the fact 

that continuing in decreasing order of magnitude are the ({a;) - {al)2)0.5/al ,o  values for 

Jet A and diesel, an ordering aligned with the width of their composition, u d  that the 
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diesel results fall considerably lower than those of the t h e e  kerosenes, consistent. with 

i t s  much larger PDF width. 

Size and organization 

~ 4 -  :- f ormation provided by the contoa plots of fgiire 8 was of pictorial natiire and 

did not, provide quantitative information about b o p  size and organization according to 

position within the volume. Such quantitative informatpion is first provided in figure 17 

through St ~vhich was defined in 53.1 and is here re-written as 

using the  definition of Re0 t.o eliminztc j ~ .  Ekom equation 3.3. it is clear that bccais?, all 

othcr quantities are initially specified: the variation of St is determined by that of D2.  

Illustrated in figures 17a and 17b are { S t )  and ( { s t 2 }  - { ~ t j ~ ) ~ . ' :  respectively. at tt,.. 

R~gartiing the drop preferential organization, Le Clercq & Bellan (2004) have discussed 

how the second invariant of the deformation tensor for comp:,essible flow 

a-here the strain rate is 

is conducive t.o distinguishing portions of the flow that are of rotationd or compresr.- 

ible nature, corresponding to II ,  > 0,  from regions where strain dominates. corrv- 

sponding to II, < 0.  Thus II;  is a measure of I I ,  a t  the drop locatio~is indicat- 

ing in particular the sign of this quantity, that is, whether the drop is in a region 

of rotation and compression, or in a region of strain. Plots of { I I ~ } / ( A u ~ / ~ , ~ ~ ) ~  and 

({(11z)2} - { l l ~ ) 2 ) 0 ~ 5 / ( A U 0 / 6 ( r . ( r . , o ) 2  at tzr are presented in figures 17c and 17d. 

The average drop size is evidently app~oximat~ely constant throughout the lower stream 

and c~ntinuoust: decreases from thr lowcr stream tro the mixing layer and thrciughn~lt 
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the mixing layer in the direction of the upper : tream. In the light of the { n,) \-ariation 

discussed in conjunction with figure lea, the lasger nunber of drops per cell in the 

mixing layer is balanced by their smaIler volume, which still leads to a negligible ratio 

of the droptci-cell vol~lrne, and consequently 11 egligible error in tlle c;alculation of the 

1,agrarlgian source terms at grid locations. The fact that at all locations { S t )  < 3: which 

is t,he initial volumetric mean, is indicative of the dropsize reduction due to evaporation. 

In the lower stream, ({st2) - { ~ t } ~ ) ' . ~  is smaller than the initial volumetric value of 0.5 

meaning that the drop size distribution is more uniform, where,% the opposite is evident 

in the mixing layer, which is a manifestation of the increased size polydispersity resulting 

frorn the dropjflow interaction. As expected, both {St} and ({sta) - {St )2)0 .5  decrease 

with liquid volatility or increa7ing To. and increase with larger MLo.  

Figl~rcs 17c and lye  show that cxcept for the lowc; stream where the drops reside in 

regions of II, - 0, in the entire mixing layer the drops reside in strain-dominat,ed loca- 

tions, consistent with the findings of Squires & Eaton (1 991). This result gives perspective 

to t h ~  finding of Le Clexcq ki Bellan (2004) that most drops ir? the volume acc:~rrnulate 

in regions of IIu 2. O showing that the result was biased by the much larger number 

of drops in the lower stream (figure 15). The present r e s~ l l s  show that with int;rti:t:iirlg 

voiolatility or and with decreasing MLo,  the drops generally reside ~ I I  regions of increas- 

ing strain. As either To or MLo increase, or as the volatility increasc:~ (RP-1 and JP-7 

not displayed) sharp peaks of larger-stra.in regions populated with drops are evident,, 

remnant of t,he parallel sharp peaks observed in figure 16a; this finding indicates that 

che iriucl: 1t:rger To in combustors is co~:ducivc to generating very-high-strain drop !zdcn 

rcgions. Considering the \ariation of ({(11z)2)  - ( 1 1 ~ } ~ ) ~ . ~ / ( A U ~ / & ~ , ~ ) % ~ i t h  T C ~ / ~ ~ , . , ~  

(figures i7d and 17f), it appears that the diversity of ( I I ~ } ~ ( A u ~ / ~ ~ , , ~ ) ~  also ir~creases 



DNS of transitzonal mixing layers with multicomponent drops 4 1 

with rxlore elevated values of volatility, To or MLo,  reinforcing the conclusion about the 

heterogeneity of cka.racteristics associated with drop locations in combustors. 

Pr~babilit~ies 

All hornog~neoirs (zl, .z3) plzrit. averages sho-G that the hop  characteristics are stroilgly 

afl'erted by the surrounding flow. To elucidate the influence of the location on the drops, 

I'DFs are separately calculated over the lower-stream and over the mixing-layer drop 

ensen~ble, and are displayed in figure 18. For figure readability, results are only shorn-n 

for diesel and different To, as is considered important in projecting how the results 

might change a t  the very much higher To in combustors. (For readability, the curve 

labels are specific to this figure and changed from those iisted in the figure 3 caption.) 

Because variations with increased To mimic those for liquids with increased volatility. 

the following results at To = 400 K can also be iritcrprcted as being applicable to the 

kerosenes. 

Apparently, the probability of a given number of drops per cell, whether in the lower 

stream or the mixing layer; is insensitive to To as shown Iny P (n,) in figure 18a. Inde- 

pendent, of the two locations, the PDF peaks at E n, = 0.6, but is considerably wider 

for thc rnixing layer relative to the lower stream, consistent with figure 16b. This is the 

consequence of drop segregation in the mixing layer, as seen in figures 17c and 17e. In 

corrtrast, P (Td) in figure 18b exhibit- high specificity both to To and to the drop iocation. 

Independent of To. T b  has a much larger range of higher values in the mixing layer than 

in the lower stream. Also independent of To, in both regions, the PDF displays a major 

peak and then a minor peak at snlaller Td values; although the larger peak is at the same 

Td value in both regions, in the mixing layer the minor peak is at inferior values than in 

the lower stream: making the lower stream PDF wider in the region of rnost probability. 

The dual peak corresponds to regions of relatively low T in the central streamwise 
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pc)rtion of the domain caused by the lower p a t  the center of the final vortex (not shown), 

surrounded by regions of hgher p and thus larger T ;  figure 9a clearly depicts the dual Td 

preferential values in the lower portion of the mixing layer. The major peak ind.icates a 

prefercatial vdxe which for To = 375 K is in tile lower stream slightly inferior ti; Td,O and 

the location of this minor peak, which indicates the lower boundary of the range of most 

probable values, shows that even within these most probable values, the mixirig layer 

has more variability than the lower stream, consistent with the physical understanding 

cieri\~ed from scrutiny of figure 16d. 

The composition information presented in figures 18c and 18d shows that independent 

of To, P ( d l )  peaks at the same Ql but is much narrower in the lower stream than in the 

mixing layer: consistent with the similar history of all drops in the lower stream and the 

diversity of drop history for the mixing layer drops, as cicarly seen in figure 9b. .At larger - 

To, P (0!) is translated to the range of larger 01 as the more volatile species have been 

released earlier from the drops, and its width increases, consistent with the information of 

figure 16f. Of note: some drops have a liquid mean molar mass as heavy as 260 kg/kmol, 

and this value increases to -- 300 kg/kmol at To = 400 K (not shown). Thus, for the much 

larger To in combustors, it is expected that the mean molar mass of the liquid will increase 

from the present twalues, leading to coke or cenosphere formation when species as heavy 

as - 500 kg/kmol have a non-negligible presence in the drop (Goldstein & Siegrnund 

(19761, Groenzin & Mullins (2000) and Sheu (2002)). Complementary t.o P (81) ! P ( a l )  

shows that the preferred value is similar for both lower-stream and mixing-layer regions, 

arid -that the location of the peak slightly increases with larger To. Independent of To, 

the P (ai) width is larger in the mixing Iayer, consistent with the information in figure 

16h. 
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3.4.2. l i a p o ~  statistics 

Homogeneous-plane averages of 0,;/8z!,o and ~ , / c r , , ~  at tTT are displayed in figure 19. For 

both (6 , )  /8,,o and (a,,) / u , , ~  the lower stream is characterized by a uniform distribution, 

with the \.slues increasing into and cuimiuating in the mixing Layer, then decreasing and 

reaching unit:. in tho upper stream. 

