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1. a :c::ECU'rIVE stHWcr 

~e~~~ ~r~fer be~ween ~he pa~icula~e phases d~e ~o collisions, ~he model 

requi::es cO!lS"Ci~~ive rela~ions known as pa~i:::le-pa~icle d=ag te.....,s. .;,.:l 

dilu~e ~is~ems, such as ?neuma~i::: conveyors, ~he pa~icle-p~icle d=ag has been 

measu=ed ~d ~i::i=al correlations have' been developed. 3~ s~m~lar 

meas~emen~s are not possible in dense systems, such as fluidized beds. 

an expression fo:: the ?article-pa~icle d=ag ~e= was derived based on ~he 

kine~ic theo:::y of dense gases. To test the acc-..t=acy of ~hat expression, t!le 

?redi~ions of the model were compa:::ed to experimental data. Yang and Keai=ns 

(1982) fluidized 1''"1: fo= mixtu=es of dolomite and ac-"7lic p~icles for various 

times and meas~ed ~he rate of separation of the dolomite particles~ The 

dolOI:li.~e p~icles, being heavier and larger t!lan the ac--ylic particles, were 

found ~o settle rapidly. The e:q>erilnental data suggest that the rate of set~ling 

is strongly dependent upon the particle-par-~cle drag and, hence, the simulation 

of these experiments is useful for determ,;";ng the accuracy of the p~icle-

patticle drag term. Computer si:nulations have shown that the :nodel predicts ~he 

initial rate of sep~~tion reasonably well. The predicted equilibrium 

conce~trations of dolomite particles in the upper layer of ac:::ylic particles, 

however, do not agree with the experilllental data. This is thought to be because 

of the absence of granular stress from. the modeL =u..~her refi~ement of the 

?article-pa~icle d=ag teDn will be sought only after including granular stress 

in the model. 
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2. 0 IH'I'RODtJC:rI0!l 

Because of ':~s abili-=y, ::he ::tOcel can be usee -::0 5-::::dy fl:ri.di=ation phenomena 

of pra~ical '=?o=-::~ce, su~~ as seg=ega-=io~, elut=iation, and selies c;7~ng. 

Gieaspow a!lC: E:ttehadieh (1983). T!lei= e~ations ca."l be genera1.i::ec: for more 

t~a.:l one pa:::iculate phase to obtain the set of cont.in:ri.ty and mcmen':'Cm 

e~~tio~s presented in Table l. I~ t~ese equations, the subscript 'k' denotes 

t.~e k':.~ phase and ranges from 1 to N, N being the total nmnber of phases. ~~ 

addi':ion to t~ese equatie~, several constitu:ive relations are reqaired to 

ccmplet.e ,:~e :nodel: T!le fluic.-par::icle drag te::m, F lk (subscript 1 denoti:J.g ':he 

fluid) ~ E:q1.2t.ion 2, cescribes t~e ;nomentum t=ansfer between the fluid and -::~e 

k':~ pa=-::i~-lat.e phase. It has been :!J.e subject: of many investigations (fo= 

example: Syamlal and O'Brie~, 1987). Fo::t.unately, i:l. this case, aCC".lrate 

exper:i::tents can be conducted to det~e the d----ag on a single spherical 

particle :nevin; in a fluid, and these data "'.an be gene-..-;; ~ ~::ed to obtain t~e drag 

on a cloud of particles. Alternatively, the drag can be calculated from 

empirical correlations, such as the E:rgun (1952) equation, which give the 

pressure drop in a fluid flowing through a packed bed of particles. 

Like t!le fluid-par::icle drag te~, par':icle-par':.icle drag (PPD) te~ ~eed to 

be i:J.cluded in a mul':ipa::t.icle model. The t~::n F .. describes t!le JCJ 
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(E.p.) "'V. 
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(e.o.v.v.) 
lC lC JC JC 

(e.p.v. ) 
-lCJC.'t 

o 

-~ E.V'?'" £.p.q "'".;.::.,[ :k·(v.-v.)} 
lC s lC lC J-- J J - lC 

Nakamu=a and 

Capes (1975) ane. A=as~::>o?Ot:=, Li.n, ane. Gidaspcw (1980) foune. ~hat i~ was 

~ecessa=y ~o in~=oe.uce su~ a te~ ~o ~cel ~~e seg=egation ~ a pneumatic 

convey-o= t=anspo::-:~g a m~ ~u=e of pa=-::icles. Such a ~e=:t will be even mo=e 

i=tpo~an~ in e.ense systems, such as flcic.i::ed beds. 

