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ABSTRACT 8 Solidvoidfraction
" 80 Initialsolidvoidfraction

A new approachto the simulationof multi-phasedense Pt Gasdensity(massofgasperunitgasvolume)
particulateflowshasbeendevelopedbasedon takingthebes!of Ps Solid(particle)density
EuledaNEulerlanand Euledan/Lagrangianformulations.This new _ Solidstress
_proach usesa modem Pank:le.[n-Cellmethodthat has been

ex=ndedto multi-phaseflows. Themethodusesaccuratemappings
from Lqptngian paniclesto and from Eulerianspaceso that n Evaluatedattimen_L
continuumintergranularstressformulationscanbe incorporatedin
the modeUn&Theresultisa newmodelthatcanhandleparticulate
loadingrangingfromdensetodilute,adistributionofparticlesizes, p Particle.
and a rangeof paniculatematerials.Thispaper_ribes thenew s Solids.
methodandresultsfrom a one-dimensionalimplementation.The # Gas.
Lagnmgianpaniculateformulationis wed suitedfor a massively i Cellcenterindex.
pand]elenvironment,with a coupledhighspeedcalculationof the

i+I/2Cellindexofrightface.underlying Eulerian gas phase governing equations. The new
dmul_on method has important applicationsin Ruidizcd Bed
Combustion,CaudyticCrackingprocess_andmanyothergranular INTRODUCTION
flows. Extensionof the methodto two-andthree-dimensionalflows
with parallelcomputationmeansthat we can offera comprehensive Modelingof two-phaseparticulateflowsmay be dividedinto
methodologyfor densegranularflows. LocallyHomogenousRow(LHF) models,andSeparatedRow (SF)

........ models. In homogeneousflowsystemsthe twocomponentsof the
systemmovewiththesamelocalvelocitysomixtureequationscanbe

NOMENCLATURE readilyformulated.In separatedflowsystemsthe twocomponents
haveseparate,butnotnecessarilythesame.velocitiesthatexertan

A Particleacceleration,equation(4) influenceononeanotherthrou=hsuchtermsasdragandmeangas
D Dragfunction,equation(16) pressuregradient.Thisseparate,'1flowformulationisthemore
I Interactionbetweenparticles,equation(15) generalformandtheoneofintereginthiswork.Kuo (1986)givesa
P Meangaspressure morecompletediscussionoftwo-phaseflowmodels.
Sfx) Linearinterpolationfunction,equation(24) Mathematicalmodelsof sep_atedparticulatetwo phaseflow
T SlopefuncUon,equation(31) havebeeneithera Lagnmgiandescriptionfor the particulatephase
J' Solidphasedistributionfunction andaEuleriancontinuumdescriptionfor thegasphase,ora Eulenan
$ Gravitationalacceleration continuumdescriptionfor bothphases.The LagrangiasVEulerian
ut Gasvelocity de,scdixionis well suitedfor disperseparticulateflows with
us Mass averagesolid velocity particulatevoid fractionsof up to about5%, typicalapplicationsare
Vp Solidparticlevelocity sprays,AndrewsandBracco(1991),and Andrews(1993). Whenthe
&t Numericaltimestep particulatevoid fractionsareabove5%. theparticlecolJision

Numericalcellsize frequencyishighandcannotnotberealisticallyresolvedwitha
¢ Gasvoidfraction Lagrangiancollisioncalculation.
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The continuumEuleriauYEulerianformulationis mostappropriate Theexpre._ionforA is:
I for particulatevoidfractionsabove5_. Underthesecircumstances

collLsionshandledby intergranulzrstresstermsexpressedthrough -- -- -- -

continuumspatialgradie,,ts.Gidaspow(1986). Sucha formulation whereD is a dragfunctiondescribedlateranddependsonthelocal
works well when the particulatesize J=s_butionis monotonic, particleReynoldsnumber.Thesecondterminequation(4)accounts
However,whenaparticlesizedistributionismodeled,equationsmust for the meangaspressuregradient,thed_irdtermisgravity,andthe
beintroducedtofollowthemovementof thedifferentparticlesizesin lastterm.L,representstheinteractionbetweenparticles.
the flow. Thus, manyequationsmayneedto bea_ied thatrequite It is usefulto showthatLa_angiznandEuleriandescriptionsof
additionalstorage and an unnecessarycalculationfor particle the solidphaseate equivalentexceptfortermsthat areintrinsicto
distributionconcentrationswheretheremaybeno particlesof that each formulation. To obtainaveragevariablesfor an Eulenan
size,Riz,k (1993). formulationHat will depen(_onlyon_ andt, we integrateequation