As MLo increases (figures 19a and 19c), both (0,) /6',,o and (n,) /acso decrease through- 

out the lower stream and mixing layer, indicative of e\aporation being relatively restricted 

to the more i-olatile, lighter species. The magnitudes of (8,) j8,,o and (a,) /G , ,~  are mildly 

sensitive to an augmentation in Reo (figures 19a and 19c), as evidenced by sirnilx values 

at different Reo both in the lower strearn and in the lower part of the mixing layer, how- 

i:ver. additional structure is observed at the higher Reo and the upper edge of the layer 

contains now heavier species meaning that the composition is more heterogeneous. 

Figure 1Yb shows that the diesel and Jet A (6,) /O,,,o prafiles coincide, independent of 

To, and that R,P-1 and JP-7 results are very close at both values of To. Ure conjectxt-e 

here that the coincidence of diesel and Jet A rneans that it is not ordy the width of the 

liquid composition PDF that ~nt~tt.ers under transitional conditions, differentiating the 

diesel and Jet A from RP-1 and JP-7, but also the identity of the most volatile species. 

Jet A experiences evaporation in the lower s t r a m ,  as shown by (0,) /a,,o > 1 in figure 

19d. which together with the larger Inearl molar mass there indicates enhanced .release 

of less volatile species. Across the layer, evaporation occurs for all kerosenes, but for 

diesel condensation occurs except at the larger To where evaporation prevails only at 

locatio~ls higher than ~ ~ / 6 , ; ~  > 5 in the layer. The physical picture that emerges from 

consideration of (5,) /o, ,~ together with the (8,) /B,,o profiles is that of an accumulation 

of high molar mass species in the core of the layer, with a relatively narrower distribution 

than at both Iower and upper layer boundaries. The composition at the lower boundary 
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of the mixing layer does not have in the mean as high a molar mass as the layer core, but 

it has a wider species distribution, with presumably a multitude of highly voiatile species 

entrair~ed from the lower stream. At the upper mixing layer boundary, the composition 

is also wider i,han in the layer core, with a larger niean molar mass than eicher ihe care 

or the lower layer region. this being due to the higher-m species that evapora1.e once 

the V~I-y  volatile and moderately volatile species have been released from the drops that 

havc trax-ersed the mixing layer to r ~ a c h  its upper boundary. This physical picture is 

consistent with that derived from examination of figure 9b. 

3.5. Diss-ipation analysis 

3.5.1. Imuersible entropy production 

Becallse the energy spectra of figure 4 showed significant differences in the small-scale 

energy from the SC-liquid study of Okotlg'o & Bellan (2004), suggesting here a more 

pronounced small-scale dissipation, it is of interest to examine the irreversible entropy 

product.ion, which is essentially the dissipation. Okong'o & Bellan (2004) have shown 

that for ;i TP flow, additional to the semi-definite positive quadratic terms in the SP 

dissipation, there are also source terms present; in the SC-liquid study of Okong'o & 

Bellan (2004), the source terms entirely dominated the dissipation budget at  transition. 

Here the same result applies as in Okong'o & Bellan (2004)' as t.he equations for [,, are 

not inval\,ed in the derivation. Specifically, according to Okong'o & Bellan (2004) the 

dissipation, g is 
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where R, = &,Id,, and p, = h,, - Ts,, is the chemical potential with s, being the entropy 

of the pure vapor which is calculated for a perfect gas as 

given a functional form for C,,,, (T), where it is required that s be null a t  OK (in practice 

t,hc integration is carried out from 1K due to the logarithmic singularity at 7' -- 0). 

where s t  is the reference entropy at the refererlce temperature To and pressure typi- 

cally obtained from integration or tables. 

Considering the entire g contribution due to drop source terms 

Q c o n v - d i ~  A d  i i  Md ~ ~ ~ ~ i 7 L . s i . i  
Yd = - T - mdsu,s - 7 7 + --SIP T ' 

(3.13) 
r d  

having assumed that s, is calculated at the drop surface (consistent with the calcnlation 

of h,, in S,,), shows that because the last term in equation 3.13 is always positive, the 

sign of gd is determined by the sign and magnitude of the &st three terms. Under net 

evaporative corrditions, ;td < 0 ;  and thus the second and third terms of equation 3.13 

are also positive; the opposite happens under net condensation conditions. Finally, for 

Td < T. which are the prevailing conditions iu the present, simulations, the fust, term 



46 Laurent C. Selle and Josette Bellan 

is negative. Thus, under net evaporative conditions, the sign of gd  is determined hy 

the relative magnitude of the first term compared t?o sum of the other terrns of equation 

3.13. The implication is that strong droplet heating promoted by a large value of I:T - Td)  

could ieaci to a reduction in g with respect to a SP flow having the same t,hermotlynamic 

gradients, if evaporation is weak, that is, if the Iiquid is not very volatile, and also if the 

slip \clocity is small. These considerations show that liquid volatility plays a strong role 

in dei;crmining the value of the dissipation, and identifies the reasons why TP Bows with 

liquids of different composition have disparate chara~t~eristics. 

Present,ed in table 4 is the y budget for ail MLo = 0 simulations. Similar to the findings 

of Okong'o & Bellan (2004) for SC SP simulations, gvi,, augments with increasing Reo 

and gtemp is very small. We find here that a mass flux similar in magnitude to that 

circurring at  transitional states for the MC TP flows can add for SP flows about '7% 

of g,,,, to the average g in the form of scalar dissipation: the relatlve r.rn.s. of g,,,, 

t o  y,,,,, is though much larger, - 12%. Pjot only is there the additional contributron 

of g,,,,: but also g,,i,, is greater and this augmentation increases with Reo to up to 

- 15%; when Reo increases by a factor of 2.5. For corresponding simulations, botrli g and 

its contributions are larger for SC SP flows (compare table 4 to table 10 of Okong'o & 

Bellan (2004)): indicating that even for SP situations, the MC feature may affect, the 

turbulent characteristics of a Aow, rnainly through the change in molar mass. 

Because calculation of the g budget involves for TP 0ows the value of s!, which may 

be difficult to compute for MC liquids: this potential intricacy is here bypassed by con- 

sidering the budget of 

which is the irreversible entropy production associated with (s - s: )  and by calcnlating 

(s - s:) according to equztion 3.11 with the choice of To -- Tt so as to eiiminate the 
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computation of the problematic liquid entropy: we choose = po The budget of g* is 

calculated in the same manner as that of g, except that in equation 3.6 g ~ . , h ~ ~ ,  is now 

- replaced by g;,chpot - g ~ , ~ h ~ ~ ~  - s;Smass. The g* budget for TP simulations is presented 

in tables 5 and 6 for quantities c;alculated at grid nodes (e.g. the first row and first, crjlumn 

value represents ((girl}))., and i r ~  table 7 for quantities calculated at grid nodes and then 

interpolated at the d ~ o p  iocaticlxl (e.g. the first row and first column value represents 

( {g? , l ) ) ) .  All tables list averages, r.rn.s. and the % of the ensemble where positive or 

negative values occur. 'The vertical listing of terms in the tables follows that of Okong'o & 

Bellall (2004) (where they were listed in decreasing order of r.m.s. values for the baseline 

case) fur easy comparison of terrns other than g;,chpot and g". 

It is apparent from table 5 that, excluding the non-comparable ggT,chpot , the decreasing 

order of t,he r.ni.s. values remains from the SC n-decane study of Okong'o & Bellan 

(2004). However, a t  same initial conditions, grri is smaller in magnitude, whether average 

or r.m.s., and this holds for diesel and all kerosenes (tables 5 and 6), with RP-1, tha liquid 

with the narron7est PDF, approaching n-decane closest. For diesel at the (7% relat,iw!j~) 

higher To (table 5), the average g l ~ l  is larger by -- 15% for the average and ,- 23% 

for the r.m.s. confirming the important influence of To for liquids of low volatility. A 

similar comparison for Jet A (table 6) reveals practically no difference with To, which 

is attributed to the more modest role of a such small relative increase in To for fuels of 

highcr volatility. Because 

s i g n ( g , r i )  = s i g n  [vj Pj -t Q,,.,.-di~ + Qevap + (y + C I T ~ ) ]  

(3.15) 

if is clear that grrr < 0 only if the sum of the first two terms, representing the work 

due to drag and Crop heating, dctninate the effect of evaporation. Although ( ( g I I I } )  > 0 
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for a11 simulations, and in most of the donlain grlr  > 0,  there is a non-negligible ?& 

(more than 15%) of the volumetric domain where its value is negative for all MLo = 0.2 

simulations, and this percentage increases at. the  larger To. With increasiag MLo,  the 

% 'of the diirnain with g,lr < 0 decreases, which is aitribut,ed to the reduction in ;xd 

combined to the larger drag and flowto-drop heat transfer associated with the mudl 

larger number of drops. Of note, the percentages of strictIy positive and strictly negative 

grjr activity do not necessarily add up to 100 because there may be no actilyty a t  all in 

the considerable part of the domain represented by the upper stream; in fact, o111y -- 74% 

ro 79% of the volume is prone to non null grjr  activity, and this percentage increases at 

larger AdLo or To but is not sensitive to Liquid volatility. 