(2) 

A=astoopou=, Wang, and Weil (1982) attempted to measu:e PPD in a c!illtte system 

~ whi~ t~e voie. f=a~i.on ;.-as g::eater than. 0.99. They measn=ed the velocity 

0: an isolated coa=se pa=ticle flowing counte=cur:ent to pneumatically-conveyed 

f; "'e p~icles. T!le force exe=ted by the fine pa--eicles on the coa=se p~icle 

was e.educed f=om a steady-state momentum balance and co=related with the 

veloci~y c.ifference between the fines and the coarse pa=t.icles. From these 

expe=i::1entS, they developed the co==elation 

Fk . a C~ .p . J v, - v ·11 Ii 
J ~ J J lC J ~ 

where the dimensionless constant Cf ~ O.7~-O.146 (~ in meters), subscript k 

denotes the coarse parcicles and subscript j denotes the fine particles. 

Arastoopour and C~chin (1985) studied the cocurrent flow of coarse p~icles in 

a pneumatic conveyor of ~~De particles and reported another cor=ela~ion for the 
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::D. 

{for ~le: 500, 196i; N~a and Capes, 

Sya:nlal. (1985) 

re?o~ ~e ~il.l derive ~ ex?ression for t~e ??D based o~ ~he ~etic theory of 

sc~ t~eoretica1 expressions, is necess~~ to te~ 

t!lei= ac~aci. T!lis C2.'"l be cone by compa::ing the solutions of ~~e 

:nultipa=ticle ::!.Odel ~o exper:.:nental data that are sensitive to the :?D. 

When a bi::ary :niz't=e of ?a=ticles is fluidized, u:lde= certain conditions th.e 

d"'''' ser and larger pa=-cicles ~ill settle. While set:t·1 ing, th.ese pani~es 

continually i:lt:eract: ~ith the U?~d-movi""g fi:le particles and, hence, the rat.e 

of set.tling ~rongly depends upon the ??D. Such data can be compared to ~he 

numerical solutio~'of the multiparticle model to dete:mine the ac=tt--acy of th.e 

theoret.ical expressions for the ??D. 
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pa=:icles. S;~le physical ~dels of the ccllisioc of ~wo representative 

p~icles are used i:l suo derivati:ms (for example: Sya::t:.al, 1985). tisi!lg such 

an approach, Nakamu=a and Gapes (1975) derived the expression 

? = 3c;(1+-=)£. t'1 .. E .0. (d. +0..)­
.<L"-~-JL"-J-~-J-

2(Pk~~3 + Pjdj3) 

(3) 

in the 1 ~m~t of ve-:y small pa=:.iculate concentrations. ney included g as an 

adjustable pa=ameter and found by fitting exper~ental data that its value was 

i.:l the =ange of 1.0-5.0. '!'!ley a=gued that the adjt:Stable parameter is g=eater 

t=an 1.0, ~ecause multiple collisions, which were not accounted for in the 

derivation, tend to i:lcrease the ??D. Syamlal (1985) derived a similar 

expression for a dense system and found that g is given by 

g "" (~. ~ 0) 1/3 ... 3~kJol/3 
~-J 

3 [Ekjl/3 (~k~j)1/3J 

The fa~or ~kj' which represents the maximum possible packing of the bina---y 

mixtu:e, can be obtained f:::om an empi=ical formula, suo as -:he one qiven by 

Feders and Landel (1979): 

I;; 0" 
kJ 

r(~k~j) + (I-a) (l~k)~jJ [~k + (l-oj)~kJ Xk/~k + ~j 

for XkS~k/[~k + (l~k)~jJ 

{l-ok)~jJ (l-Xk) + ~k 

for Xk~~k/[~k + (l-ok)~jJ 

(4) 

(5) 
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-:., 
vol:::ne =ra~:"C:l C= -:::e k'"- s:'::gle-pa=:icle S-!~a=., 

;, (0;), ac-=s as a ,...--~,...,.-.: -., _..., ____ .... _-.J ... 