Herewepresentanumericalsimulationprocedureformulti.phase (3) overZ andm, havingmultipliedbym or nzXto givethe massor
flows that consistently blends LagrangiaNEulerianand momentumequations.Forthemass:
Eulerian/Eulerianmethods.Thecomputationof Lagrangianparticle

coefficientsis well suitedto a ma_ivelyparzgelenvu'onmenLWe f Im__+mV.(v_f)+mVz.(Al)ldvdm= 0sum by presentingthe governingequationsof two phaseflowand a==I 8r j
thenz one.dimensionalimplementationof thesimulationprocedure. The massm of eachpanicleis constantso equation(5) may be
Three validation calculationsthen follow that demonstrzf_the rewrittenas:
methodology.Thepapercloseswithconclusionsandrefereaces.

FORMULATION _/l_,,mfd-_m/" V, .(I_. m_d_vdm/=0 (6,

Our interestisin fluidizedbedswithatwo-phaseflowcomprising Defining8p, = I=. n_rdudm,e isthemassfractionof thesolidphase
solidparticlesmovingin agM phase.Thegasphaseisconsideredto and satisfies B+e = I, p= the solid phase density, and
be a continuum.The majorproblemis to describethe interaction

betweenthe solid particlesand thegas. In the followingsection Op,g,=j'= mvfdvdm,where& is themassaveragesolidvelocity.
governingequationsate developedbasedon an approachthatcan Equation(6) maybewritteninthemorefamiliarform:
handleflowswith a widerangeof particlesizes. However,

approachintroducesdifl'_'ultieswithpatticle-patticleinteractions,so a(0p,) 0.V,.(6p,v_,)= 0 (7)we introduceaveraging proceduresto obtain t patticu¼tephase &
continuum formulation for which we have taken the empLdca] ThemomentumequationLt:
relations of Oidsapow (1986).

Govemlna .auatlons of th. aas ohas. J.{mv_._+mv.V,'(y.f)+mZV,.(A_f)}d.wlm=O (8)The gasis perfectandwithconstantentropy,sop/p_ = constant
orforeachvelocitycomponenti:and inviscid (gas viscosity is reintroducedwhen gas.particledrag is

considered).The gas continuityequauonis:

/_-'-7+V=.(¢p. _,) = 0 (1) Since.g is thespaceof velocitieswe maywritethe firsttermas:
where ¢ is the gas void fraction,p, is thegas density(basedon mass
of gas per unit gas volume), and _ is the gas velocity. The gas f my _ d_dm = _80,u,,)
momentumequationis: Jr,, __ _ _ (10)

withu. thei=componentof&. Thesecondtermin equation(9) may

+v .,) l
bewrittenas:

_' -- f my, (v,f)d._dm= (,.u,0p,).
where P is the gas pre._um,¢ gravity,and F the momentum .z_. (l 1)
exchangebetweengasandparLicuiatephase&

Govemln 0 eauations of the solid ohue
where vI =v,-,,,, and v_=vj-% are Ioc.alpaxticlevelocityEvolutionof the solidphasedistributionfunctionf(x, _v.m, t) is
fluctuations atoundthe averagevelocity.Thethirdterm in equation

governed by: (9) may be writtenas:

_. v,(d), v, (_) =o (3)

whereA is thepallJcleacceleration.2[isthepositionof thepa£ticle.._ Is,,my,_-(fA,)dw/m ==I, _7(mv, fA,)dudm_is theparticlevelocity,m is particlemass,and t is time. Inthepresent " " (l 2)

work we have assumed the solidphasedensityand particledensity I=,axe the same, but this is not an intrinsicLimitationof the method. (tufA,) d vdm
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'_ Using Gauss's theorem, the first term of the right-handside is zero modulusof elasticity isgiven by:
= 10._-'_s

becausef= 0 forsmallandlargev, The finalsolidphasemomentum G(¢) = _ withcz= -8,76and13= 5.43 _19)equationis:
Theequationsthatdescribeindividualpaniclemotionate:

)+ =- -- (13) c_x,

-v. So..,IA, =''., - - " (20)

pressuregradientandgravitationalterms: _)r
Thecontinuum,equation(18), andLagrangian-pan/cle,equation

-If, =fV,P dvdm= -OV,P andI,,gmfd.vd=. = 0P,8_. (14) (19), formulationsfor thesolidphaseillustratethetwoapproachesto
For the_nteractiontermwe taketheempiricalformulaproposed modelingtwo-phaseflows. Empiricalexpressionsfor the solids

stressesareeasyto incorporatein thecontinuumformulation,butto

by Gidaspowof I,..,mfld.vdm = VA'¢,where¢ isthesolidstress.In eliminamthe distributionfunction,f, whichwe do not solve,the
our Lagrangianformulation,as • f'urstapproximation,we takeI as kinematicstresstermof equation(18) isignoreda,_.dthedragterm is
indepenclentof sizeandvelocitygiving: simplifiedby assumingpaniclesof a single size and velocity.However,theLagrangianformulationaccountsfor the effectsof a

distributionof sizesandvelocitiesbut furtherassumptionsmustbe
/= __.IV_ (15) made torelate solids sue.asto_ collisionalforceonanindividual

For thedragfunction°P'weusetheexpressionof Ol_ourke(1981): particle. Whendetailedtheorieshavebeendevelopedthat givetheaverage conidonal force on a panicle as a functionof velocity and
size,thisinformationcan be incorporatedinw the Lagrangian

(,6) formulation, thereby IX'ovidinga more detailedand fundamental
D = r_ _ p, ,- approachtocomputingsolidssuess,

Next we solve the equationsof the Lagrangian-pa_.icie
24(

_ _ ,, -.+R-._-e"_' , and R, 2p'lu-'-2'It- In formulation. Thegas-phaseequations(17) aresolvedon a Eulerian
with C,=_-_¢ "z` 6 / u, grid. We do notdbecdysolvethecoupledequationsofthepar_cle

thelimitof smallsolidfr_cdo¢_thisformulationreducestothe andgasphasesbecausethiswouldinvolve•compumtionallycostiy

exprea_ionsproposedbyPutnam(1961)forsolidspheres.The e! iterative,implicitsolutionforthevelocityofeachparticle.Instead.
dependencecorrespondswith that found in the experimentsof we interpolatethepaniclepropertiesto thegrid andsolveimplicit
Richardson(1954). approximationsto the particlecontinuumequationsandgasphase

The tint term on the fight.handside of equation (13) does not equationson the grid. Termsneeded to updsu_panicle properties.
appear in manyformulationsof particlecontinuumequations. In the such as the local gas velocityand pressuregradient,are interpolated
present formulationthis additionaltermarises as a kinematicslam.ss backto each particleandusedin •Cmalexplicitcalculationof particle
th•t considers local particlevelocity fluctuationsaround the •venge velocities andpositions.

velocity. NUMERICAL SOLUTION OF THE GOVERNING
_ummarv of oovemino eouatlons In one dimension EQUATIONS
-- In one.dbnension the resultinggoverningequ•tions for the gas

phasecontinuityandmomentumare: Nextwe develop•fmil¢differencemethodfor thegasphase,and
thenthesolidparticlephaseisdescribedwithcomputationalparticles

_(_.u,) that each represent several real particles. We use a PIC method,=0
_)t _)x Harlow (19_4). however particle quantities are accurately

interpolatedonto the numericalgrid to inu'oduceaveragequantifies
a(eP'u_z) -eaP (17) foruseinevaluatingthesolidsgre_.We thensolve the ,_oveming_

_)----"t_ _x _- equations using these quantities and map back to the ,_lividual
t ..,_ I

V_[XM_
panicle quantities. These forwardand backwardinterpolations

j.., .pnu_m.iu' -- v,)dvJm-p,e& betweendiscrete andcontinuousrepresentationsof particleexchange
The solidphaseEuleriangoverningequationsare: terms allows flexibilityto choose the most appropriatemathematical

formulation. We retain numericalaccuracyby using second order

+ )_0 acc,teino,tio
& _ FigureIshowsthecomputational.A staggeredformulationof

/)(Sp,u_) 8p velocitiesandscalarsisused,withcellindexideFuedatthecell
_(0p,u,)+_ + center,andi+_ attheright-handc_Uface.Thesuper_ript'n'refers

_)_ _x =-O_. (18) to the value at thena timestep,n_t.