For all fuels and under all conditions, ( (g~ ,h , , ) )  < 0 and dominates y* in rnagni- 

tude; sirrlilarly, the r.m.s. of ,9T,,,,,, is thc largest among all contributions to g*. This 

means that the composition of the fuel has a major impact on the irreversible (s - s!) 

production. Both the g;,ci,,, average and r.m.s. increase with MLo but slightly l t m  than 

proportionally, and with To or larger fuel voiatility. 

In co~ltrast to gIrr, the g,,,, contribution, whether average or r.m.s., is here larger in 

rnagriitude (by -- 20%) than in Okoag'o & Bellan (2004), decisively espiaining svhy the 

smallcst scales in the energy spectra of figure 4 contain here orders of magnitrlde less 

energy than in the equivalent spectra of Okong'o & Bellan (2004). None of the pantmeters 

considered here (AILo, To or liquid volatiiity) affect this conclusion, which seems to be 

entirely related to the MC aspect of the flow. Like for all other flux-related dissipation 

terms (i.e. g,,,, and gt,,,), tho enti?.,: dorna.irl has a positive activity. Rclative to  the SP 

budget of table 4, g,,,, is now larger by 35% in average and - 29% in r.m.s.. Although 

at first consideration this result may seem contradictory to the reduced energy in the 

small scales for SP flows evident in figures 4a and 4h, the fact is that the initial energy in 
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SP and TP flows is not the same (because of the additional energy due to the presence of 

drops) as shown in figure 4b. and moreover the kinetic energy in TP fiomrs first ixicreases 

with time compared to the decrease experier~ced by SF flows (figure 5a), which brings 

t ht correct perspective to this result. 

Previously analyzed in detail by Okong'o & Bellan (2004) in their n-decane study, 

here ((glij} > 0 for diesel, but ( ( g r ~ ) )  < 0 for all kerosenes independent of f i ,  indicatr~~g 

that for diesel it is drag that dominates, whereas for the kerosenes it is evaporation tha.t 

governs I he sign of this term. Confirm:ng this interpretation, ( ( g r J ) )  becomes incrrwsiugly 

positive at the larger MLo and substantially decreases with augmenting To; the same 

varlaticm is apparent for the r.m.s., portraying the increased (decreased) heterogeneity i11 

the  flow with increasing (decreasing) MLo (To). For diesel, an approximately similar % 

of t h~ doinain experiences positive or negati w ( ( g r i ) }  activity; whereas for all keroscnes 

there is a larger % of negative activity regions. At the larger hdLo, the % of regions of 

positive activity increases, which results frorn the increased drag on a larger nurnber of 

t-irops co~nbirled with the decreased evaporation due to heat-transfer limitations, a.nd at  

thc larger To the opposite holds, owing to the increased evaporation rate due to promoted 

heat transfer combined with the decreased drag on smaller drops. 

Both g,,,, and gtemp are for a11 liquids more than a factor of 50 smaller than the 

largest g corltribution, and g l , k i n e  is even smaller. Because 

this rneans that regions of ( ( g ~ , k . , , } )  > 0 ( ( ( g ~ , k ~ ~ ~ ) )  < 0) correspond to net evaporation 

(net condensatio11). Apparently, independent of the the liquid, MLo or To, net evapo- 

ration occurs in a larger % of the domain than net condensation. The kerosenes with a 

narrower composition PDF (i.e. RP-I and JP-7) are particularly prone to net evaporation 

over a iarger part of the domain duc to the lack of much more volatile species than the 
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mean that could have condensed on the drops. Similarly, the extent of net evaporation 

regions also becomes more preponderant with increasing MLo presumably due to the 

larger number of drops which increases the portions of the domain populated by drops. 

The results s h o ~  almost no sensitivity tct To; however, with increasing iiqiiid volatility 

,91,k,7iP increasesj consistent with the plots of figure Sb. 

C:ompared to MC SP sirnuiations, the valncs of all flux contributions of g are larger for 

%,IC TP flows, whether average or r.rn.s.; this is similar to the SC results of Okong'o & 

Bellan (2004). However, one noteworthy distinguishing feature is that in going from SC 

to  MC flows: the g,,,, average increases by oniy half ns much from SP to TP situations: 

whereas its r.1n.s. augmentation is by a factor of 3 larger than for SC flows, suggesting 

That, the MC-liquid phase change suppresses the increase in the average and introduces 

aclditional variability in .9,isc 

Whereas tables 5 tjo 6 correspond to the dissipation in an Eulerian framework, table 

7 is an  example of the gas dissipation g" as 'seen' by the drops, that is, in a Lagangian 

framework. In  this Lagrangiar~ framework, the % regions of positive activity added to t,he 

% of negative activity locations yields 100%. A small error is evident in the computed 

vaiues for g,,,, and g,,,,, which, although adding to the expected 100%, show an 

unphysical 1% region of negative activity; the cornputsation error is evidently due to the 

operation Z. Similar to ( ( g * ) }  , { {(g*)T) } is negative and decreases in magnitude with 

M Lo and To, and increases with fuel volatility, that is with a smaller y (see table 1). The 

negative value of {{(g*)Z)) again represents the dominance of g;,chpot which is the only 

ncgative contribution. I t  is dear that for all liquids (only dissel and Jet A shown) and 

for each specified simulation: over the drop ensernble grrr has a much larger value t h m  

at grid nodes, both average and r.m.s.; g;,chpot is in average larger in lnagnitudo than 

at, grid nodes by a factor of -2.5 to 4.5 for diesel and -4 for kerosenes, and its r.rn.s. is 
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larger than at grid nodes by a factor of -2 to 3; gvi,, is smaller both in average and r.m.s. 

for all liquids; gll has a similar average value but a larger r.m.s. for diesel, a much larger 

a.bsolute value (by a factor of 26) and a much larger r.m.s. for Jet A (and both other 

kerosenes; not shown); for ail liquids, g,,,, and ytemp are 50% to a factor of 2 iarger in 

average and r.m.s. when calculated over the drop ensemble; and independently of liquid, 

{ { ! l : kTna) )  is try a factor of 2-3 larger than { ( s ~ , ~ ~ ~ ~ ) )  with now a larger % allocated to 

negative values, corresponding to net condensation, and - a factor of 2 larger in r.rr1.s.. 

For all liquids, the To variation of each contribution to (y*) l  is consistent with that seen 

for t,he donlain statistics. The general picture obtained when scrutinizing y* over the 

drop cusem ble is that although the general conclusions are similar with those obtained 

for the g* statistics over the volumetric domain, the details may considerably mry. This 

raises the question of how does the composition PDF, which according to equation 2.16 

is a DGPDF for the mpor at the drop surface, evolve in mattiematical form from the 

drop surface tjo the grid nodes; this topic is addressed in $3.6. 

3.5.2. Sculur dissipation representation, 

Although the present results agee with the study of Okong'o & Bellan (2004) regarding 

the negligible aport of g,,,, to g ,  this does not imply that g,,,, is not a quantity of 

interest. I'or example, in non-premixed turbulent combustion models it is frequently 

assumed, for simplicity, that flames are infinitesimally thin with respect to turtdence 

scales: and thus that the role of turbulence is merely to distort these infinitely thin flames, 

thus incresing their surface and augmenting the reaction rate; these are called 'fla~neiet' 

models. The t.urbulent reaction rate is then assumed to be proportional to g,,,,, which i s  

specified through a mathematical form. The g,,,, mathematical form has been assurned 

Gaussian until recently, without much experimeritally-based justification. 