S:_:'=------

~tion (4) ac~~ts :=r t~s 

(4) • 

:.!leo=? 0: de::se gases to der:"7e an expression for the ??D. Later, "'e ..,;il1. see 

and based ot:. :lle ki.:letic t::eo::y 0= 
dense gases, several analytical e:t?ressions are available i:l the lite~tt:.re. 

Also i:l t~s approach the assumptions are :nore prec:"sely ~ated a:ld it is easier 
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~etic ~!leo=-.i c= dense gases. 

Refe: to :i;u=e 1 fc= a diag=am of t!le colli.sio!lS. At the ';"'s:.ant of a typical 

of ~!le pa~icles a!lC a = (d...c +d j ) /2. The probable numbe= of collisions, such 

~~.at the cente= of the ~j. pa=ticle is in the volume dr and the p~icle 

velocities c...c a!ld c j and b lie withi.."'l =anges c.c...c' dCy and db, is 

2 .. (2) • a ('icj .b) - (r-ab, c...c' r, Cj; ':.) dl) d~ dCj dr cit 

.he=e c...cj ~ ~ - Cj . 

part1cle 

FIGDBE I. COLLISIOli OF DO PARfiCLES 

(6) 
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a.=:ltl!lC r.:. _:"~!1 i~s veloc:..~°.r ic -!1.:> -::a-C'.,. 0'= C a:ld c.:.~c.:.. Dt::i:l.g a ::oli.:.sio!:., 
J - - -~-- - j J J 

t.lIl is t!le :ncmen~= ~=a:lS::===ed be~;.;een p~i.cles -Ic- and "j" 0 Conside~-!lg only 

p~icles ~~c a=e a.bo~ to collide (ie. ~aki:lg C..cjob > 0), -e ::i:ld ~c t!le 

collis:"onal rate of momenc~ t=ans::== ?er unit vol:.:::le is given by 

p=o<iuct of ~!le radial c.ist=:..blttion f".!:l~ion gkj and t!le si:lglet velocity 

c.istr~ution ::UIlcti:lns, f (1), for eacll pa:---icle: 

Ass.:mi:lg t2C all the p~icles of eacll tJPe have identical velocities, the 

s~glet velocity distribution functions may be expressed, using Di--ac delta 

fUIl~ions, as 

f_ (l) ". 6£ 0 (c. - v. ) /:d.. 3 
Ie k.c k Ie 

and 

f. (1) _ 6£ .0 (c. - v ) /:d 3 
J j J j j , 

where vk and v j are the velocities of the particulate phases. To use more 

realistic si:lglet velocity distribution functions, it will be necessaq to 

(i) 

(9) 

(10) 

solve "~ular temperature- equations as done by Lon, et al. (1984). Note that 

as requi:ed by its def~p'tion, f(l) has been fo=ulated such that t!le number 
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densi~y of ~~e ?~icles is cti~a~ed ~hen :(1) ~ ~~~a~ed over ~e e~~~=e 

:a:lge of veloc.:.~ies. llso ~e ~~~ ~e ass=e ~;.a~ fk c:., de~e-~ "'eci a~ r is 

.. , 
~ • W"'-!.._ 

JC) 
~e do not. =-eed to 

CoJC and c j and of masses ~ and ::1j ~!le conserva~ion of linear momsntum. can be 

~i~~a:J. as 

:n.c.' =:n.c. - J 
JC JC JC JC (11) 

and 

m.c.' .. m.c. - J, 
) J J J 

(12) 

~he=e c.JC and c j are t!le velocities before collisio:J., ~' and C j ' are t!le 

velocities afte= collision, and J is the ~mpulsive force bet.ween the ?~icles. 