I... J_'lu,- ',l)(u,- v,)dvdm- NumerlcaI formulation ,or the oartlcle aovemlna

v,, ms(,, g Eachparticleprepresen_Nprealpanicleswithmassm_,velocity

vp,andpositionx_,.Theequations(20)arenumer_ca/lyrepresented

o_ =G(¢)__z wherethe as:Following Gidaspow(1986) we take _
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Figure 2. Linear interpolation function for domain cells.

Figure 1. Numerical grid and definitions.
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where D_t is the drag function evaluated at time t, and Op is an x--xp,.,., if xA,.,.__ x S xN.,
approximation of ti'tesolid void fraction described below. _u_

To evaluate solid phase continuum interaction terms, such as the

last term of equation (22), we next develop a solid phase continuity $_...(x) = 1 if xM, _;x _;x=,, (26)
equation. The :,olidpha._evoidfractionin cell i isdefinedas:

0 if x < x_,,,.,

O: =._l _ $,(jr;),._..p,H, (23) wherex_, is thex position of the end of the domain. The choicefor

where for non boundary cells $_ is a linear interpolation function. S_and Ss., is made toensu_ _$,(jr):1, for all values of x.

shown in figure 2, for i = 1 or i _*N_ _,Vcell is the number of cells) The change of O,over a time step is given by:
- then;

- - =-)-x- x_._....._if Jr_.=_ x < x_ _x _,
A_r The following equation determines an intermediate position of a

particle:
(24)

s,(x)= x,.,-__..._if Jr,_x<Jr,., x;=Jr;.v;_ (2s)
Ax The interpolation function at Jrp"*_is givenby:

0 if Jr<X_. t or Jr>jr,.t

where Jr,is the jrpositionof thecenterof thecell L $.(x;*') $,(jr,) + (jr;" ., ___.S.,..,= "" -_p) ;)jr I,x_l (29)

For the lower boundarycell at i = 1. as shown in figure 3, we Combiningequations(21) and(28) gives:
use:

_'" ""=(v.'-..;)_, <3o)p - Jrp

We define _,slopefunctionsuchthat:
l if O<x_;x_

{10 if x,_x_jr_,
- (25) T,._(x) = (31)S,(x)= _ if x,_x_x_ if x<x, or Jr>x,.,

_x

0 if x > x_ ThenBS._(x)maybeconvenientlywrittenas:_jr

Forthelastcellboundaryati= l_ceU _)$,(x..__).)_)x=/(T,._ - T,.S) (32)
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Usingequations(29),(30)and(32),equation(27) iswrittenas: momentumequationis writtenas:

' "" )' (_o,.:)"-(_o,_:)",., . _o,u,)._-(ep,% ',_ +----.,

with thefollowingdefiniUons: F'.-[I- P"."J ( )"_" = E,- _, ,._g

• Theexchangeterm.Ex.includesthesourceofmomentumfromeach

a.,I..,,=,"_'-L _' J p,
E.= T.._(_;)-D;(,,.3'-,,j _.,_/,N, (42)

(08u,),,_ ,, I.. ¢;,mp.m_NT .(_'_(v'" - v',) (35) This expressioncanbere-writtenwith thefollowingdefinitions:_,';' p. "_',",

Thenewparticlevelocityiscalculatedwithequadon(26)as: ( _'"

v;+_[_u_" I (a._P_'" 1 (_h_"] %_'=_:T,._(,_,)_ and-s-FI,a,J,-p_,_;, ' (P")""
v;" =l l+_ (36) • •
._=: (p,,),.(_o,),+(_o,L'= -- 2 .... (43)

