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A B S T R A C T
A InOdel  is presented for the behavior of a polydis~)erse cluster of spherical evaporating clrops ill a cylindrical, axisylm

Iuetric inviscid vortex. The fornmlation  accounts for drop interactions and for complete clynatnic and tl~crI[lc)ciyllatt~ic
coupiing between drops and gas. The cirops may or may not be electrostatically charged. Wheu the drops are chargeci.
the resuitiug  electrostatic force is incluciccl  in the clrops momelkuln  actuations. Calcuiatiolls  arc macic for cirops havilIg
benzene properties. For charged cirops, the calculations are stopped at the Rayleigh limit. The resuits sholv that elec-
trostatic dispersion is superior to dro~induced dispersio~l  in decreasing the mass fraction of the evaporateci  compoutlci
and the gas density. This is because the electrostatic force maintains a large cirop velocity angle at the outer ecige of
the cluster thus dispersing the drops more effectively whiie maintailling  a finite slip velc)city betwecm  drops auci gas auci
proxuoting engulfment of hot air, both of which enhallce  evaporation. The relationsliip bet~veell tlmse fil~ciillgs al~{i soot
control is discussed.
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INTRODUCTION

This stuciy investigates the poteutiai of electrostatic liquici drop charging for ciispersiug  drops in a combusting  spray
so as to avoid the creation of the fuel-rich-vapor regions where soot nucleation occurs. Experimental evicience of such
sooting behavior has been prese~ted by Law [1]. The reiat ionship between drop dispersion and soot formatiotl has beell
itlvestigated  by Sangiovanni [2] who observed streams of burning clrops and showed that the soot emission index decreases
luonotonicaliy  with the spacing between drops for a variety of fuels and oxygen mass fractions in the surrounding gas
Since in Sangiovanni’s study [2] it is oniy the eflect of drop spacing in a single direction that has beell investigated,
those resuits underestimate the benefit of drop dispersion in a real spray where a dl op is surrouncied by other cirops in
ali directions.

Evicieuce that electrostatic dispersion has the potent iai of achieving soot cent 101 is ,gi~’eu  by Bellali  auci Harst aci
[3]. Their numerical results show that both the cwaporateci fuel interstitial mass fraction, Y,GZ, anti the interstitial ga-~
del~sity,  ~~i, are lower during evaporation of electrostatically char:ecl  drops of thr~ rewesentat  i~e hi.gi~-eIlergY  fu(!]s itl
a cluster embedded into a vortex. Forlnat ion of soot precursors through nucleation react iotls is ciircct iy associat eci \rit II
the partiai density of the fuel in the gas phase [4], anti thus a reciuction of yFiPg,  is indicative  of re~iuce~i  soot nuci~ation,
Furthermore, the results of Bellan and Harstaci [3] show that licluid fuels ~vith smaller iatcmt heat are more prone to
soot precursor formation because the rat io of the evaporation to dispersion time is stnalier. Ilella[i and Harst aci [3] also
show’  that even a smail  alnount of electrostatic charge (25~0 of the maxilnum  possible ~vith the spxay triocie :.5]) has
col~siderable effect upon the value of y~’i~gi, and that the fargest changes are o~tain~d  ~Y charging (i.e. fro~n  O(YG to ~~~~
of the maximum charge) rather than by increasing the itlitiai charge (to 50% or 75% of t lle Inaxilnum charge).

lIere we determine what le~rel of mecllallical  ciispersiou couki affect the drops to t lle satne cicgree  as elect rest at ic
dispersion, and explore the possibility of com})ining cicctrostatic  drop ciispersioll  Ivitil fiuici  nlcchallical  Iucth(xis, suctl
as creation of turbulent vertical structures, in orcicr to further Initigate soot forlnatioli.

DROPS AND GAS DYNAMICS

Ilm pllysicai configuration of’ the ciuster of cirops etlll)ccicieci  i[lto all axisylnl[lct[ic  ~rox tex is (iel)i(t(,~i itl I:ip,. 1 ft)l :111
initial binary drop size distributio~l.  Each drop iuitial-size  -class cilstributlou  is folio~vcci in its orvli systelll  of (.()(~l(iitmtcs



Illl)vi[lg \vit Ii tilt’  tlr[j~)s, r ,  ,wlifIr(’  j (lt,rlt)tf’s tlL(I iltit i:ll-si’~f’-[”l:~w, lvtl(’r(’;w tli(’ ~:ls i s  f’f)ll(nv[’(1 i]! i t s  tnvli  svsf(~ltl (It
(wf)lcli[mt(w,  r,.. ‘li~,, cl,lst,,r lfc)l,,[l,{ is  l~t,,l;lti,tl I,y Slllf:l,f>s ,vl,itl~  ill(, ttl( statist ic:li (,lv(,lt)~,(s ,) f’ tll(’ 1)1 Lt(l[llost  (1{< I
iui([ ill[l(’rlll~)st (11’~,,  ) tlrops. ‘1’110 g:Ls rkyllokhi 11(11111)(’[ is (1(’lillf’(1  ii-$ fI’( : u,,lr’(.  /p,, IV1l(IILI  I( ~ is g:w v(:locity. 1{, is {’1ustt’1
ra(!i(ls, all~~ 1~,, iS g&S \riS(’OSit J’; t~[)i(’dl~ /{(’ w ()( 10’) s o  tllilt t  11(’ Vort(’x i s  illi’is(’i(l.  1’11(’ dlo~) 1{(’jIK)lds  IIuIIIlwr  is
(i(, fiII(I(l  a s  [/(}(/,  = U.,RJ /i L,, W] ICC’C U’.+, :