For inelastic collisions, we assume ~!lat. the relative velocity c. . in the 
JC) 

d: =e~ion of b is changed du=ing a collision such Ulat 

b.~j' - -e(b.c.JCj ), 

where e is the coef!icient of restitution. Equations (ll), (12), and (13) 

dete::ni.ne the component of J in the cH -ection of b, 

h.Ja -(l+e)b.c.. I (l/nL + 11m.). 
ie) - jC J . 

(13) 

(14) 

Assuming 'that. the particles slide dur'-ng a collision, the compo:lent of J in a 

dO; -ection t nomal to b (or tangent.ial to the sliding surfaces) can be relat.ed 

to b. J by Coulomb's law of f:iction as 

J
t 

= ~ {b.JJ, (15) 

where ~ is the coefficient. of friction. Now the impulsive force J can be 

writte:l as 

..• 
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J = (b . .l) b + u_ t == (b • .l) (b + J1t) • ... (15) 

and also lie i~ ~~e plane fo=ned by b and ~j (Ahmadi and Shahinpoor, 1983). 

Thus i~ can be w~it~en as 

t = b x (~j x b) 

Ib x (~j x b) I 

~j - (e.JCj.b)b 

I e.JCj - (~j .b) bi 
(17) 

using ~~s expression for J in Equation {II), we can get the change in momentum: 

~ = In. (e. ' -e.) = -J = 
JC JC JC 

-(l+e)~mj(b.e.JCj) 

(~+mj) 

Substituting this in equation (7), we get 

~j - (~j.b)b J 
I~j - {~j.b)bl 

(18) 

L . == - 36 (12 (l+e) In. m.EkE ·gk· f(e.)· .b) 2 (b+}Lt)S (e. -v:
k

) 0 (c.-v.}db de. dc. (19) 
JC] 2 3 ~ JC J ] J JC -JC) J JC) 

It d, d: (m. +m.) e. .b>O 
JC J JC J JCJ 

Integra~ing over d~ and dCj , 'icj is replaced by v
kj 

by viItue of the delta 

::u.."l~ions. The in~eg=ation over db can be petio::med (Chapman and Cowling, 1970; 

p. 319) to get 

and, expressing the'mass of the particles in terms of their densities and 

diameters (~= 1t~3Pk/6 and mj = ltd
j
3p

j
/6), we obtain 

(21) 

E'kj = 3 (l+e) (r.12+Jt:2/8)£IfkEjPj(~+dj)2 gkjlvkjl / [2x(Pk~3 + Pjdj3)]. (22) 

Setting J1 equal to zero and comparing this to Equation (3), it can be seen that 

the constant g of Nakamura and capes (1976) and the factor g of Syamlal (198S), 
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Although t~s derivation has re~red several simplifying assumptions, it has 

allowed the association 0: g with the radial distribution fun~ion at conta~. 

T~s fun~ion is more rigorously derived in the literature on the k~etic theo=y 

of dense gases and can be adopted :ram there :or use in Equation (22). For a 

mixture of hard spheres, L~Jitz(1964) solved a generalized Percus-Yevick 

e~tion to obtain th~fo=mula 

gkj = liE + [3(!Ni=2Ei/di)~~dj]/E2(~+dj)' 
where E is the void fraction given by 

N 
E = E 1 = 1 - (! i=2E i) . 

(23) 

(24) 

Note t~t in Equations (23) and (24) we exclude i=l, since, by convention, i=l 

denotes the fluid. In Figure 2, the radial distribution function gkj for a 

binary mixture of particles of diameters O.l27cm. and O.OS7cm. as given by Equa-

tion (23) is compared to tha function g of Syamlal (1985), given by Equation 

(4). As expected, both of the functions increase monotonically with increasing 

for a solids volume fraction. The fun~ion g is in general greater than gkj and, 

densely packed syst~ consisting mainly of one of the components, it is an order 

of magnitude larger than gkj' To dete::mine which of these magnitudes is more 

realistic, it is necessary to compare numerical results to relevant experimental 

data as we do in the next section. Meanwhile, however, some of the mathematical 

features of gkj can be found to be more physically realistic. 