Beyond the practical need of modeling flatuelet reaction rates lies the general topic 
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of passive (no reaction; only transport) or active (phase change and/or reaction and 

transport) scalar dispersion anti mixing in turbulent flows, dso related to quantifying 

intermittency in turbulent, mixing. This topic has sparked substantiai interest in the past, 

but so far been addressed only for either jiqiiid or gaseous SP flows. Concentrating on 

the investigations of the last decade, the experimental work of Buch & Dahm (1996) for 

liquid flows (i.e. Sc = 0(102) conditions) preceded their SP gaseous flow ( i t .  Sc = O(1) 

conditions) studies. Passive scalars have been investigated by Tong & Warhaft (1995j, 

Ruch k Dahm (1998)1 Su & Clemens (1999), Warhaft (20001, Kothnur & Clemens (2001); 

Probst 8~ Ghandi (2003) (although their experimental set up is that of a spray engine, the 

drops are allowed a 4 rns stay- in pressurized air, after which the resulting gaseous mixture 

is i~ijected in the measurement chamber) and Su & Clemens (2003). Active, reactive 

scalars have hecn studied by Karpetis 8 Barlow (2002): Mason, Chen k Im (20021, 

Karpetis & Barlow (2004): Barlrm &L Karpetis (2004a), Barlow & Karpetis (2004b) and 

Karpetis, Settersten, Schefer & Barlow (2004). Kothnur & Clemens (2001) atliiressed 

the relationship between scalar dissipation a.nd strain in non-reacting turbulent planar 

jets at atmospheric conditions. The work of Su & Clemens (1999) and of Su & Clemens 

(2003) focuscd on measuring the dissipation in propane jet,s (seeded with acetone) co- 

flowing with air. I<arpetis & Barlow (2002), Karpetis & Barlow (2004); Farloi~v & Karpetis 

(2004a). Barlow & Karpetis (2004b), and Karpetis, Settersten, Schefer & Barlow (2004) 

concentrated on measuring the scalar dissipation for atmospheric methanelair jet flames: 

some evidence is presented in Karpctis & Barlow (2004) showing that simple flantelet 

concepts may not be applicable to  those flames. 

Illustrated in figure 20a is the visnalization of l~g ,~[(V(cX,) )  . (V(cX,))] in the same 

between-the-braid plane as the visualizations of 83.3. The legend extends from practically 

null values (i.e. 10W8) to N 1.0-', encompassing a very wide variation. The filamentary 
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structure widely discussed in the literature is evident, as is also the increasing level of 

structural complexity when compared to the passive scalar results of Su & Clemens 

(2003) (their figure 4). Notably, cX,, is here an active scalar. as it originates from drop 

evzporation. Figirre 236 sho-6% no activity in the upper stream, and r~iinirnai activity in 

the lower stream. However, the mixing layer displays highly contorted regions of large 

scalar dissipation, indicative of intense mixing, coexisting with adjacent locatiorls of low 

scalar dissipation. 

The lucid presentation of Su 6r Clernens (2003) identifies the crucial questions when 

studying the scalar dissipation, one of which is: What is the ~nathenlatical form. of t,he 

PDF? Is the Gaussian PDF typically assumed for Log Il in flamelet rnodels a good repre- 

sentat.ion? All experimental investigations of passive scalars, examples of which are Buch 

A: Dahm (1996), Su & Clemens (2003) arid Probst & Ghandi (2003), show that t8he PDF 

of logs is indeed close t,o a Gaussian, but that it exhibits a small negative skewness 

that clistinguishes it from the Gaussian (which has null skewness). The departure from 

Gaussian was shown by Su k Clemens (2003) t,o hold at significant values and over an 

engineering-useful range of (nut.er scale) Re (3290 to 8330). When conditioned t,o larger 

Re, the skewness magnitude uras reduced, consistent with the clear discussion of Warhaft 

(2000) regarding the subtle departure from local isotropy for both inertial and dissipa- 

tion scales at experimentally attainable values of (rather than infinite) Re and with his 

considerations on the scalar PDF tails. Nevertheiess, the fact is that for the Rr  magni- 

tudes rele\ant to engineering applications, the non-Gaussian behavior prexails, as also 

experimentally found by Kaspetis & Barlom- (2004) for active scalars. 

The present results extend the existing SP studies to TP flows. Because the drop/flow 

interaction afiects both vapor release and mixing, there is uo guuarltee that tile previous 
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SP conclusions are applicable. Plotted in figure 20b is an example of the log(ll/D) PDF 

at t&,  computed here for the baseline case (table 1); because 2, is constant, this does not 

change the interpretation of the result. To differentiate between mixing in the relatively 

low-turbuience lower and upper streams from that in the fuil mixing layer, which is 

i11 a transitional state, and moreovcr from that in the core of the mixing layer which 

experiences the largest mixing activity (see figure 20a), separate PDFs are presented. In 

all three regions, the PDF is decisively non-Gaussian, although i t  displays a Gaussian- 

like portion. In the lower stream, the PDF peaks at small scalar products, ~vllich is a 

~slanifestat~iori of the flow near-uniformity, and a small {:ail extends into the region of iarger 

scalar products. In contrast, the full mixing layer PDF peaks in the region of relatively 

larger scalar products with a secondary peak in the range of srnall values and finally a tail 

itt Yery small values; the secondary peak is due to regions of relative inactix-ity lncludcd 

in t,he domain (see figure 20a). Finally: in the mixing layer core the PDF expectably 

peaks a t  the same location that the PDF in the full mixing layer, but is more akin to 

a Gaussim, although it also displays the tai! characteristic of the fu!! layer. The same 

cffect of tendcncy towards Gaussian behavior with increased turbulent actklty was found 

by Warhaft (2000), Su & Clemens (2003) and others, but for a passive scalar and in SF' 

floars. Comparing to the results of Su & Clemens (2003) (their figure 5a; note that the 

abscissa is not the same as here), we find a fuller PDF in the large side of the scalar 

prodticts with respect to the peak, which is indicative of the larger heterogeneity of the 

conditions in our layer relative to the Su & Clemens (2003) turbuierlt jet; this increased 

heterogeneity is evident in comparisons of the present figures 12a and 20b with figures 2 

and 4. respectively. of Su & Clemens (2003) and is attributed to the drop/fiow interaction. 

Effectively, the vapor source terms locally increase X,, thus generating higher gradients. 

This generation of high gradient (that is, larger scalar dissipation) zones is typical to 
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TP flours. Therefore, we have highlighted a qualitative Merence between SP and TP 

scalar dissipation distributio~ls that could, with additionaI modeling, be integrated in 

combustion models for TP Ao~vs. 

The ir~lplication of this discussion is that a scdar dissipation ratme modeled as a Gaussian 

is strictly valid only at infinite Re values, recalling the similar statement of Warhaft 

(2000). Compared to SP flows, for TP flows the Gaussian assumption may be additionally 

questionable due to the increased range of Re values in the flow, which is a manifestation 

of the drop/flow interaction, leading to increased mixing-level heterogeneity. 

3.6. Vizpor-compo~ition PD F representation 

The discllssion of the dissipatioli in $3.5.1 raises the possibility that given the different 

'appearance' of the flow in the Eulerian or Lagrangian frameworks, the vapor-composition 

PDF. which is a DGPDF at drop locations may not have the same mathematical form 

at grid nodes. Le Clercq Xr. Bellan (2005) assumed in their pre-transitional simt~lations 

that the vapor composition remained a DGPDF, an approximation which was justified 

by the relatively lower het,erogeneity in composition relative to the present transitional 

simnlat,ions (compare their figures 1 2  and 13 with present figures 13 and 14, respectively). 

Thus. here we explore the mathematical form of the wpor-composition PDF through the 

excess moments E : , ~  of equation 2.4. That is, we compare the vapor-composition PDF: 

of which we only know the caiculated first four moments computed as the solution of 

the gas-phase equations, with the SGPDF that has the same first two moments as the 

computed PDF; this PDF has so far an unknown mathematical form. 

Figures 21a and 21b show ( E ~ , , / E ~ , ~  SGPD') and figures 21e and 21d display (&, /<::PDF) . 

In  all cases, both ( <i,v/(s.v " G P D F )  and ( < ~ , U / [ ~ ~ p " F )  are very small. -. 0( lop3)  and 

negative, although the fourth order moment tends to have values larger by a factor of 5 

than the corresponding third moments. The snlallest magnitude of 
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(&., / ,$ :P~ ' )  is in the lower and upper streams, while the mixing layer hosts the largest 

values. The deviation from the SGPDF increase with decreasing MLo (figures 21a and 

21c) and with increasing To (figures 21b and 21d) ;  at more elevated Reo, the region of 

!arger departure shifts t o w ~ d s  the upper stream, z:id the departure from thc SCiPDF is 

larger (figures 21a and 21c). A smaller MLo,  larger To or higher Reo promote evaporation 

(figure 6) and thus the evolution of species that potentially could condense and could 

contrihut,e t.o the formation of a PDF different from the SGPDF; notably, Harstad, Le 

Ciercq k, Bellan (2003) showed that for the liquid, departures from the SGPDF increased 

at larger evaporation rates and these departures were traced t,o species condensation or, 

the drops. The departure from the SGPDF decreases in the lower stream with increasing 

value of the lowest-m species, as vapor evolution in t'his region is entirely due to the most 

vuiatile species of the liquid; because Jet A exhibits here considerably more evaporatior~ 

than diesel arid the two other kerosenes, its P, displays most departure from the SGPDF 

(figures 21b and 21d). The mixing layer being a region of evaporation where a multitude 

of rr~oiar mass species are released froin the drops, the departures from the SGPDF align 

here with the width of fiTO because more species are available for condensation and the 

vapor emanating from the liquid with the largest P L , ~  width - diesel - has the largest 

d~part~ure from the SGPDF. 