– )
“11’,!, u !, is t Ii<’ l(Nal sli~) v(’lo(ity  1)(’twve[l l)II:Ls(w, ‘u’(() is tll(~ dtol) f.(Jlo(it\

illi([ R ,  i s  tilt’ (lrol) ra(lills. Iuitiall.y,  ~~f’<l, - - -  ()(  1 )  -  C~(lO) S<) ttlat a {[rag f’orc(”  rrsltltit[g Ilol[l Sllill)(’-(llag.  k’[i(tioll all(~
(Iro\J cva~wratiol~  (’auses i[ltf:tactio[l  tx>twwli  (Ircrl)s all(l g a s . ‘1’h[’  radial  force dll(’ t () tllf’ [’l((t  loSt ilti(” clw:e is also

i[dude(l ill t Iw total force o[l t 11(: drol)s [3].
‘1’hc conceI)t of ‘sI)hcrc of influence’ [6] arou~d cacll (lrop is used to Inodcl  lmat atld Inmss tra[lsfc’r Lvithill  ati(l arou[l(l

cacll drop; the radius of the sl)llcrc of ill flucnce, RL is defined statistically. The cmumrvat  iml equat imw for drops slid g:Ls.
the turbulence model for both drops a~d gas, tllc pressure aud dynat[lic  drop-gas itlteraction I[mlcl,  tllc bou[l(lary arl(l
illitial couditioxls,  ancl  the ~noclclillg of the electrostatic force colltrit)ution ha~w all been clescril)cd i[l cletail else’~vllcw [7’.
[3]. What is given below is a corLcisc sulllnlary  of that Inodcl.

The clrcrps  arc follow’cci  ill Lagrallgiall  systc[ns of coc)rcIillatcs, r,, ~vlwrcas the gas is lIIc)cIcM ill all ~;ult’riall  l]mll~cl.
Thus, for each iilitial-size-class, a set of ccluatiolls  is solvccl i[lcludiug  the clrop tlajcctcrry  cquat ic)[l. t llc lIml[lc[lt UIII
ecluation, auci all equation fcm the chop lmlnlm  irl each computatiol\al  amlulus reprcscl~titlg the discretizaticm.  ‘I’l Lc gas
conservation equations arc those for mass, momcntunl,  cucrgy  and spccics  coupled  to the equatiou of state. Coupliug
of drops ancl gas occurs through boundary  conditions at the chop surface (conservation of lnass, I[lonlr?lltunl, encr: J”.
species ancl the Langnluir-Knucfscn evaporation law) as well as through the clrag term WlliCll  is funct ion of t he sli~)
velocity and a drag cocf%cient  that accounts for cvaporat  ivc blowillg  effects. Gas t urbulellce is moclclccl following the
traditional Prandtl  ‘mixing length’ approach with the laminar viscosity being enhanced by a turbulent contribution
which is proportional to a constalit C’Z,. Since order of magnitude estimates show that there arc maliy Kohnogorov-type
eddies between  adjacent drops, drop turbulent diffusioll  is modeled in analogy with particle Brownian  motion inclucccl
by thermal fluctuations [8]; the basic assumption is made that the characteristic velocity scales with cluster size anti
the fluctuations are here those cjf the small scale turbulent eddies. The pressure is mocleleci  as a sum of several terms:
an ambient, constant pressure, a pressure contribution from centrifugal effects potentially important at slIlall  clistances
from the vortex center, large length scale dropgas  intcractioll,  ancl a pressure change clue to com’cction.  It~ this manner.
the resulting radial corn~)onent of the gas force correctly accounts for effects of cluster ‘porosity’ portraying the fact that
the cluster appears to the surrounding gas as a porous material for w’hich the drops represent the conclellsecl  phase. .\
velocity  ~?c, is ~Ssociated with t hc average Inotiori of the drops in the cluster such that in each annulus Z}~~ = d?~/dt.

Boundary conditions
Since the cluster does llot have a solid bounclary  Yvith the surrounding gas, there is lilnitccl shear at the cluster

boundary and no exceptionally large velocity ,graclic~lts are expected near the boundaries. However, relatively large
graclieuts in the mass fractions aticl  gas temperature may exist. Heat and species in the cluster sur-rouncliugs ar~
assumed to diffuse and convect towards the cluster from a prescribed value at infinity. In all calculations there is rio
vapor of the evaporating compound in the far field ancl  Tg~ (t) = T& [1 + t/(6 x 10 - 3)] in order to simulate  the passage
of the vortex through an increasing tcmpcrat  urc region; T~i = T&. Similarly, Y}, == Y$’m.