Equation(36)el/minatesthe patlkle velocity,vt"'l, in equation

__ ,_Np__m (42)andgive_anexchangearm thatisindependentoftheunknown='_"T.._(._,)e_o_and_'o)_= _.,._(J,,) (37) velocity. The resultingexpret_on contains only gas phase
' parametersand othertermsthatcanbecomputedexplicidy:

Where u'_1 is an interpolatedgas velocity given later. The terms

E,=C,.s/'_' - r"l "A_(_o,.,).._+
t_,, _.._ (44)

_axJ, and _,_x'xyp are implicitexpressions using the value of B_°_-D,o;

pressure P and ¢ at timen+ i in theparticleceU.andare evaluatedas: The explicitcoefficienls. A, B, C ud D are given in AppendixA. It
b worthnotingthat theC coefficientis anapproximationfor 8 and so

(a_/-. _'-rr" f_y" "-'=' =' _.= =.d'_.,=_=,of.qu.,,o=(4_),._(4,)_.c__o=
_._'x), = '+'_ur - and _._x), = '+_&x (38) appropriaterepresentationof theterminequation(2).

An explicitformulationfor thegasmomentumconvectiveterm
whereipdenotesthecell indexsuchthatJr,,< x_ < x_,,_, was chosento keep the systemof equationslinear, this term is
Substituting expression (36) into(35)gives: calculatedusingan upwindprocedureas:

R I •

, f,T,1 (39) i (¢P,u=_);=_.] (u')''' if m_"+m')5>O

, [(..),',,f<,+<.,<o('',J
l+ &t_ where m?o_=(¢P'%),:s so.,'.._ +m"s isan evaluationof the mass

Equation(33) is the solidmassvoid fraction updateequation, fluxat the pointi.
with massfluxescomputedwithequations04) and(39). Similarly The solidphasemomentumflux, equation(39), canbe written
the paniclevelocitiesarcupcbtedwithequation(36), However,gas as:

- _A I _.*'
phasetermsimplicidyappearintheseequationsandtheirevaluation (p,O_%),.,=_, ,.)5_p,_,),.S-p,_F.. sisdescribednexL

p,., (46)

Gas aovemina eauatlons C.o_'" - _/_' - £,.)5_'_'- _'-_Ax Ax

gascontinuityequationbecomes: linearizedin termsof8 and¢Pl as:

(_0#I_/),.j _ (F.%OIM,),._=4., =_.1• _(f-O#)[*'-(P'P,),+ =0 (40) #_'_*' _ + (_O) (47)
_' Ax

where(ep,): is a cell centervariableand(¢P'%).:S is the massflux . .., . .(_o,), (_o,).-(,o,)(_o,),...,
_o.ghtheri_tsi_ce,face,= sho,,,,.= ng=e_.Thegas _ut_;,=_-e;'so_- '_-e: +(i-e:)=le,-e;).
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Threetest problemsaxedescribedandsolved.Eachproblemuses
a low pa_cle Reynoldsnumberso that in the firsttwo problemsthe

Summaryof numedcal formulation computedsolutionscanbecomparedwith analyucalones.Thethu'd
We now have all the necessaryevaluations. The tinal four problemusestwo particlesizesin a slugdepositionproblemthat

Eulerianequationsaresummarizedas: demonstratesthepowerof thenewmethod.Priorto thesethreetest
problemswe performedtwo simplechecks.Thef'urstcheckusedno

"'+' "_ a(0p,,,)[ particlesand zerogravity,and the secondcheckusedzerogravity0p,}, -(0p,),+ _ +
- andinithdlystationaryparticles.Thefirstcheckensurednospurious

Ox I,.,,i,,, (49) sourceswereintroduced.Thesecondcheckwa:toseeif the position
(0p,Gu,),.._-(0p,_u,),.._ of the particleschangedover time. If theydid,it irnplic:dthatthe

=0 interpolationprocedurewas incorrectlyspreadingerrors. Both
_uc checksweresuccessfulandledtothe followingmoreelaboratetests.