First, the function g has the same fo=m for the conditions of an excess of fine 

~articles as for an excess of coarse oarticles. The function gk o , on the other • - J 

hand, increases with increasing fines concentration. This implies that the 
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T~s ~s .reasonable, since fines can flow ~o=: easily ~h=ough t~e void space 

Second, ~he f~~icn gkj has a math~ma~ical fo~ t~t satisfies a necessa~i 

ad~~ivi~y conCi~ion. Us~g a multipa=ticle model, a bina-~ mixtu=e of 

pa=t~cles A and 3 can be described in te~ of pa=ticulate phases in several 

ways. :or example, consider two cases, one i~ which the partiCles are described 

as P~ase-A and ?~ase-3 and another i~ w~~c~ t~ey are described as Phase-A, 

?hase-31, and ?hase-32. Regardless of how we c~oose to represent the 3 

pa::ticles, their effe~ on the A par-icles should remain unchanged. This 

ou= examnle, the sum of the :k" s of ?hase-31 and Phase-32 must 
- J 

be equal to t~e :kj of Phase-3. It can be easily verified that this is the case 

when :kj is given by Equations (22) and (23) and that it is not the case when 

~ is given by Equations (3) and (4). "kj 

:~ly, it can be seen from Equation (23) that gkj correctly accounts for the 

effect of pa.."1:icles other than the kth and the' jth par-..icles in a multiparticle 

inixture on the collisi.ons between the kth and t~e jth pa..~icles, whereas the 

expression for g does not include the properties of particles other t~ the k~~ 

and the jth. 3ecause of the above-mentioned reasons, we can conclude that the 

factor g obtained from a simple derivation lacks the physically realistic 

mathematical features of gkj derived using the more rigorous methods of the 

kinetic theory of dense gases_ 
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4.0 SnmLAXION OF YANG AND KEAIRNS'S EX!?ERIMENT 

(1982) "·e-o ",---

-he '--- aC=7~:'c 

2c~~1~c ?~~cles. 

a r --i .:,.. 
--~---

?a=::'cles; 

::l=o::~les as a =un~ic:l of t~":":e. 

(1982) 

c::=::,a~::..:..::.g a _':_."-,Q, _A ___ _ 

he::.ce, 

col!.:..ce 

3y =epea~~g ~he 

code. ':!le d.e~ils of tohe :lume=ical tec!l.."Ucme used i:l ~!le code C2:l =>e fOu:ld 
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A.~"'E.c 

Flcid 
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Cell Sizes 
Ti:ne St.ep 
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Table 2. Com;:lU-:er Si::lcia-cion Condi-cions 

dk (0) 
0.1272 
0.0571 

pk (g/c:::3) 
2.51 
1.11 

40, 50 0/ s 

Diamet.er 7 c::o. 
Height. = 11 en 

Weigh~ ==a~:"c:l 
0.6 
0.4 

Radial: 0.5 c::L, Axial: I. 0 c::o. 
0.0005 s 

bed reac~ed a s-ceady s-cat.e in 5-10 seconds. Hence the compu:er s~t.ions ~ere 

carried out. for a du=ation of 10 seconds. 

All ~~e co~uter simulat.ions ~ere perfc~d by setting the coefficient of 

=r~c-:~on, ~, equal t.o zero. It can be seen from Equation (22) that this 

approxi1nation ~ill change the magnitude of ??D at most by a factor of 2, since 

t.he value of ~ is close to 1.0. The conclusions of this preliminary St.uCy will 

not be affected. by such a change in the ??D. Some ini~ial computer si:nulat.ions 

were ca--ried out. us~g Syamlal's (1985) ?PD t.e::m. These simulat.ions indicated 

that t.he rate of separation is very small and that the two particulate phases 

remained ~ell mixed; at the end of 3 seconds of simulation wit.h 40 cmJs 

superficial air velocit.y, the predicted weight traction of dolomite at. the top 

of the bed was found t.o be around 0.5 (see E'ig'olre 3). This is cont.rary to t.he 

experimental observat.ion of very rapid settling. Because of this, and 
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o Data (Yang ~ Kealrns) 