If UC. > Ug,.,  the cluster engulfs gas at a rate proportional  to [~’N9(uc~  – zL~r )],==R..; if ug, > 11~, t h e  cluster  elnits
gas and only weak diffusion couples it to the surrounclilig  gas. Ecluivalent  argcrrncnts  are valid for heat transf~r. 1’0
model this situation, a Nussclt number approach is USCC1  where the correlation is NuC =- 1 + C’1 Prg RC~ aud ReC =-
[pgTc mm(o, ‘u., - Ug, )/(}Lg + FT)]T=HC is t h e  eflecti~c  RCYI~OICIS nuxnbcr. The po~vcr 1 is chosen for Pr g and  Rc, s o
that the expression for Nuc  agrees for Cl = 1 with the engulfing/enlitting  process described abo~re. constant  C’1 is a
free, phenomenological  parameter. Consistent with the sinlilarity  Msunwtion  Scg  == ~’rg, the bouuclary  couditiorl for
the evaporating species is

(?c9Y~/a’)r,.R, =- N7fc(Ymx,  - YF,,=  R, ) (1)

At the inner cluster boundary, dYF/8r = &’~,/c9r  =- O. At the vortex center (takc~l to be all itlfirlitesilnally  small
rac~ial  Clistance  to avoid sillgularit  its), the gradients of velocities ancl all depcllclcltt  variables graclients  tratlisll.

Initial conditions
l’hc spatial dcpclldc~[cc  of rl~ ancl tllc global i~litial  air/licluicl Iuass ratio ,  @O, are prcscritmd to yiel(l all i[litial

chwp count [7]. Additional initial dcpcnclcnt  variables to be prescribed arc the drop temperature, 12.,, gas pressure MIC1
tcltlpcrat ure; cluster radius; irrotatiollal conl~)ol)cllt A~o,  allcl solicl bocly rotatiol L col[lpo~le~lt lJ~~O  of t ho gas aIid (IIOP
ta[lgc~ltial velocities, respectively u~fl = A~O/70 + ~~~oro aud  u~d = Aj~j/7°  -t %jr’”. 7~~, is CalC:lllilt U\ f’[c)r  II tlif’ :as f:llcrg,y

cquat ioIl and u~, = O.
The illitial properties of gas (air) aucl  liquicl arc alsc) prescribed. For all calculations prcscut[)cl  h(m  O -- 0.05  and

c1 = 0.5.
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I’rcviolls  1( ’S(llt S ol)t;lill(’(1  witli il 1 1 1 0 ( 1  ( ’ 1  o f ”  1111(’ll:~r’g(’(1  ( I I ( ) } )S [ ’ i ]  SIL()\V(’(1  t,lliit (11[(’  to ttl(’ Iiify,(,r  ~M t(~llll)(,[:lrlll(  ti[
tll(, Clllst(, r’ illll(~r  :ill(l Ollt(}l I)ollll(lil[i( ++, tti(’ (Irol) sin) (1((.r(vLs(w f; LSt(’I ilt tllo S(” lo(’iltiol~S.” ‘1’lIlls,  if tll(’  I{:l}l(i~ll  Ii[tlit
is If ’ii(’11(’(1,  it is first W’w:ll(’fl  ilt eitllcr oll(: of’ tllc (’lllstt’r I)ollll(lilri(}s. Ill tll(~ [)l(w(~llt  1110(1(}1 tllr ( 110 [ ) s  :11(1 f’)llo\v(k[
III) to tile Itaylt, igll li[[lit; furtfwr (hoi) sl)littillg wllicil is  lX’11(’tic’ii~l  I)ecause it })nni(kw s(xwrl(hwy atolllizatio[l is  [lot
]INxlele(l.  I f  tile Raylcigll lilllit i s  rcmclmi l~y dro~M at tlw itlller  Imutl(ktry of tile clllster. tllC’  Cwm[)lltatioll  is Stopped
}mcausctlle  ~nmlcldoes  Imt describe tl)cco[ll~)lcxa  [l(l(lrlkllolvIls~  )littillg  process, all(l tho drops locatcdat  larger  radial
coordinates \vo Llld  be affected by SUC1l  il[lImrtaI1t  cha~Iges.  If the Rayleigh  limit is xca(llc(l  at the outer cluster k)oulldal).
tllC calc\llatiOIl  is pursued alld OUt~JUt Of tllC’  CkopS haVillg KWhd thf? Raylcigh liltlit arc fUIthCl igllOrf’d.  l’his  CkWS ll~~t
afh’ct electrostatically the drops at s[imller  raclial coorditlat es. It is a.ssulnml  that because of tile small drop size aftel
(Irol)splitti[lg,  the ciyllanlic  ancl tllcll[lo(lyllal[lic  cffcctsc)ll  thcga.s arcalsoslllall.

Silm> arolilatic coInl)ounds play a  Illajc)r  role ill soc)t forltmtioxl, all calculatiolls  prcxexltcd here are pcrforl[ml  for
(Imps having bcnzcnlc properties (1’at)lc~l). ‘lhc results concelltrate  011 the relati~’e propensity to f’c)rltl soot precursors as
illclicatecl by the partial cletlsity c)f the evaporated conll)oulLcl,  but i[lclepencfcmt of the chemistry. III orcler to ullclerstall(i
tllc separate contributiolis  of ekxtrostatic  cfis~)ersio~l which affects the cfrops raclial nlotion, atlcl  that of gas allcl ctrol)
tangential irrotatiollal  motio~l  axlcl talqgential  solid bocly rotation, results were obtainecl  for clif~erexlt  initial conditions
as showIL  in Table 2. Ill particular, it is desirable to knolv whether mechanical means can be usecl to accomplish the
sa~ne  degree of dispersion M the electrostatic charging, and whether nlechanical  clispersion  ca~l aclciitionally  be usecl tc)
substantially enhance electrostatic clispersio~l.