=e I _,=4.1 I _a4.1

tep=/il_,+1_(e.ps)i'+ I'r='P/'=/'+_l-l'¢Psu=l"8_= 0 (50) Sinale_oartle_leunderfree free.fall
&t &x Inthisproblemwe computethe,"_e-fallofa singleparticle

startingfromrest.TableIdescribesthetestconditionsandphysical
parameters.ThetestparametersareinSIunitswithvalueschosen

(0p,Su,),o_=,.u,'_.ytteP=u#/,+_t-'$tP,F.._- for convenientnon.dimensionalization,and to give a low particle
(51) Reynoldsnumberof 0.01. At this low Reynoldsnumberthe drag

C_.X_ -E_+__+l termreducestoStokesdragandequation(20)maybesolvedtogive_r _r the panicle velocity:

'0) o=-9  53>
D_, p, ]" 2 p,r=• ,. ,.

.... + ' --+ Substitutingthevaluesof Table1givesa free fallvelocity,v, =
0.1 and a Stokestime scaleI/D of 1/90. Figure4 showsthe

_ = C,+X_'_'I' -_/_"'-A,._(e.p,u,),"x + (52) computedand analyticalresultsfor citedevelopmentof the free fall
_ velocity. The i)arOcl=velocity has been normalizedbytheanalytical

_ • fxee-fallvelocity,roe,andtimebytheStokestimescaleI/D.The
_ '- e''&x agreement isexcellentand thenormalizedcomputedfreefalland

wherethesolidcontinuityequationiswrittenintermsof0p,for analyticalvelocityat the end were 0.986571and 0.993261

consistencywiththegasphasecontinuityequations.The fluxes respectively.The0.67%errorcanbeattributedtoassumpuonsin

0p,&_,and ¢psus,and thepressureand stresstermsuse the one.°btainingtheanalyticalresultthatatenotmadeforthecomputed
linearizodformsofequations(47)and(48).

(3_density........ 1.0kg/m] ......

Solution orocedure Gas vi-scosity 2.0x 10"2kg/(ms)
Equations(49) to (52) area setof linearequationsrelatingthe Solid density _ lO_k_.m3

variables0p,, _,, 0p,Su,,ande.psus. The parametersA, B,C, D, Gravity(,!1) 9 rn/s2
E, andF are explJcidycalculated. Equations(51) and (52) ate P_artic-_rnass 4.1gg79xl{)'6kg-l_cl-eradius " 10"_m"

rewrittenaslinearfunctionsofOp,and epsandsubstitutedinto _[.=nxthofdommn(x_,,) l.om ....""_ -

equations(49) and (50). T;aeresultsare two equationspernode _lumber.o.fcella(Nr,,n) 10

(P,a_'+_ _ _,+= ' Simulatedtime(r_,D 5.555x 10"2s,i.e.5/D
relating,_,.,,, and{,P-Psi, to theixneighborsandthemselves.A -Timestep(at)............... _,dl00 ........
ConjugateResidualmethodhas been usedto solve this linear

equadonset. The n+l valuesfor 8p, andepsarethensubstituted Table1.Parametersforthesingleparticlecomputation.

intoequation(52) to giveepsus andu,. Equation(37) is thenused
toupdatetheparticlevelocities. Aslua of oarticln under frll fell

Thecell.particlecoefficientsA to F arewellsuitedtoa massively This problemextendsthe singleparticleproblemto a slugof
parallelcomputationwhereeachparticleis assignedan individual pa.,lJclesthatsettleunderfreefalL Table2 showstheparametersfor
processor, the computation.The slugof particlesis definedby placing250

equaJJyspacedparcels,eachwith100particles,betweenx = 0.6 and
0.8 m. A total of 2:5 uniformlyspacedcells spannedthe
computationaldomainof I m. Thus,cellsfrom16to 20contain50
parcelseachforatotalof 5000particlespercell. Theresultingini0aJ
solidvoid fraction,00, is 5.223575x 10"4. Thislow soLidsvoid
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0.00 "---,----v ' _ ' i ' u ' $ 0.50 • • t = I. $)
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t D o.z5

Figuur©4. Velocityriseof a singleparticleunderfr_.fall. 0.00 0.25 0.50 0.7S i.00X (m)

fractionwaschosensothatthevoidfractiondependenceof thedrag

coefficient in equation(16) could be neglected. Addingof the mass 1.00 ! • • •

continuityequationsforsolid andgas phasesandnoting thatnetmass o 0.73
fluxbelow theslug is zerogives: $ 0.fA) t=2.0($)