Finally, ( E L )  is illustrated in figure 21e, and now assuming that the vapor-composition 

PDF is of the double-Garnma. form, (E,) is portrayed in figuxe 21f; the jagged aspect 

of the curves in figure 21e is due to ensemble averaging a liquid variable over drops 

residing in planes (see discussion in 53.4.1). The activity is almost uniquely confined to 

the mixing layer. Clearly, the deviation of the vapor composition from SGPDF is greater 

by - 50% in the vapor than in the liquid, although in both cases the departure is small; 

according to Harstad, Le Clercq & Bellan (2003), this small departure is though crucial 
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to the physical tenability of the model. Thus, if I-', is a DGPDF, its departure hom the 

equivalent SGPDF is larger than t1la.t of .?'i f ~ o m  its corresponding SGPDF. Comparing all 

liquids according to their composition, a relatively larger departure from the SGPDF in 

the liquid leads t o  a relatively smaller departure f ~ r  the vapor; we interpret this i?ppcsit~ 

variation as being the effect of condensa.tio11 onto the drops which depresses the minor 

cioul-)It.-Gamma peak in the vapor and increases it in the liquid, this interpretation being 

supported by the appr0xirnat.e coincidence of the per~ks in figure 21f with the peaks in 

figures 19b and 19d. Most deviation in the Iiquid and least departure in t,he vapor from 

the SGPDF are for RP-I and 3P-7 because of their rkarrower initial comyositiun PDF 

implying a narrower range of saturation pressures. Decreasing (increasing) in d(3viation 

from SGPDF, Jet A liquid (xapor) is intermediary between the other two kerosenes and 

tliesel. At the more elevated To (M L o ) ,  hoi.11 liquid and vapor ex-perience largpr (smaller) 

DGPDF effects. The major and minor mixing-layer peaks in figure 21f coincide with 

isolated regions of high p ,  (figure 8), prone to large net evaporation. 

4. Conclusions 

'Transitional states were created through Direct Numerical Simulation (DNS) for both 

m~llticomponent-species (hiC-species) gaseous mixing layers and dropladen rnixir~g layers 

wherc the evaporating liquid is a MC mixture of a very large number of species. 'The 

rnixing layer was threedi~nensionai, and when drops were present, they were initially 

corlfined to the lower stream. The gas wm followed in an Eulerian framework, whereas 

t,hc cirop. were described in a Lagrangian frame, with complete coupli>g between tlrops 

and carrier gas accounting for exchanges of mass, species, momentum and energy. The 

liquid and vapor composition resulting from evaporation/condensation were modeled 

using Continuous Thermodynamic concepts wherein a Probability Distribution Funct,ion 
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(PDF), taken here as a function of the species molar mass, describes each evolving PDF; 

t.he gas PDF is a function of time and location, and the liquid PDF varies with time 

c~nd is specific to each drop. The liquid PDF was initially specified as a single Gamnia 

PDF (SGPDF) and was allowed to evolve into a linear combination of two Garnrna PDFs 

(DGPDF) ; according to Cotterman, Bender & Prausnitz (1985), the vapor composition at 

the drop surface has the same functional form as the liquid PDF, but this does not mean 

that the PDF form is conserved away from the drop surface. Indeed, the conservation 

c:quations were written for the first four moments of the vapor composition a1va.y from the 

drops: but the vapor compositioi~ mathematical form was not presumed to neressarily be 

eit1iri.r. a SGPDF or a DGPDF. The layer initially consists of four spanwise vortices whose 

double pairing, prornoted by a pert,urbation, results in the formation of an ultimate vortex 

in which small scales proliferate. The criterion for transitional state achievement was that, 

one-dimensional energy spectra based on velocity fluctuations display the smooth aspect 

charact.eristic of turbulence. 

1:or gaseous (i.e. single phase; SP) mixing layers, the emphasis was on the character- 

istics of the transitional states as a function of the initial Reynolds number, Reo, and of 

thc initial species mass flux between the two streams. For drop-laden (i.e. two phase; TP) 

mixing layers, the emphasis was on the drop/flow interaction and the influence of the 

initial mass loading, MLo, of the initial carrier gas temperature, To, and of the identity 

of t.hc liquid; no Reo, effect could be studied for TP flows due to computational platform 

memory co~~straints. Also, because the characteristic drop lifetime had to be matched to 

that of the flow at values of Reo that were lower than in a fully turbulent combustor; 

sclccted To values were here smaller than those in combustors. The non-dimensional ini- 

tial condit.ic)n~s were all matched for the four liquids investigated - diesel and the three 

kcrosenes Jet A ,  RP-1 and JP-7 - and specified the same M L o ,  Reo, alld drop/floxv in- 
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interaction through the Stokes number, Sto,  all being non-dimensional numbers that al- 

low comparisons of self-similar soiutions in the spirit of Batchelor (1967). Comparisons 

of tile present findings with the single-component (SC) DKS results of Okong'o k Bellan 

(2004) and with the pre-transitional DNS solutions of ie Clercq & Bellan (2005) using 

the same model as here were also performed. 

The findings show that for SP flows. the value of Reo only influences the growth of 

the layer at transition, but not its evolution to transition. For TP flows, the Layer growth 

nas mainly affected by MLo and To, but not by the liquid identity; a11 parameters, but 

primarily the Iiquid identity had an impact on the arnount of vapor released in the gas. 

Thc global vortical aspects of the flow were st,rongly dependent on Reo for SP fiows and 

were impacted by MLo and especially by To, but were found insensitive to the identity 

of the liquid for TP flows. The variation with Reo and MLo is similar to that found by 

Okong'o 65 Bellan (2004) in equivalent ~imulat~ions, and the sensitivity to To constitutes 

a major difference from the pre-transitional results of Le Clercq & Bellan (2005) with 

the present model. 

Ensemble averages over the drops in the mixing layer at transition showed that the 

drop temperature: Td,  is mostly affected by To. h4Lo and liquid identity and that small 

differences in Xd result in large differences in drop diameter reduction due to evaporation. 

To and MLo have opposite effects in that increasing the former prom~t~es evaporation 

whereas increasing the latter hinders it, resulting in much larger drops. The kerosenes 

evaporated much faster than diesel, due to their much higher volatilities. The si;andard 

deviation of the. liquid composition showed tha.t strong early drop evaporation is foi-- 

lowed by drop condensation, resulting in the mean Iiquid molar mass, B i ,  monotonically 

increasing but at a varying rate determined by the relative evaporation/condensation 

process. Volumetric averages over the mixing layer showed that, for the chosen vapor 
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initial condition, strong condensation initially occurs concurrent with species addition 

though evaporation. Whether in the liquid or the vapor, the liquid identity is t,he prime 

determinant of the composition evolution with respect to the initial conditions, followed 

by A4Lo and G. 