Tlleresults  discLlssed belo\vare  all frolllcalc~llatiol  ~sperforllled \vitlla  billary  dro~~size clistrik)~ltio1l  (h?! =,2,0  xlf)-’J
0 -- 0.314, T:m = 600 K, Tj’~ = 300 K, Y:mcln,  R! = 2.5 x 10–3 cm) with @ –- = 0.0. p == 1 atm, l?: = 2 cm, t~~,,  =. 0.0

cln/s,  w’itll  max,: (n~)/n~axr,l (n!) = 1/3. It is only the initial ta~lgential  velocities that are \’ariecl.

Direct (drop-induced), mechanical dispersion versus electrostatic dispersion
Drop charging results in a dramatic increase in the radial velocities and in a reduction of ~lol~~ll~ifor~l~ities  of the

clependent variables as the cluster exl)ancls much faster, and the drop number densities for each initial-size class decrease;
the consequence of these changes is to reduce the mass fraction of the evaporated colnpouncl  and thus the propensity to
fc)rm soot. The difference betwee[~ cfrop-illclucecl dispersiol~  and electrostatic dispersicm is best utlclerstoocl  by exaIIlinirlg

Pk)k of the velocity an~k!, 6, W}l(!re tan@ =1 ~-’~,. [ /  I ~’do I for both initkd-si~e classes 111 rllns 1 a~d 12. For Ulldlar&Cl
+Clrops, ~ < 45° and thus I u d, I < I ~i’d~ I For Chargccl drops, ~ < 45° in the inlwr part of the cluster allc~ 8 > ~~0 ixl

the outer part of the cluster; thus I ‘u’dr 1< I ~“’do I in the inner part of the cluster and [ ~’d,.  1> I ‘fi’dfl I in the cxltel
~)ar’t of the cluster. Therefore, Clispelsioll is colltl’C)llQCl  by ~’d~ for Uncharged dUSt(H’S, whereas  dispersion is colltrollecl
by ~~’d~ in the inner part of cluster and by ~+d, in the outer part of the cluster for charged clusters. Because l{d~ m
@O?’ w’hereas ud~ & Ajo /7’, runs 1-3 represent the most judicious way of mechanically enllatlcing  clispersioll in t llC outer
port ion of the cluster by increasing ‘~do.

Drop evaporatioxl  depends mainly upon T~i, ti’~j  ancl Y1i , all of Ivhich depend upon drop dispersion. As the drops
disperse, the cluster engulfs hot, unvit iated air from the surroundings ancl  this promotes evaporat io~l. III cent rast, Z’,,
clecreases  with increasing time, ancl this hiuclers evaporation. For ut~chargecl  clusters of drops, the rehwat iol~ of IL’s,
cent inues throughout the drop lifet iltle,  irrespective of the position within the cluster; for chargecl clusters of chops. a
fklite value of li+~j  is maintained ill tile outer l)ortion of tile cluster by the continuous contribution of the electrostatic
fcwce (which is an increasing functioli of r) to ~-’dr. Itl this Inanner,  elect rest at ic charging co~[lpouncts  the acivant age of
clispersion to evaporation.

● Effect of A~@
CoInparisons  of results obtained in runs 3 ancl 4 showr that fc~r the very large irrotat iollal It}ot ic)n chos~I~ in t hesc

C’dCUhft  ions, the drop nu~nber Ck’llsit y it ~crcases subst ant ially t mvarch+  the inner cluster bourlc~ary ancl a fI’CJIlt  of clrops
is crest ecf which travels towarcfs the outer bou~ldary.  111 absence of charging, the drop ~lumbcr clexlsit  y is largel  to\rards
the illrler  cluster bounclary ancl smaller toward the outer cluster boundary as the clrol) clispersio~~ cloes xlot bcnlefit  of’
the aclcled  effect of the electrostatic cllargi[lg.  The result is a so~newilat denser cluster, lower teltlperature  (due to tile
hWgC’1  amoutlt of heat traIISferred  to the drops) allC~ larger }z~~ (clue to the conlpoullclecl  effect of t lle hwgcr  Ilurn}wr  of
chops) to~vards the inner bounctary, ancl  the ol)posite  towarcls  tile outer cluster boundary. Sigrlificalltly, for urlclmrged
clrc)~js, the larger pg, at the locations of tile lolver tellll)erature  corresponds also to tile locatiol~ of tlm larw!r };., thus
also increasing the value of Y~l/)g~ ; a~l increase ill this value is all i[lclicatiotl of r[mrf: i[ltetlse llll(lcatiOIL,  l)r(xiucillg  a
larger alnc)u[lt of soot precursors.

Sirlcc increases ill A~o result i[l tile forI[latioIL  of clcILser  regior]s  i[l tll[, cluster thcrel)y clllm[lcillg  s(x)t tl(l(l(iltio~l.

