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Lateral diffusive migration of massive particles in high-velocity vertical pipe flow
of moderately dense gas-solid suspensions
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Transport processes involved in a gas-particle flow, comprised of spherical particles with a narrow size
distribution suspended in a turbulent gas, are investigated theoretically on the basis of the recently developed
Enskog theory for multicomponent dense mixtures of slightly smooth inelastic spherical pdfficiésman-
khan, Phys. Rev. B2, 4877(1995]. The generalized Boltzmann equation of the previous work is modified to
incorporate the relevant forces exerted upon individual particles including the drag force by the relative gas
motion. Extending the method of moments of Gf@bmmun. Pure Appl. Matt2, 331(1949], the modified
Boltzmann equation is solved to obtain the nonequilibrium velocity distribution function for particles of each
size. By taking the monodisperse limit, a basic equation is derived for the treatment of the problem of lateral
diffusive migration of solids in an assembly composed of separate equisized spherical particles traveling in a
fully developed, turbulent upward flow of a gas within a vertical pipe. At moderately high solid concentrations,
where the random component of the particle velocity is generated mainly by particle-particle collisions, the
particle diffusivity and the thermal diffusion coefficient are found to increase with the square root of the
granular temperature, a term that measures the energy of the random motion of the particles.
[S1063-651%97)07309-1

PACS numbg(s): 47.55.Kf, 47.60+i

I. INTRODUCTION approximation in their approach is that the particle collision
time 7., which characterizes the mean time between succes-
During the past few years, the hydrodynamics of confinedsive collisions of a particle, is much larger than the particle
gaseous suspensions has received considerable attention digcous relaxation timey, which describes the response of a
to its importance in several applications, including fluid cata-particle to the drag force created by turbulent fluctuating ve-
lytic cracking[1] and combustion of low-grade coal in power locity of the surrounding gas.
generation plant§2]. In observing the transport of moder- ~ Under the operating conditions used for gas fluidized
ately dense gas solid particles in vertical pipes, where th€€ds, there are many parameters that affect the motion of
solid volume fraction is much larger than 0.001, it has beer?uspe_nded sqlld parthles relatlv_e toa tL_eruIent carrier fluid,
noted[3] that solid particles were distributed nonuniformly including particle inertia and solids loading. For moderately

over the cross section and that the recirculation of particle§oncentratecj particle loadings, recent t¢Sfsindicated that

occurred against the direction of their net flow. These pheln high-gas-velocity flows, large-scale solid structufeisis-

nomena clearly influence the particle residence time distribu{-(ha?sggrfg’ r\g’:el C:f ?Sgsbgr?giigﬁld aitvleozvvgr \;glgc't(')esul\gggn
f[ion in the risers,_which_ s important_in predicting the beh.av'composed of separatepparticles V\;h?)se freg and iFr)ld%pendent
lor of system_s n which the partlclgs catalyze rea_Ct'O”Smotions resemble that of gas molecules in a dense gas in
between species in the gas or in which they react with the,erma) equilibrium. Thus, for this case there is some justi-

gas. _ _ fication for assuming that the particle collision timg is
Several approaches towards developing two-fluid modelsy ¢ smaller than the particle viscous relaxation tirge

in which the gas and the particle phases are treated as@der such circumstances the flow regime is not fluid domi-
mixture of continua, have been used in an effort to predichated: instead, the frequency of a single-particle displace-
the aforementioned observations. The results of the earlieﬁﬁents is controlled by the rate of collision with the neigh-
approach, used by Berker and Tulig], demonstrated that horing solid particles7]. Hence the study of the lateral
for the pipe flow regimes relevant to high-velocity gas fluid- diffusive migration of solids in a turbulent upward flow of a
ized beds(6—9 m/3, the particle-eddy interactions tend to gas within a vertical pipe at moderately high solid concen-
move particles laterally due to the presence of a turbulencgations, which seems to be a possible cause for the tendency
gradient. As a result of this motion, an uneven distribution ofof particles to concentrate in the wall region, requires an
particles over the cross section may appear. The essentiassentially different approach from those proposed for
particle-laden turbulent flowis3].
Developing theories based on the kinetic theory of dense

*On leave from the Technical Research Centre of Finland, Jygased9] to obtain continuum equations for the mass, mo-

vaskyla Finland. mentum, and energy of the solid phase, therefore, could
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present an important step toward a better understanding o6 pave the way towards new approaches.

the fundamentals involved in gas-particle flows in vertical In light of the above concerns, the current study has two
risers. The idea is that the particle phase in vertical pipe flow@bjectives.