OvP +_& =0 (54) 0.23 •
Neglecting inertialterms and noting that spatial gradients ate

negligibleresultsin thefollowingtwosimultaneousequations: 0.00 = _ _"_ -"'-"F " _ o, , t ' ' : "__ :'-" : : "_-'_'0.00 0.23 0.50 0.73 I.O0
X(m)

_)u e_)P _e$_ DOp_.m(u _re ) 1.00 ! 000" Of

gZ_Lt +--'- "

p, _)z (55) $o 0.73 • t =3. s)
o an, o.5o •0 +---- = --Og-
p. ax 0.23

Using equation (63) and eliminatingthe pressuregradientgives 0.00 :-'-.¢-",-" _ .... i'_'-'_ :" -_c'-"--"; "-'-_
the following resultsforparticleandgas velocity: 0.00 0.25 0.50 0.75 1.00

X(m)

1- and% = '_ v, (56) i.00 • • • •
v'= D _, P, A, 0.73 •

Forasingleparticle0 _ 0 andthisresultreducesto equation(33). _ 0.50 t=4.0(s)
Figure 3 shows the slug of particlesas a solids void fraction 0.25 •

normalizedby 00 at a sequence of timesstaxting with the initial • : _ - ¢,: ,- ¢ ._e,_-: ¢ : cI i
conditionat the top. Figure2 showsthat theedgesof the void 0.00 - :-?'-_ , u .....0.00 0.23 0.50 0.75 1.00

X(m)

v ........ •

-Gas viscosity 2.0 x ICY: kR/(_ms) _ F'igm_5. Computed solid void fractionof a falling sluz of pzxl.iclcs.

_Soliddensit]t tO3kl Im)

_ravity (g) 9m/s2 -
Particle mK,_ 4.18879 x L0"6kit computedparticlefree fall velocity was .0.09909 andin reasonableagreementwith the analytical result. Similarly. the computedgas
-Particleradius L0"3m velocity was 3.242421 x 10"$and in reasonableagreementwith the
No. of particlespet ._e_cel 100 _ expectedvaluefromequation(36) of 5.218 x L0"3.

-Lengthof domain(xl,,,) 1.0m - The computationalceil size is 0.04 and theslug velocity is close
-Numberof cells(No.u) 25 to 0.l. so the slug traverses 5 computationalceils every 2 s.
_imulated time(tl_,) 4 S Therefore,thevoidfractionplots at 0, 2 and 4 s. andat l and3 s

s shouldbecomparable.Inspectionoffigure3 revealsthat,besides
thedisplacement,thevaluesat time 2 and 4 seconds,and I and3 s

Table2. Parametersforthe fallingslug computation, are practicallyidentical. A small difference can be seen betweenIand 2 s and may be attributedto the finite time rise of the slug

fractionare roundedbecauseof the linear interT<)_ationfunction. The velocityto its free fall value. Parenthetically.this retentionof solids
figure shows that the slug falls at constant velocity. "l'h¢free-fall void fraction profiledemonstratesthat becauseof its particle nature
velocity fromequation(65) is -0.099893, which is slightlybelow the ourmulti-phasecalculationprocedurehas low numericaldiffusion.
singleparticlevelocityof-0.lbecauseofthe¢2 dependence.The
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Figure6. Solidvoidfrmttousandphasevelocitiesfor thehi.modaldugsedimentationtesti_oblem.

, theparticlesand gas initiallystationary. The remainingtest

The lastproblemcombineselementsofthefirsttwo butuses parametersarethoseoftheprevioustwotestproblemsandsosimilar

equalvolumefractionsoftwoparticlesizes:onewithapKticleradius developmentlimegalesateexpected.
ofI mm andtheother2 mm. The solidparticlesforma slugof Figure6 sb')wsthecomputedsedimentationoftheslug.Theleft
materialevenlydistributedbetweenx= 0.6m and0.gm. A totalof sideofthefigureshowsthedevelopmentofsolidsvoidfraction(void