Examination of flow visualizations, probabilities over the drop ensemble of droprelated 

quantities, drop ensemble averages of gas quantities calculated a t  the drop locations, and 

humogeneous plane averages, ali at transition. allowed an in-depth probing of the data- 

trasc. A very complex drop number distribution was evident that was liquid and % 

specific, confirming the important roie of To in these transitional simulations; t be drops 

in the mixing layer were shown to overwhelmingly congregate in high-strain locations. as 

first found by Squires & Eaton (1991). In the mixing layer, Td displayed a high l~vel  of 

hcterogcneity, with the iargest values encountered mainly at the top of ths ultimate vor- 

tex. where there is contact with the free-stream highest-temperature carrier gas; l~owever, 

drops having the highest temperature values were also interspersed in the lower part of 

the rnlxing layer. Whether in the mjring layer or In the lower stream, Td exhiblted two 

preferrntral values, but the range between preferential values was narrower in the mixing 

layer. The value of 0, was generaily. but not entirely correlated wit11 the drop tcmpera- 

ture in that the majority of the highest values occurred at the top of the uliin~atc vortex 

where strong evaporation depletes the volatiles, lezving behind a liquid with relatively 

high 8[; the value of Bl increased with To indicating that at combustor magnitudes diesel 

drops will attain Bl values conducive to tar, and therefore cennsphere formation. ?'he lack 

of complete correlation between drop location and 6i is a nlanifestation of the turbulent 

mixing that ~mparts  to  each drop its specific evolution. For SP flows, the flow spanwise 

vorticity increased with increasing Reo and decreasing species mass flux, the latter effect 

being traced to the reduced scalar dissipation. As in the findings of Okong'o k Bellan 
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(2004); t,he maximum value of the spanwise vorticity was larger for TP flows than for 

SP flows. which was attributed to the source of vorticity represented by the drop/flow 

interaction, but with increasing MLo the opp~si te  occurred along with the formation 

of concentratTed regions of high vorticity culljeciured to result from the amplified local 

irit,eraction between the larger size drops with the flow. The distribution of the spanwise 

vorticity strongly varied with liquid initial composition, its maximum attained vc ~t 1 UF uras 

rna~nij- influenced by the lightest species entering the composition of the liquid rather 

than by the width of the composition PDF; and its maximum was larger with To. de- 

paiting from rhe results of Le Ciercq 6i Bellan (2005) and being the manifestration of the 

turt)nlence production due t,o drop/flow interaction. The distribution and values of the 

vapor rnass fraction and vapor composition displayed high variation with all parameters 

o f  thr simulations, and generally  he rangc of the mean molar mass, O,, aligned with 

t.liat of the initial liquid composition. Unlike in tphe results of Le Clercq & HeIlan (2005), 

regions of high 0, no longer ent.irely coincided with regions of high vapor composition 

standard deviation, which was att.ributed t o  the enhanced mixing due to turbulence. 

Consicieration of all vapor properties indicated that the core of the layer is composed of 

high molar mass species having a relatively narrower distribution than at either lower or 

upper layer boundaries. The lower part of the mixing layer contains relatively low molar 

rnass species, which are presumably entrained from the lower stream that corltains the 

very volatile. early-evaporated species. The highest molar mass species accumulate at  

the upper part of the mixing layer, and the vapor composition is also wider than in tlie 

- .  . . 
layer core. 

Inspection of velocity-fluctuation-based energy spectra at transition revealed t h a t  the 

cnergy cascade is of similar strength in MC and SC equident  Aows but that the energy 

in the highest u~avenumbers is reduced in MC TP flows by many orders of magnitude 
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from that of Okong'o & Bellan (2004) calculated for SC TP flows. An assessment of the 

irreversible entropy production (i.e. the dissipation) balance showed that the viscous dis- 

sipation is indeed here larger by -- 20% for diesel (the exact amount is liquid composition 

dependent,) than for the n-decane simulations of Okong'o & Beilan (2004); expiailling the 

reduced energy in the smallest st;ales. For SP flows, it was found that  both the total dis- 

sipation and each of its contributions were smaller for MC flows than in corresl.~onding 

SC simulations. Therefore: whether gaseous or drop-laden Aows, the gas conlposition has 

;in impact on the turbulent characteristics of the flow. 

Because the dissipation caicuiated at the drop locations showed that the flow aspect 

may change according to the frame of reference, the form of the vapor PDF,  m~i-licl-1 is 

a DGPDF at each drop surface, was investigated at grid nodes. In all cases, the vapor 

(:omposition at the nodes is distinct from a SGPDF, but the deviation is very small. 

Uncter the %sumption that the form of the vapor PDF at the nodes is a DGPDF, it was 

shown that in the vapor the departurt: from the SGPDF is larger than that in the liquid. 

.4ccording to Harstad, Le Clercq & Bellan (2003), it is this small but necessary deviation 

that permits the achievement of a correct physical simulation. 

Although the examination of the TP MC dissipation balance showed that the scalar 

dissipation is nearly one of its smallest contributions, recalling its utilization in the mod- 

eling of flamelets in combustion, its PDF has been examined. This examination extends 

previous gas or liquid scalar dissipation studies into the realm of two-phase flows. Visu- 

alization of the PDF revealed that the filamentary aspect exhibited in experiments with 

gascow; or liquid dows still prevails, but that the contours arc here considerably more 

convoluted than those obtained for the passive scalars of the experiments; notal ,ly, the 

scalar is here active, as it results from drop evaporation. Plots of the PDF show that. 

t h ~  PDF is close, but not identical to a Gaussian, with the well-known small but finite 
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negative skewness. and that when conditioning the ensemble to  encompass increasingly 

larger Reynolds numbers; tbe PDF becomes closer to a Gaussian; these findings are sim- 

ilar to those obtained by others in S F  flovrs. Compared to SP results, the PDF' is here 

fii!!er ijn the side of !=ge scalar prodiicts, which is attributed to the local heterogeneities 

produred by drop/flow interactions. 

To summarize, transitional MC flows display significant distinctive features from tran- 

sitional SC flows having the same initial conditions. Not only are there strong vapor and 

(if applicable) liquid composition nonuniformities in the layer, but also the t.urbulent 

character of the flow and its general dissipar.ive features are different. The conclusion is 

that neither exper:rirnents nor theory conducted with SC flows are good surrogates for 

a MC flow application. As in pre-transitional simulations, composition effects are am- 

plified with increasing carrier gas temperature, but here additionally thc initial. c,arrier 

gas temperature has a significant impact on the magnitude of the vorticity. 1,Vhereas 

in pre-transitional MC TP flows the regions of high-molar-mass vapor species entirely 

coincided wit.h those of high vapor-PDF standard deviation, this is no longer the case. 

Current effort is now devoted to  a yriori and a posteriori investigations, so as to 

reducc the large computational time of DNS and repiace DNS with computationally- 

efficient Large Eddy Simulations, akin to the st,u&es of Leboissetier, Okong'o & Bellan 

(2005). 
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Appendix A. Calculation of the heat flux portion due to  transport of 

molar fluxes 

Details of the heat flux in equation 2.7 are as follows: 

(T )  = &Ap (Ah - ) - AsigAb (A 1) 

a 2  (T )  = (Cp,, - Runp) T + flu (AhBp + A c B h )  AslgBb C ~ A G  (-4 2) 

a3 = Bb [%Bp - Cl j (A 3) 

where C?,,, = ~ t h ~ , , , l L / ( ~ ~ h ~ ~ , ~  - l)ma (kJ/jkg K)) is the air heat capacity at constant 

pressure, 7n, = 29 kg/kmol, ~ t h ~ ~ , ~  = 1.4 is the ratio of gas heat capacities, Asl,: = 

7r~L, /z ,  where L, is the latent heat and Tb is the normal boiling point, R, - 8.3142 

(k.J/(kmol K))  and 

is the gas heat capacity where Ap -. 2.465 - 1.144 x IO-~T, + 1.759 x ~o-~T,?  - 5.972 x 

10-9: and Bp = -0.03561+9.3ti7~ 1 0 p 4 ~ ~ - 6 . 0 3 0 ~ 1 0 - 7 T ~ + 1 . 3 2 4 ~  10plOT: (sce Chou 

&z Prausnitz (1986)) with t:he reference temperature T, being that of.Miller, Harstad & 

Rellan (1998). Following Tamim & Hallett (1995), Ci = 2.26 - 2.94 x IO-"T,,~ ; 9.46 x 

1 0 - 9 2  (kJ/kgK) where T T , d  = T,. Constants Ab and Bh are given in $2.2. 