110 further calculatiolLs were perforlned w’itl) ullclmrgml clrol Js atld larger values of Ago (tryi~,g to act,ifvo ,lwclianical
clisl)ersion  equivalent to tlie cllargccl clrop clisl)ersion) Iwcause it is c)bvicmsly  all lmsuccessful  ar)l)r(n(ll.



● Effect of [):/()
[{ fslllts t’rolll  11111S 1 - 3  JV(’[”(’  (’olll[)iit’(’([ ivitl~ lll(M) f’t’ol[l Illfl 12 to Iirst tlt~tt~[lllil~t’  tll{~ ,Iitlf,l{,rlf( illtl[,,ill((,,l Ill tll(,

f)le(,trost:lti(” (liar~t’ at (ltll(’ryvisc i(l(’llti(’id  (’()[l(liti()[ls  (Itllw 1 iul(l 12), ;Ul(l st’<”oll(l  to (’X1)101(” tll(’ ~]ossiljilit}”  ()( :t(”lli(’i.ill~
(llSl)(~l.$loll  SIIIllli Lt’ to tll;lt 111( 111( ’(’(1 t)~ (’1(’(’tl OSti Ltl(” 10 [(’(’S l~y i[l(u(v Lsi[lp, tll(’ itliti:ll  (111)[)  t;Lll~(’tLti;ll soli(l INMIJ [(~t:ltioll

(11111s 2, :~ all(! 12).
I;xalllilmtiorl  of” tll(’ all~le (~t’ tlw (1101) v~’lo(ity vt’ctor ~vitll tl[(’ t:ulp,{’llti:d (Ii[(xti[)ll (I:ig. 2) lf’vfJ;LIs tll~lt tl~(’ I[laxillllllll

<Irolj  I’(,hxit.y  allg,le fo[ (lll(”llil[~(’(1 Cl(lSt(’l  S 01 <llo~)S is 11(’iif  tll(’ (’lllStl’1” ill Il(’I’ I)ollll(i:ll.)” iLIl(l is illl Ilo St ills(visitiv(~ to ~j~j,,

(L’anfy’s  floItl 33” to 35(’ for illit  ia-size-ch.$s- 1 illl(l ~?(’ to 42” for irliti:tl-siz( ’-cl:~ss-? ) ,  Ivhcr(as tllc [fmxil[lul[l  IVlo(it,v
alq+;  for cliargd clllsters of drol)s is near the outer bou[dary (M” for itlitia-siz  e-Class-l  Mid ,57{’  for i[litial- size- class-?),
Tliis is because the maxilnu)n  lwar tflc ill[ler twuli(hwy is dll[! to tllc iWIUirCd  irrotariollal I[wtion of’ tlw dro~)s resulting
fro[n motllelltu[tl transfer with tho gas u’tlicll is silllilar ill runs 1-3, tvlmww the m&YilLlliln  near the outer boundary is
(Iue to tile electrostatic force enlarging tlw radial colll}mllcllt  of tile drop \relocity. Additiollally,  tile ranges 0[ Itlaxilnull]
V~loCity  aIIglCS for the t~t,o initial-size classes SIIOJV  that lvlIC1l Ctlilrgl  Ilg tll~ drops accorxh~lg tO I q~, l,l,~X_- f{~ [.5;. it is
tllo s[lmllest  initial-size cha.ss that is prcfe[-c~lt ially dispersed, lvhcrcas ill tllc at)scllce of charge it is t}w largest i[lit ial-sizf
(lass Ivilich is preferentially dispersed. Sitwc stlmllf’r drol)s neat UI) faster, a[d thtls evaporate faster, their l)lefcrcmtial
celltrifugatio~l pronlotes lnixillg  and thus prm’ides all additional tm[ldit from electrostatic chargil Lg.

IIlcrcasing  B~O results in illcreasillg  exl)allsioll, faster cllgulfltw[lt  of hot gas by the cluster and thus faster rwfaporatioll.
Howwvcr,  w’hen  the drops are ullcharged,  even for @O = 450 s- ~ alld the SalllC CIUSter eXpanSiOll  (Of 3.75 CItl), the ValllQS
of YF, ancl pg, are larger than when the drops are elect rest at ically charged and ll~o = 200 S– 1 [reached at t = 2.52 x 10--2s
in the first case by which time the drops in itlitial-size-cla.ss-l have all evaporatecl,  allcl at t = 1.6 x 10–2s in the seconci
case by which time the Rayleigh limit has becw reached at the in~ler  cluster boundary by drops from initial-size- class-1

“ 0.25]. It is llot only the masimuln values that clifl’er  in the ullchargedwhose Inaximurn resiclual radius, (1{1 /R~)r,laX ,1s
versus the chargcxl situation but also the profiles: the maxilnu[n  Y8,1 occurs in the first case near the oLiter boLlndar}
and in the scconcl ca.w it al)pears as a plateaLl  ili the central part of the cluster. For uncharged drops, the Illaxixnul[l
p~l moves ~vith increasing Bjo  from being near the outer bounciary to being near the inner boLuldary;  it is also Ilear th(>
i[lncr clLMxr boLlndary in the charged drops case. The YE, profile is determined by the drops ~llotion and e\’al)oratiol  L
w’hercas the pg~ profile is determined by Tg,. Since nucleation of soot precursors dePCIICIS LIPon yFIPgt. the fact that for
low Bjd the maxima of }’Fi and pgi occLlr at the same approxilnate location enhancm the potexltial for soot nucleatioll.