530 parcelsfor each particlesize percell was used with 22,500 small fractionof thesmallpanicles,largepanicles,and total), and the right
particlesper parcel and 2,813 large particlesper parcel. These sideof the figureshows the phasevelocities(gas velocity,velocityof
particleand parcelspecificationsgave an initialvoid fractionof each small particles, large particles,and mass average solids velocity).
particlesize of 0.25 anda dense regionof solidparticleswith netvoid Inspection of the solids void fractionpmf'desreveals,as expected,
fraction of 0.5. Table 3 presents additional details of the that the smallparticlessedimentmoreslowlyto the bottom than the
computational. Figure 6 shows the initialsolids void fraction,with large particlesbecauseof theirhighersurface to volume ratio. The

g



Gasdensity i,0 kg/m3...... CONCLUSIONS

Gasviscosity 2.0x 10.2 kg/(ms) A newmethodologyfor simulationof multi.phasegranularRows
So!id.density ..... 103kg/m3 - has been presented. The method u_s a combt.ncd
Gravity(g) 9 m/s2 Lagra.ngian/Eulerianformulationthatcomputesthe developmentof
Smallparticlemass,. 4.18879x10"6kg the particledistributionfunctionwith a Lagrangiantechniqueand
Smallparticleradius, 10"3m _ accountsforcontinuummtergranularstresswithan Eulenan
No.ofsmallparticlesperparcel.22,500 -- formulation.An accuratemappingtoandfromtheLagrangianand
l__rgeparticlem_L_S 3.35[03xlO'Skg __ Euleriangridallowsthemostaccuratephysicaland numerical
L_rgeparticleradius 2x 10:'3m ...... formulationto be chosen. The formulationof particle-cell
No.oflargeparticlesperparcel2,813 - coefficientsiswellsuitedtomassivelyparallelcomputation.
Lengthofdomain(Xla,t) 1.0m .... The methodologyhasbeendevelopedintoacomputercodefor
Numberofcells(Nreu) 25 _ one-dimensionalproblemsanddemonstratedonthreetestproblems.

Simulatedtime(fla,) 5s _ The firsttwo testproblemssuccessfullycomparedwithanalyUcal
Timestep(At) 1x i0.3 s solutions. The secondproblemshowedthatourmethodalsosuffers

from low numericaldiffusion. The thirdzestproblemshowedthe

Table3. Parametersfortheslugsedimentationproblem, sedimentationof aslugof denselypackedsolidparticlesof twosizes.
Calculatedsedimentationprofilesshowedcomplexparticle.gas

figureshowsthata slopedevelopsinthevolumefracticnon the interactionsandtheformationofawell-def'medinterfaceonthehigh
bottomoftheslugas theslugsedimentsthrough0_egas.Test sideoftheslugduetoadecrea':eindragcoefficient.Asexpected,

problem2 didnotdevelopsucha slopeandtheslu._boundaries thelargerparticlesfellfasterandseparatedfromthesmallpanicles.
remainedsteepandwelldefined.Thekeydifferencein_," twocases The three,'estproblemsshow thatthisLagnmgian/Eulerian
isthemuch largervoidfractionintestproblem3. Equation(54) methodworkswellandissuitedtothesimulationofmulti-phaseflow
appliesfortestproblem2andsincethereisonlyasmallsoli_void problemswithawidenmgeofparticulatecharacteristics.Thenext
fractionand,consequently,onlyasmallvariation,thegasvelocityis stepistoextendtheone-dimensionalformulationtotwo-dimensions
approximatelyconsuu_twithasmallvaluecomparedwiththeparticle andtoinvestigatetheuseofa morefundamentalapproachforthe
velocity.However,thesolidvoidfractionintestproblem3 hasa computationofsolidsstress.
muchgreatervalueandvariation,so thegasvelocityfromequation
(54) is high in the regionsof highsolidsvoidfractionandlow in ACKNOWLEDGMENTS
regionsof lowsolidsvoidfraction.Thiseffectis noticeableat t = $ s /
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APPENDIX A: EVALUATION OF NUMERICAL
COEFFICIENTS

AxkP#¢),._

c..,=±Z[N,_t.,(_,,) _ ]

_.., =',L 'P,T""(_')l+_'_J c_)

P, | ,,_._a_pII (61)
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