More details and transport, property values are given in Appendix A of Le Clercq & 

Bellan (2005). 
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Case fuel To AlLo p~ Re0 x L , ~  {{Do)) Ql,o / or,o Qv,o /' u,,o lVo 

x l o5  

die375hiILOR3 diesel 373 0 NA 500 X:,O N-4 NA 140.0 / 28.0 N A  

die37SMLOR5X diesel 373 0 NA 500 lo- '  K.4 NA 140.0 / 28.0 N.4 

die375hlLOR6 diesel 375 O NA GOD Xz,o K.4 N A  140.0 / 28.0 NA 

die37SMLOR6X diesel 375 O NA 600 NA NA 130.0 / 28.0 NA 

die37SML2R? diesel 375 0.2 828 200 X:,o 12.02 185.0 / 43.0 140.0 / 28.0 670 

die400ML2R2 diesel 400 0.2 828 200 X,",,, 11.64 185.0 / 43.0 140.0 / 28.0 690 

dic375ML2R.5' diesel 375 0.2 828 500 X:,o 7.601 185.0 / 43.0 140.0 / 28.0 2386 

die375ML5R5 diesel 373 0.5 828 500 X:,, 7.601 185.0 / 43.0 140.0 / 28.0 6451 

die40OML2R3 diesel 400 0.2 828 500 X:,, 7.359 185.0 / 43.0 140.0 / 28.0 2670 

jetA375ML2R5 Jet A 375 0.2 800 500 7.732 161.0 / 29.7 131.4 / 22.4 2543 

jetA400ML2R5 Jet, A 400 0.2 800 500 X:,, 7.487 161.0 / 29.7 131.4 / 22.3 2626 

rp1375hlLZR5 RP-I 375 0.2 800 500 X:,o 7.732 165.2 / 17.7 153.3 / 14.8 2600 

rp1400ML2R5 RP-I 400 0.2 800 500 X:,, 7.487 165.2 / 17.7 153.5 / 14.8 2626 

jp7375ML2R5 JP-7 375 0.2 800 500 X z o  7.732 167.1 / 19.2 153.7 / 15.7 2541 

jp7400hIL2R5 JP-7 400 0.2 800 500 XzT0 7.487 167.1 / 19.2 153.7 / 15.7 2626 

TABLE 1. In i~ ia l  conditions. To in K ,  pr in kg/rn3, Do in rn and mean molar mass and stan- 

dard deviation in kg/kmol. In all simulations, h&,o=0.35, SU,o=6.859x 10 -~m,  {{Sto)}=3 and 

( { ( S t ,  -- { { ~ t o ) ) ) ~ ) ) ~ ' ~ = 0 . 5 ,  Y'd,o=345K, X,",o = y=86kg/kmol for diesel, 7=4lkg/kmol 

for Jet A,  and y=93kg/kmol for RP3 and JP7. For Re0 = 200 the grid is 200~224x120,  for 

Reo = 500 the grid is 360~400x216  and for Reo = 600 the grid is 432x480~260.  The baseline 

case is indicated by a superscript asterisk. 
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Case CPU-hours tl, Re,,t, CPU-hours a t  t:T 

dic375MLORS 793 120 1332 79 3 

die375MLOR5X 1083 120 1343 1083 

die373hlLOR6 2260 110 1482 2072 

die375MLOR6X 2802 110 1483 2568 

die375ML2R5* 1680 100 1386 1400 

die375hfL5R5 2533 100 1336 2111 

die4OOML2R5 1706 100 1396 1422 

jetA375hILZR5 9331 100 1365 7776 

jet.A400ML2R5 1700 100 1375 1417 

rp1375RfL2R5 1679 100 1377 1399 

rpl40OMI,2R5 1694 100 1371 1412 

jp'i373h.IL2R5 1662 100 1381 1385 

jp7400ML2R5 1701 100 1373 1417 

TA~I,F. 2. Global characteristics of simulations at transition. I t ,  is the nondimensional time at 

transition anti Remxc, is the momenturrl-thickness based Reynolds number at transition. Except 

for thc jctA375ML2R5 simulation which was perfoemd on a SGI Origin 2000 platform (64, 

Rl20U0, 300MHz processors), all other simulations were conducted on an Altix 3000 machine 

(32, Intel Itanium2, 9OOMHz processors). 

/ {(AZ)} quantity averaged over all N drops in the volume 

Z -4 --, .,lz .-. {A') quantity averaged over +%, drops in homogeneous ( x I , x ~ )  planes 

\ [A'], quantity averaged over drops in the discretization volume Ax1 x Ax3 x Ax3 

T/LBLF 3. Definition of several types of drop-related averaging for a quantity A defined at grid 

nodes. 
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Term -4verage r.m.s. Average r.m.s. Average r.m.s. .4verage r.m.s. 

g,i,, 1178 2125 1141 2198 1230 2236 1307 2611 

Q t c n p  12 31 10 26 11 29 11 28 

Qmass  0 0 0 0 87 272 81 280 

9 1190 2135 1151 2208 1328 2325 1399 2693 

TABLE 4. Global entropy production for die375MLOR5, die375MLOR6, die375MLOR5X and  

die375MLOR6X at t:,. Units are V V r n p 3 ~ - l .  

die375ML2R5 die375ML5R5 die400h,IL2R5 

Volumetric Volumetric Volurr~etric 

'Term Average r.m.s. % >O % < O  Average r.m.s. % >U % <0 Average r.m.s % >O % <0 

g r ~ r  7307 24695 5'7 17 16097 42372 70 9 8423 30536 55 22 

gT,ciLpnt -11479 30145 28 47 -23045 89873 28 51 -12203 58544 29 46 

Y,,z,c 3296 7248 100 0 3479 7543 100 0 3314 7296 100 0 

grr 152 4612 37 38 575 9647 42 37 26 3767 35 39 

gmas.7 122 447 100 0 155 632 100 0 160 601 100 0 

g t o q ~  138 426 100 0 176 599 100 0 240 731 100 0 

9I.k:nc 30 232 47 28 71 365 51 28 27 281 46 29 

9 * -435 24917 78 22 -2492 45894 72 28 -1427593 80 20 

TABLE 5 Volumetric entropy productpion for die375bILZR5, die375ML5R5 and die400.ML2R5 

at t;,. Units are ~ r n - ~ ~ - ' .  
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jetA375ML2R5 jetA400ML2R5 rp1375ML2R5 

Volumetric Volumetric Vnlunletric 

Term Average r.m.s. % >O % <0 Average r.m.s. 93 >O % <0 Average r.m.s. % >0 % <O 

S I I I  10018 35523 58 18 10016 377.59 56 19 12383 39873 61 15 

CJ; ,~~ , , , ,  -15351 63611 25 51 -14524 64159 26 50 -19090 88136 19 57 

QVZSC 3288 7310 100 0 3228 7235 100 0 3373 7450 100 0 

91 I -6 3527 34 41 -95 2744 27 48 2 8  3574 31 43 

( imtras 201 770 100 0 254 942 100 0 197 745 100 0 

Y t e m p  182 577 100 0 294 943 100 0 153 469 100 0 

l i i . k t n r  43 297 51 20 38 321 50 2tj 63 333 57 19 

9a -1625 27387 77 23 1 6 2 5  27387 77 23 -2949 27565 72 28 

TABLE 6. Volumetric entropy production for jetA375ML2R5, jetA400ML2R5 anrl 

rp137SML2R5 at t;,. 1;nits Rrc- IVrnpkp l .  

die375ML2R5 die375ML5R5 jetA375ML2R5 

Drop-ensemble Drop-ensemble Drop-t2nsemble 

Term Average r.m.s. '% > O  % < O  Average r.rn.s. 96 >O % <il Average r.rl1.s % > O  C/o <O 

Q I I J  27210 63584 64 36 42611 97944 82 18 38499100234 63 37 

, -45172 134423 59 41 -59245 209757 60 40 -61279 184177 52 48 

.Yvtsc 2308 5808 I00 0 2560 6961 100 0 2199 5559 100 0 

Y I I  190 12785 48 32 453 25300 52 48 5 9413 46 52 

S m u s s  152 543 99 1 152 748 99 1 268 1015 99 1 

.9i*mp 288 848 99 1 280 1136 99 1 385 1190 99 1 

g l , k ? ? i ~  99 542 41 59 134 635 40 60 143 Z31 48 32 

gX -14926 66548 66 34 -130531064ij3 71 29 -19939 79451 64 36 

TABLE I .  Dropensemble-based tmtropy production for die375ML2R5, die375ML5R5 and 

jetA375ML2R5 at, t;,. Units are W I I - ~ K - ' .  
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F'~GUILE 1. Mixing layer configuration. 

FIGURE 2. Liquid initial PDF for each fuel. 
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FIGURE 3. Global layer characterist.ic:s: ( a )  6,/6,,0 for die375MLOR5 -Ap, die375MLOR6 

- 0- , die375ML2R.5 ---, die375ML5R5 - - - and die400ML2R5 D - ;  (b) G,/tiL,,o for 

die375ML2R5, jetA375MLZR5 - - -, rpl375ML?RS - . - - and jp7375ML2R5 - - -  . ; (cj 

Mc/Mc>,o for all ( a )  simulations; (d) Mc/Mc,o  for all (b) simulations; (e) ( (w:))  G,,o/AUo for 

all (a) simulations; (f )  ((w;)) 6,,o/AUo for all (b) simulations; (g) ( ( w i ~ i ) )  ( L , o / A U O ) ~  for all 

(a j  simulations; (h) (g) ( ( w , ~ , ) )  (6,,0/A[/'o)~ for all (b)  simulations. 
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FIG CIILE 4. One-dimensional r l l  energy spectra, at t;, for die375MLOR5, die375MLOF.6, 

die375ML2R5, die375ML5R5 and die400ML2R5: a) streamwise b) spanwise. The curlre labels 

are listed in the  figure 3 caption. 