Indirect (gas-induced) dispersion of charged drops
The above results show that clirect mechanical dispersiorl  cannot achieve the same redLLction  in y~,  pg, as electrostatic

dispersion. It is though conceivable that rnechallical dispersion added to elect rest at ic dispersion might cent ribLlte to a
rcductiorl in YI.l~~i. Here w’e investigate gw-indLlced cfispcrsiorl as cfifl’erent  from direct, drop clispersion. The rationale
is that it might be e~asier  and more econolnic  to proclLlce gas-i rduced  rather tharl clrop-indLlced dispersiorl.

● Effect of Ago
The value of A~o was cfecreasecl  by a factor of 2 to 100 from run 6 to run 12 to i~)vest igat e the inflLwnce of g,a.s

tangelltial  irrotational  motion upon charged drops. The larger gas irrotational  motion is transferred to the chops and
this induces a larger centrifugation  at the inner cluster boundary creating a large moving front of drops at that locatiorl.
Since the effect of the irrotational  motion decreases as T ,– 1 the Cetltral  and oLlter  portion of the clLlster  do not benefit ~S

mLlch  from the increased A~o;  in particular, initial-size-class-2 is mcm affectecl by the larger A~o since it is less centrifuged
bY the electrostatic force. The result of a larger Ago  is arl increase in the velocity angle  at the inner boundary, and arl
itlcrease  irl the nonuniforruities of the chop rmrnbcr  densities atld reSiCIUal  radii. COIUpariSO1ls  betwecrl the Yf’, aIlcl  Pg,
profiles for the two cases show that they are very Silllila!  except fOr soI1leW’hat low’er  valLlcs tmvarci tt~e i[l[l[!r clLlstc’1
boLlnclary.

Thus, ~vithin the rallge stucliecl here, the gas tangential irrotational motion does IIot provide substa[ltial  a(klitiollal
cent rifugat ion when the drops are chargecl. However, si[lce by cliffererlcc  from the uncharged case, here it is t h(’ larger
ixlitial-size  class which is most affectecl by A~o, the gas irrotatiollal rnotiorl nlight ha~re  the i[rlportallt role of enlmnciug
the centrifLlgation of the larger, and thLls  nlore difficult to heat Clrops, and prorllotirg  tlr?ir col[t act ~vith tilt’ ]lottel”
surroLlndil[g  g~s.

● Effect of B~o
The effect of the gas tangmltiai  solid body rotatiou has been studied l)y cornparill:  results frol[l se~rclal ciLlcLihltior~s:

(1) runs 9-11 (B~O = 100 s-r, 200 S-l ,and 300 S-l reslmtively)  ~vitll  A~,j  = 100 c1n2/s a!d f~~,, = Qoo s- 1, all(l  (2) rLIIls

6 and 8 (B~o = O s-land 100 s-1, lvitll A~O = 200 m12/s and B$~() = 200 s-* .
The gas tangential solid body rotation is transtllittcd to tile drops tllr”ougll  rlmlIwllt(ll[l  L’olll)lilq+  atl(l  [)loIIl(Jtf ’S t]l(’

{lro~)s tarlgmltial  motion. Sil~cc tile solid l)ody rotatio!~ twcol[ws ruore il[l~wrta[lt \Vittl i[lcreasillg  distallcc  fro[tl tll(, vurt(lx
ct,[ltcr, it is only’ tile oLlter  part of the cluster tliat might t)e af~ccted. I[lslwctio~~ of tlw rcslllts  sllmvs that tll(: cff’ect ot
l;~o is rlcgligii)le writhill the range studiul. ‘Ibis  is tmcausc 011 tilt! one hand tllc larg;er droI) ta[lge[itial v[:lo(”it} rfx+lllts
ill a mlallc’r velocity angle aw’ay fror[l tile i~umr cluster I)oll[ldary tlllls tendiilg  to Ilildt,r dislmrsiml, (!l~~Ulftll(lllt  Of llf)t



Direct (drop-incluced)  clispcrsion  of c}mrgcd  drops
Dropi[ic[uced  dislmrsioil,  although  ~wte[ltially  [tl~)w  costly tll(’[1 g,as-induw!  {Iislwrsioll,  ltli~llt  ha[’( a stroliget eftect

\VILC~II a(kkx~ to [,lectmstatic  dislx’rsiolL  l)walLsf! it dislwllsc’s W’itll tllc ottler~vis~!  llccessary II K)ltle Iltuf Il trallsfel”  to act!iel”{~
latg(:r dm~) dis~)crxioll. ‘1’lius,  ww stu[licd tile cflect of tmtll itlitial dmlj ta[lget~tial irrotatiollal lnotioll  atld soli(l IN3c11
rot atiorl.