of gas-solid suspensions is treated as a granular material, First, an approximate theory is constructed for describing
where momentum is primarily transferred during instantathe motion of particles in a flow comprised of spherical par-
neous particle-particle collisions. The difficulty with apply- ticles with a narrow size distribution, suspended in a moder-
ing kinetic theory analysis to particle phase of suspensioff‘tely dense suspension of muIt|S|;ed massive particles ina
flows is that the theory depends on assumptions that are aroulent carier gas. The theory is based on a generalized
propriate for gas molecules. Unlike the kinetic energy of ga oltzmann equation using the regently .develo'ped. k",]et'c
molecules, the solid-particle kinetic energy is not necessarily. eory of the dense mixtures of solid particles with distribu-

conserved in collisions due to the inelasticity of the particles.r I(;);sltr;nﬁa:‘glr?sgi;z]e\gvlig’ tr\?:) hs|gh d:JSeToOdI:(I-:-idsJ?emfgtjj(ii:n:h:n d
Hence the formulations in the kinetic theory obtained assum- P 9

ing the reversibility of collisions should be modified to ac- external field in addition. By definition, particles are consid-

count for the energy dissipated in solid-body collisions. ered “massive” if their hydrqdynam|c relaxa_ltlon_ timerg
Recently, such a modified kinetic theof$0] has been are mu.ch larger than the particle-eddy crossing tmnE_LB], .
used by Sinclair and Jacks¢@] in describing the fully de- which is ?SSL'fn:ﬁd tto t?el smalleé E{har&_thetrl;agrar;gla:jn t;me
veloped flow of gas and monosized particles in a verticafh'acroscaie of the turbuléncg. Extending the method o
pipe. More recently, Louge, Mastorakos, and JenKih| moments of Grad_jlg], the generglged Boltzrr_1ann. equation
have developed an improved model by considering the effe 5 solved to obtain the nonequilibrium velocity distribution
of gas turbulence, making the approximation that the par_unction for particles of each size. It is assumed that the flow
ticles react sluggishly to turbulent velocity fluctuations of therlnechanlcz of [(ajartlcletsllnda mqlkt)lcgn;)ponent _gas f_uspe?stlr?n
surrounding gas and therefore velocity fluctuations at th ow can be adequately descrived by consideration of the

level of individual particles are induced by interparticle col- 3-moment approximation. In conjunction with this effort,
lisions. After the study described in this paper was underanalytical relations are developed for the lateral particle dif-

way, Dasgupta, Jackson, and Sunderdd developed a ;usmn coefﬁuerlts ?th ther?alll d|ff:13|g;n ratios wh?ndthe r§1r|1-
different approach to studying the role of the fluctuations om component of the particie velocily IS generated mainly

associated with the organized motion of collections of par-by solid-body collisions between the particles. For this case,

ticles on the occurrence of segregation in turbulent gas!he particle diffusivity and the thermal diffusion coefficient

particle flows in vertical risers. Considering the dispersionare found to increase with the square root of the granular

flux of small particles, Dasgupta, Jackson, and Sunderasa{ﬁmperature' The granular temperatu.re is aquantity that mea-
applied a semiempirical scherfit3], which has been widely sures the energy of the random motion of the particles.

used to model the radial dispersion velocity for a gas suspend.ffse.cond’ t?f_e _th?oren(t:al tp?rtul:le dlf;UfIVIty zlino![ trt'ﬁm;atl
sion of small solid particles when the particle-fluid interac- fusion coetficient are tentatively used to evaluate he lat-

tion is the dominating mechanism that controls particle dif_erallparticlle diffusion velocity in fully developed, t_urbulent,
fusivity. The idea was that the response of individualvfartlcal pipe flqws of'moderatefly densg gas-solid suspen-
particles to the fluid velocity fluctuations leads to the occur->'0NS of the uniform-size s_pherlt_:al pa_rt_lcles. The res_ults of
rence of a time-averaged diffusive flux of solids in the direc-the present theory for partlclg diffusivities as a fun<_:t|0n (.)f
tion of decreasing turbulence intensity. More general studie ar.tlcle size are Comp?fed ool th? _values of qug-tlme dif-
of the particle dispersion flux, when the frequency of the usion coefficients Obta”'?ed for coII|S|9r_1Iess conditi¢@s). .
particles’ displacement is controlled by their rate of colli- Moreover, the segregation effect arising from the particle

sions with the neighboring solid particles, appear to be Iackzhermal. diffusion, which results fro”.‘ a coupling between
ing, however. dissipative mass and heat flows, is discussed.