Frcr:n.E 5. Kinetic energy at tk normalized by the total initial gas energy (a) die375.UI,OR.5, 

dic375hiLOR6, die375ML2R5: die37SML5RS and die400ML2R5 (b) die375ML2R5, 

jetA4Si5Ml,2R5. rp1375ML2R5, jp7375hlL2R5, die400ML2R.5, jetA400MLZR5, rp1400ML2R3 

and jp7400ML2R5. The cnrve labels are Iisted in the figure 3 caption and additionally 

jetA400MLZR.5 - 0 -: rpl4UOML2RS - . - - - and jp7400ML2R5 -- .. n - -. - 
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FIGURE 6 .  Timewise evol~ltion of drop characteristics ensemble averaged in the rrlixirlg layer 

portion of the domain. Legend: die375ML2R.2 -,-, die400ML2R2 Other curve labels 

a1.r listed in the figure 3 caption 
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FIGITRE 7 .  Tirnewise evolution of domain-averaged gas characteristics in the mixing 

layer. (a,c) clie375ML2R2, die375ML2R5 and die375ML3R5, and (b,d) die375hIL2R5, 

die.100hiL2X5, jetA375ML2R5, jetA400ML2R5, rp1375ML2R5, rp1400ML2R5, jp7375ML2R3 

and jp7400ML21t5. Curve labels are listed in the figures 3, 6 and 5 captions. 
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FI(:IJF.E 8.  Drop number density (mp3) in the between-the-braid plane (x3/L3 = 0.5) at tFF: 

(aj  die375MLZR5, (b) die400ML2R.5, (c) die375ML5R5, jd) rp1400ML2R5, (e) jetA375ML2R5, 

( f )  jetA400ML2R5, (g) jp7375ML2R-5 and (h) jp7400ML2R5. 



(a? 

Fic: L R E  9.  Lagrang~sn piot of all dmps at ti, fnl* tlia3753'rL2RS. (a) T,1 and  (b j  O f .  The drops 

RTP nla~ilified and t h e ~ r  v o l u ~ r ~ c  IS r~ot proportional to their size. 

. . . . . . . . . . -. . . - - - - . - - -. - . -. . . 
15L 

. . . . -. - . 
, Level m: f i sC t \~ :  I I WPI r,,:fiuot>~~c 

1 9  1.32 1 
10 - 

-0.45 ; 

(a) dic375MLOR5, (h)  dic375hILflRzX, (c)  clieST5 MLORB and ( d )  die375MLRRfiX. Dashed linps 

represent negative vurticit,? vrxluc~ 
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FIGURE 11. Spanwise vorticity in the x 3 / L 3  = 0.5 plane at t;,: (a) die375ML2rC5, (b) 

die400ML2125, (c) die375ML5R5, (d) rp1400MLZR5, (e) jetA375MLZR-5, (I) jetA400MLZR5, 

( g )  jp73751LIL2R5 and (h) jp7400ML2R5. Dashed lines represent negative vorticity values. 
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FIGURE 12. Vapor mass fraction in the between-the-braid plane ( x 3 / L 3  = 0.5) a t  t;,: 

(a) die375ML2R5; (b) die400MLZR5, (c) die375MLSR5, (d) rp1400ML2R5, (e) jetA375ML2Rb, 

( f )  jetA400ML2R5, (g) jp7375ML2R5 and (h) jp7400MLZR5. 
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FIGURE 13. Vapor mean molar mass (kg/kmnl) in the between-the-braid plane (x3/L3 = 0.5) 

at tl,.: [a) die375MLZR5, (b) dje400ML2R5, ( c j  die375ML5R5, (d) rp1400ML2R5, 

(P)  jetA37SML2R5, (f)  jetA400ML2R5, (g) jp737.5htL2R5 and (h) jp7400MLZR.5. 
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FIGURE 1 4 .  Standard deviation of the  vapor composition (kg/kmol) in the : ~ 3 / L 3  = 0.5 

plane a t  t;r: (a) die375ML2R5, (b) die400ML2R5, (c) die375MLSR.5, (d) rp1400MLZR5, 

(ej jetA375ML2R5, ( f )  jetA400ML2R5, (g) jp7375ML2R5 and (h) jp7400ML2R5. 
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F I G ~ I X E  15. Homogeneous ( X I .  2 3 )  plane average number of drops at it,. The curve labels are 

listed in the figure 3 caption. 
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FIGURE 16 Homogeneous { X I , X Q )  plane average drop statistics at tt,. For die375ML2R5, 

die375hIL6R5 and jetA375ML2R5 for (a) and (b). ( a )  i nc } ,  (b) (In21 - ({n,))2)".5. For 

die375ML2R5, die375ML5R5, die4OOML2R5, jetA375MLZR5, rp1375ML2R5 and jp7375RtL2R5 

for a11 following figures. (c) { T d ) / T d , o ,  (d) ({'Td2}/Td2,o - ( { ~ d ) / ~ d , 0 ) ~ ) ~ . ~ 7  ( e )  (0i}/01,0, ( f )  

( { B : ) / Q :  - (181 } / ~ L , F ) ~ ) ~ . ~ ,  (g) {01}/u1.0, (hj ({U?}/O?,O - ( { O L } / U ~ , O ) ~ ) ~ ' ~ .  The curve labels 

arc listed in t h e  figure 3 caption 
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F ~ G ~ R E  17. Homogeneous (xl,xx) plane average drop statistics at 1;,. (a, b) die375ML2R5, 

die375hlLriR5, die400ML2R5, jetA375ML2R5; (c,d) die375ML2R5, die375ML5R5; (e,f) 

die400bILZR5, jetA375ML2R5. (a) St, (b) ({St2) - ( { ~ t ) ) ~ ) ' . ~ ,  (c) { J ~ ~ } / ( A / J O / ~ ~ . I I ) ~ ,  (d) 

( ( ( I I ~ ) ' }  - ( { I I ~ ) ) ~ ) ~ ~ ~ ( A ~ J ~ / ~ ~ , ~ ) ~ .  The curve labels are listed in the figure 3 caption. 
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F I G L J R ~  18. Probabilities computed over the drop ensemble in the lower stream (4) artd in the 

mixing layer ( 0 )  for die375ML2R5 and die400MLZR5 at It,. the criterion for defining the lower 

>tream a r ~ d  the mixing layer is that of 53.2.2. The curve labeis are changed from those listed 

irl figure 3 caption: die375ML2R5 -- and die400IvIL2R5 - - . (a) P ( r ~ , ) ,  (b) P(Td), (c) 

P(0,)  and  (d) P(ai). 
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FIGURE 19.  Horrlogeneous (x i ,  s s )  plane average vapor composition at t;, for all transitional sim- 

l~tatioils and t* = 100 for die373ML2R2 : (a:b) (8,) /B,,o and (c,d) {u,) /u,,o. (a,c) die3T5ML2R2, 

die375hIL2R5, dja375hZL5R5 and (L,d) die375ivfL2R5, die400ivii2R5. jecA375kiviL2R5, 

jetA100ML2R5. rp1375MLZR5, rp1400ML2R5, jp7375MLZR5 and jp7400ML2K5. Tile curve 

labels are listed in the figures 3, 6 and 5 captions 
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Frc:nrt~ 20. Scalar dissipation rate for die375ML2R5 a t  tt,. (a) visualizatio~i of 

log,,[(O(cXv)). (D(c.YU))] in the i-~etwecn-the-braid plane (23/L3 = 0.5). and (b) PDFs, where 

(4) rcpresents the lower stream, ( 0 )  represents the mixing layer restricted to 1x2/6,,0 < 8 (r) 

represani.~ the core of the mixing layer restricted to / ~ ~ / d . ' , , ~  < 4. 
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1; r i :  L I L E  2 1.  Homogeneous ( X I ,  xs) plane average vapor composition deviation at 

t:, from the Gamma PDF: (a.b) , (c,d) , , , , p D F  (cr {ii} 

and ( f j  (5,). (a,c) die375ML2Ii2, die375ML2R5, die375ML5R5; (b.d) die375LlL2R5, 

tlic400ML2R5, jetA375ML2R5: jetA400ML2R5, rp1375ML2R.5, rp1400ML2R5: jp7375L,IL2R5 

and jpT40DML2R5; (e , f )  die375I\lIL2R5, die375ML5R5, dle400ML2R5, jetA375h.IL2R5, 

jetA400hlL2R5, 1-p1375ML2R5 and jp7375MLZR5. T h e  curve labels are liited in the figures 

3 ,  0 and 5 captions. 