2 4 

used In slmulatlons 
Lebot.u t z (1964 J 
S~am 1 a 1 (1985 ) 
9 k J=1.0 

6 8 10 
Tlme. s 

FIGURE 3. u:a: OF DOLCHJ:TE SEPARUIOII M A. FLUIDIZAnOB VELOCITY OF 40 em! s 
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p=oper:.:-es 

-...,~ '---
gkj as der~7ed ~y Leb~.i~z (196~). :or coopa=ison, s~~a~io=s ~e=e also 

C2-~ied o~ ~y se~~~g gkj=~. 

s~a~ed dolomite concent=a~ions a~ t~e top of the ~ed a=e plotted as a 

=u:l~ion of t :m.,. fo~ a period of 10 seconds ~hen the supe::!icial air veloci~y is 

40 ~s. The =ate of :n:tial sepa=a~ion is st=ongly ~luenced ~y the mag-~tude 

of the ??D. :or the p=esent set of ~~er~ental data, the ex:ent of resolution 

poss~le for the j~'~ial rate of separation is given by the line conne~ing the 

data pci.:J.ts at t=O and t=3 seconds. =:: the nume:ically-simulated separation 

C'..:...-ves a=e belo~ tllis line, the preCi~ed :n';t~l rate of sepa..-ation is possibly 

comparable to the ~eri::ten'tal Ca'ta. The s.il!1ulation results using the gkj of 

Leb~wi'tz (1964) ~ndicate a very rapid initial sepa..~tion phase (-1.5 sec.) that 

satis::ies t!lis condition. Thus, the predi~ed. initial rate of sepa=ation, using 

gkj' is compa=able to the ~rimental data. However, the equilibrium weig~t 

fraction of dolomite in this case does not: ag:ee with the experilnental data 

~hich indicate a monotonic redu~ion in the dolomite weight fraction that. 

ultimat~ly leaves a top layer free ·cf dolomite particles. An exam';nation of the 

predicted velocity fields of the two particulate phases indicates that the 

excessive mixing ot' the par-...icles is caused by the solids circulation in the 

bed. This may be because of the absence of particulate-phase viscous stresses 

in the present model. Thus, we conjecture that the inclusion of viscous 

stresses may lead to the correct prediction of the equilibrium dolomite weight 

fractions. 
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,. :s s"'_-_ 
':!kj -

??!> and :"s no~ a demor.s:.ra~:"on ~::a~ gkj shot:ld be eq-...al ~o 1. ~t condi~:"on 

wo<;ld i:Dp1y (as i:l. t!le case 0:: :"deal gases b ~e ki.:letic ~eor:!) ~!la.t ~e 

presence 0:: one p~icle a~ some location in t~e bed does :lot a::f~ the 

probability of f:":l.~g ~ot~er p~icle close to .; ... -.... 
i:l a d-=:lSe bed.. 

A:l.o1:11er reason for our obje~ions to the CO:ldition gkj a 1 can be ::ound in 

:i~~e 4, i:J. which the si=ulation results for a fluidization velocity of 50 ~s 

are given. '!'he data of Yang and KeaL""nS (1982) indicate that the settlbg 

behavior has not changed significantly from the previous case (fluidization 

velocity = 40 cnJ s). However, the siJnulation results for gkj=l indicate that 

the equilibri~ ciolomiteconcen~ration at the top of the bed is not comparable 

to ~e ezperi::nental data. T!lus, even with 9'kj
z l, the increased fluidiza'tio:l 

velocity bcreases the solids cirCllation and, hence, the mlzing. The si:nula'ticn 

results, usi:lg 1:11e 9'kj of Lebowitz (1964), indicate that the eqo..ll. ~ ;bri1Jm 

dolomite concentration at the top of the bed has increased to 0.4, which is 

again because of the increased solids circulation. Note, however, that the 

;T"';tial =ate of sepa-""ation is st:"ll compa-'"Clble t.o the experi:nent.al data in the 

sense c.:.scussed previously. Ee:lce it can be concluded t!la.t the ??D teDll :nodels 

the .;;); ~ial rate of separation reasonably well, but the predicted equilibri1Jm 

weight fraction of dolomite does not compare with experimental data because of 

the overprecii~ion of the intensity of solids circulation. Hence, fu..~er 
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o Data (Yang & Keairns) 