●  Effect  of  A:.
As discussed atxn’e, a large A:~O c~ eat es t mvarxls  t llc i[lller cllwt er lx~u[l(lary a front of t raJ’eliIlg  dr( )ps, illcrwwcs t 1{(

(Irol) ~lul[dmr de~~sity a:lrl accord  i[~gly  aggra~ratcs nuclcatioll l)rocesscs.  ~omparisolls  het~vec[l  results obtaillcd  ~vit h r\llls
5 all(l 12 s} Low that for cllargcd clusters of drops, the bcllcficial  effect of charging is substa~ltially dccrcascxl t~y increasillg
A~d from O to 200 c~112/s.  At locations close  to the inner cluster boundary,  the large  irrotational  lImtioll  dolninates  the
sl[lall electrostatic force a[d very large IlollLIILiforltlitics  are created ~vith larger thati initial n resulti[lg  i~l smaller 79, ,
larger Y~., ancl larger pgl than lV}ICI1  Ago is null. At locations C1OSC to the outer cluster bou~lclary, t llc irrotat ional ~llot ioll
is sl[laller  ancl the electrostatic force dominates the drop’s dispersion resulting ill sn Ialler clepart ures from the sit uat ion
w’hml A~o = O cm2/s.  The difference in dislwrsion betiveen the t~vo cases is best illustrated by the velocity angle: fo~
null .4~0, the al@e is <45° to~varcfs the inner cluster boundary \vhereas  it is >50” towards the outer boundary  aIId

re[llaius  larger cluring the erlt ire calculation for larger r; for finite A~o, the atlgle  becomes >45° in the elLtire  clllster allcl
eventually  decays to <45°  tow’ards  the end of the calculation. ~Vhcn Ajo = 20(I CIn2/S, parts of tllc cluster aci,jacettt to

the it~ner boundary rcu~/Lil\ i~i a clmlse cmlfiguration during the entire chop lifetime, thus clcfcati[lg  thf: l)uri)ose o f  thr

electrostatic charging.
● Effect of Bjo
Results from runs 7 and 12 were compared to invest igiat  e the efTect  of Bjo on c.llarged  chops. Increasing Bje by 50%

produced slightly increased cluster expansion. Due to the compounded effect of the larger solid bocly rc)tatiolL and the
electrostatic force, the velocity al@e is ( >45° and) smaller every ~~’here  except  at the intwr cluster boundary (Ivhere  it
is silnilar) show’ing’ that as expcctecf, Ti’~r  is relatively stnaller than Z)M.  130tll  YFL  at~cl Pg, have siulilar values  in bot}~
calculations except at ]ocat  ions ~lear  the outer cluster boundary where they are slightly larger ~vit h increasing B~o due
to the lower Tgi resulting from the larger ?L. The larger n is a direct co~lsequelwe of the larger B50 at that location. Thus.
it is ixlterest ing to notice that the benefits associated writ h elect rostatic charging (in terms of potential soot nucleation)
secln to decrease as Bjo is incrcasecl.

SUMMARY AND CONCLUSIONS

The effect of mechanical dispersion OIL uncharged a]ld electrostatically charged polyclispcrsc  clusters of drops has been
x~uluerically  invest igatcd.  It has bccll  S11OWI1  that drop-induced mechanical dispersioll camlot  acllicve  the same bc~leficial
effects as electrostatic dispersion in terms of decreasillg hot h the mass fraction of the evaporated coIupouncl au({ t ]IP

gas density to reduce soot nLlcleation  while proluotiug  eval)oration. This is bccausc  increasing the (lrops tangelLtial
irr’ot at ioual Inotion creates near the inner cluster boLudary an increase in t}le drop ~~umt)er  deIwitj’  t tmt proI[lotes  mot

format ion. Incrcasiug  the chops taxlgent ial solicl body rotation does cfisIJerse the cluster at locat iolls furt ~ior fr 0111 its
in~wr boundary; hotveverj the slip velocity bet~vecn chops arid gas caunot  be maintaitlecl, as it is for charged drops. and
its adclcd cnhalLcenwllt to evaporation is lost. Thus, clectrostat  ic. cllargii~g is sll~xxior to IlwcllaILical  dispel  si(nl for soot
collt rol and enhancemellt of evaporation.

Since mechanical cfispcrsion cannot compete with el~ctrostatic  clisl)ersioll, tile idea of conll)illillg  tllelll to prolrmte
great er reduction in the ~)artia[  mass fract io~l  of tlw evaporated coIklpouILd  has bc(:xl  iliv~)st i:ate(l as ~vcll.  Eh)t  ii :as-
illdLlccd a[lcl cfrol)-indLlced dispersion were explored for charged clusters of dro~)s. \lritl Litl the rallgr of Villtl(’S ilLf’(stigatc[l.
gas-ildLlced talgcntial  irrotatiolml Illotiotl does not provide suhsta[ltial  ad(litional dispersioli fox charged ({rc)[)s atl(l tlllls
does not co~lt ribute sLlbst  atlt ially to soot reduct iotl. Hm\wvcr , siuc(’ tlw elect rest atic (:l}:W$+?  is ~)l<llx>rt iolml to t II(, il\it  ial
drop radills atid thLls it disperses preferentially tllc s[!mller initial-size class, Jvlicrc:Ls tllc il mtat iolml l!lc)t io[L is [II{ ht
effective at slnaller radial locatiolls  ald thlu+ affects tile larger i[litial-size  C12WS  \vllicll is ICSS aff’ect(~(l  t~~, tll(, ~~lwt r(jstati(.
force, tllc added effect of the gas tallgelltial  irrotatiollal lnotioll  is to promote cc[ltrifugatiol~  of tlw larger  drol~s  tlirou:tl
l[lO1[lellt  UI[l tL’al Mfel, and t!lus to ell~lall(’f! e\ri\l)OratiOI1. A hlrger g:LS tallge  Ilti?Ll  Solid }Kxly rotiltiolL”  ilas }m’11 SW1l to tx>
i[leffect il’e for soot control w’ithill tht! ran~c’ of va]Lles st udir!d. This is brcausc  alt tlollgh  the li~rg(:r  ([101)  t arR(}Ilt  ial l’ol(x”it v