4 

used in simulations 
Lebo1J:lt.z (1964) 
9kJ=1.0 

6 8 
Time. s 

10 

FIGURE 4. RAn: OF DOI.CIIITE SEFARAnOH AT A. FLUlDiZAfiOlf VELOCIn' OF 50 cm/s 
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5 .0 CONCLUSIONS 

t::'at a :ac:~r appearing -o;.,.Q --- raCial 

Cis~ribm:ion ==.c:ion fo:: ha-,.:I S?h~r~s a'to con't.ac:, gk~· The major assUI:1?'toicn 
.J 

:::taC~ i:l -""co r.-.. _ ce~i7a::'on is ~='a~ -'1 c..~_ 't=.s pa=:.i=l-es at a spa'Cial loca-=ion :nove a't. 

'C~e conti.=u~ v~loci't.y. is 

t:S~d for si:tlula'Cio::s, th~ ?r~Cic:ec ::t:'toial ra'Ce of separation i:l. a fl1:idized 

bee is fcu:lc 'Co be no'C acce?tabl~ cc:::;;a=ed to a set of experi=len'toal data of 

Ya:lg a:lC 3:eair::s (:!.982). When an expression for gkj given by Lebon't.z (1964) is 

obt: a .; ..... ee.. 1-.1so, since L~owi't.z's (1954) expression has mat~emati.cal =eatur~s 

t!'a'to are :nore Pftysically r~ali~ic it i~ reco:amended as the appropriate radial 

Cis'CribUt:.ion ::U!l~ion. '!h~ squilibriu::t ;.;eight fractions prediC'Cgd when ~h'i s 

racial d.i.s'C=ibution funC'C:'on is usee, howeve:, do not agree well with the 

~rimen'Cal da'Ca. The reason ::or 'C"':: s is thought to be the ezcessive solids 

ci=~-1ation wit!l'" the bed. Simula'Cions carri~ out by setting ~e racial 

ci~ribution func---ion equal. to 1 =e''''''or:::e this conclusion. 

that the absence of'the viscous Si:ress 'Cerms in the present model l~ads 'Co 't.he 

predic:ion 0:: excessive solids circulation. Rence, f~her ~ef~ement 0: ~~e 

par-=icle- ?ar'Cicle d--ag 't.e=n can ~ sought orily after including realistic 

g=anular stress te"""s in the :m.:l:~i?ar'Cicle model. 
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6.0~ 

b ";'"='Pa~ pa=az:tet:r, or ~e co -:~ion 0:: -:!le 1: :-e jo':;'l':"".:g' ti:.e c:n-;ers =:: 
t .. o collir':;'lg pa.=ticles. 

Colt velocity of k pa.=t:icles in -~e :nic=oscopic sanse. 

Co. 
O<J 

~ (2) ... 

g 

N 

? 

r 

t 

t 

= Co -c. 
0< J 

Diameter 0:: kt!:l pa~icle. 

Coef::icient of restitution. 

Singl:t velocity distribution function. 

Pair veloci~y distribucion fun~ion . 

Coef::ici:nt C:: -int:=-phase :ncmentum trans::er for phases k and j. 

Function ce::ined by Equation (4). 

Body ::or::es such as g=avi-:y. 

Radial dis'C=ibution ::unction at contact for k and j particl:s. 

Impuls: of the force of collision. 

To'Cal n1=nber of phases. 

Solids Pr:ssure. 

Position vector. 

'1'i.me. 

A noOlal direction to the impact parameter b. 

Velocity of the kth phase in the continuum sense. 

GREEK S!MSOLS 

Void fraction. 

Volume fraction of the kth phase. 

The maximum. particulate volu:ne fraction in a random mixture of 
pa..~iculate phases k and j. 



th 
D~i~y of the k phase. 
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