1( ’slllts i l l  :1 Slll:ll[(’r  L’(’[(J(”ity  :111x!(’  :lu’:1}’ f’tolll ttl~’ illll(’1  (’lllst(’r’  I][]ll[i(lilt’v  ttllls t(’11(11[1:< to !Iill(l(’1  {Iis[)f’fsioll. I’llgl  I[!III(i III

()[  }Iot S111  lollll(li Il& ~;LS itll(i (A’; l~)()[;  lti()Il, i t  :11so  l)rolliot(x” (1101)  ll(~;ltiI]g iuI(l (~i;i[)ol:ltioll.” ‘1’11(’ t\i(I (Lll{’(ts l):~l:ul(t’  ~vitll
11(J lloti(”(’iLl)l(”  (’11(’(’t 011 tll(’ ~J:LrtiaL (k,llsity of tll{’ (’v(~~)twat(’ci  (tJlilINJllll(l. t)ioij-l[l~ill(({l  tilllg~’1111:~1  irlot:ltiolh~l”  Illotioll”

lHu4 I)(VIII slL()\vII t o  I)lolllot(’” soot” rlll(l(wtiolL  tlllo[lgll tll(’ f’orl[mtioll”  I)f’ a  r(’~ioli ()! \I’1} I;LIR(’ (1101)  l~lllfll)(’1 (h’l~sity [L(W

tll(’ illll(’1 (’lllSt(’1” })ollll(~i~l>.  111( ’1( ’iLSillp,  t]l(’ (1101)S  ttlIlg(’llti:Ll Soli([ I)()(ly It)t:ltloll (~1([ Ilot iif!~’(’t (’(’llt  l’;ll 0 1 ”  [1(,::1  t]l(~  11111 (,1

l)ollll(lii[~  [’lllSt(’1 1(’~io[ls. I)((t i[l(’l($ilS(,(~ tll(i  (L1O1) 11(111 ]1)(>1 (I(llhity ilt tll(’  ollt(>l (’lllSt(}l  l)l)llll(lil~}’  tll(’l(,l)\’  l)lol[lotily,” soot”

1111( ’1(’ilt ion.

‘1’tIus, [Il(,clmlii(al dislx:lsioll  Iwitllc[ CtLII  colrll)(’tc’  ~vitll f’lm’t[ostt  Ltic (Iisl)(’rsioll  to (0111101”  sot)t II[l(lcatiorl, nor b(’lLefits
IIoticwll)ly soot c.wltrol w’l\t’11 addml to (’lw’trostatic  ~lis~wrsi(nl.
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Property
—

Value

stoichiometric  air/fuel nmw  ratio 13.2
molecular weight, g/mole 78.12
normal  boiling point, K 353
latent heat at normal boiling telIlpcrature,  cal/g 96.90
ACP = C’pL -- C’pg, cal/(gK) 6.8 X10-”2

liquid density, g/cln3 0.879
liquid heat capacity at constant p : CP1, cal/(gK) 0.415
liquid viscosity, g/(cnls) 0.392 x10-2
liquid mass diffusion coefficient for a Le}vis  number of 10, cm2/s 0.995 X10-4
liquid thermal conductivity, cal/(gK) 3.63x 10-”
gas heat capacity at constant p : Cpg(l’g  = ~~), cal/(gK) 0.37—

Table 1: Properties of benzene

Run #  ~0 o f  I qd  l“,= A~o,  CInz/s  B:o, S – l A~o,  cni’/~ B~o, s- ’

1 0 0 200 100 0
2
3
4
5
6
7
8
9
10
11
12

0
0
0
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

0
0
200
200
0
0
0
0
0
0
0

350
450
200
200
200
300
200
200
200
200
200

100
100
100
100
200
100
200
100
100
100
100

0
0
0
0
0
0
100
100
200
300
0

!Ihble”  2: Percent of maximum charge and initial conditions for, velocities.
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Figure 1. Physical configuration of the cluster-in-vortex for a binary size distribution.
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Figure 2. Velocity angle for initial-size-class-1 for runs 1 (a); 2 (b); 3 (c); and 12 (d). Symbols corre-
spond to times as follows: 8.37 X1 0--5

S (+); 9.29x 10–”S (o); 1.76 x10–3S  (2,):  2.60 X1 0–3
S (v): 5.94x 10-3s

(H); 1.18 X 1 0-” 2
S (~); 1.60 X10-2S (b); 1.85x 10-Q.s  (a); 2.19x 10--’s  (~); and 2.52x lo”~S (~).