As suggested by Batcheldil4], a detailed theoretical
study on transport properties such as the particle diffusion
coefficient, which characterizes a tendency of particles to Massive particles respond sluggishly to gas velocity
migrate from high- to low-solid-concentration regions, al- variations and their trajectories are relatively straight in spite
lows for the development of more accurate criteria to assessf the gas turbulencg20], in situations where the solids
the instability of gas-particle flows. Recently, Ko¢h5] concentration tends towards zero. Consider a massive par-
stated that the relative diffusion of particles and fluid and theticle perturbed from the state of local equilibrium slip con-
associated forces in a monodisperse gas-solid suspensidition (which would hold if the particle was subjected only
play a similar role to the effective pressUrE] in the par-  to viscous interaction with the gaby a collision with its
ticle phase. However, the distinctions have not been exploredeighboring particle. To return to the local state of slip, the
between drift of grains from regions of high to low shear in particle is acted on by the resistant force tending to acceler-
a confined flow, which generates concentration inhomogeneate (particle velocity after the collision less than the local gas
ities that induce ordinary diffusion, and those due to the presspeed or decelerate(particle velocity after the collision
ence of gradients of granular temperature, which results in agreater than the local gas spgéttoward the local gas ve-
extra diffusive flux along these gradients. Hence more genlocity. In the limit 7.< 74 where the particle mean free path
eral studies on the particle diffusivity and the particle ther-is not large compared to its diameter, the random fluctuations
mal diffusion coefficient in moderately dense gas-solid susthat result from one collision have not significantly decayed
pensions based on rigorous kinetic theory of granular fluidbefore the next collision takes place. For this case, as in
are needed both to test existing approximation methods antiotions of molecules of a dense gas in a state of molecular

II. ANALYSIS
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chaos, where colliding molecules are distributed at randonparticulate motion are made use of and a connection is
without correlation between velocity, two arbitrary particles sought with the particle diffusivity and the thermal diffusion
will move in such a way that statistically the distance be-coefficient. In the first place, this is hoped to assist in the
tween them increases with time. In the presence of a particlmterpretation of experimental results and to point the way
concentration gradient, this gives rise to an observable effecbwards new approximate theories.
[21], which is a gradual spread or “diffusive motion” of the Consider a moderately dense suspension of massive solid
particles traveling in the gas. For the situation to be considparticles consisting of a mixture af different-size particles
ered here, where the particle Stok&§] number is large, the in a vertical upflow of a turbulent gas. The particles are
rapidness of the particle movement depends on the angle assumed to be hard, smooth, but nearly elastic. They are
the particle direction after a collision relative to the line of sufficiently large that the effects of Brownian motion, virtual
action of the gravitational force. It is the highest if the par-mass, and Basset history forces can be neglected. Addition-
ticle after a collision is directed parallel to the direction of ally, the effects of the rotational motion of the particles and
the gravitational field due to the complete conversion of parelectrostatic interparticle forces are not accounted for.
ticle potential energy into particle motion. Since the particle The expected number density of timeparticles in the
path is random, in an average sense, the gravitational forc&component mixture havingy, mass andr,, diameter in a
may not affect the particle collision time. fixed volume elementlx,, centered at a point,, having ve-

The problem addressed here is the derivation of a basilcities in the rangec,, c,+dc,, wheredc, is a velocity
equation to describe the diffusive motion of massive spherielement, at time is represented by
cal particles, particularly in the lateral direction, in a fully
developed, turbulent, moderately dense gas-particle flow fr=Tn(Xn,Ch,t). (D)
within a vertical pipe, where the particle displacements fre-
quency is controlled by its rate of collision with the neigh- The evolution of the number density of thre particles
boring solid particles. Due to the random character ofmay be described by the generalized Boltzmann equation of
particle-particle collisions, the statistical-mechanics ap-the previous work16], which has been modified to incorpo-
proach makes an important contribution to the understandingpte the forces upon the particles resulting from the relative
of the diffusional processes involved in this system. In thegas motion with those due to pressure gradient in addition.
following statistical descriptions, only broad features of theThen one may write

dfn(xn,Cn,t)_ c (%0, Cpst)  du c If(Xy,Cph )} du  of(X,,Ch,t) @
o * n dt aC aC

dt ox X" oC L T (fa(%0,Ch DF,)

s
+j21 JJUﬁj[gnj(xnaXn+Unjk|{nn})fn(Xnvcnut)fj(xn'l'o'njkvcj, -t)_gnj(xmxn

_Unijnn})fn(Xn ,Cn D F(Xn— ok, Cj 1) J(Cnj- K)H[ ¢y k]dk dc; . 2

Since the particle diffusion processes involved in a gascontact when the distance of their centers oig;= (o,
particle flow are of interest in the present study, the new+ a)/2, o,; represents the collision diameter, and the Heavi-
variable C,,=c,—u, which is the random velocities of the side functionH[c,;-k] selects those particles that have had a
n particles with reference to the mass mean velogitf the  collision and are leaving the collision cylindgz2].

solid mixture, is now regarded as independentgfrather To gain an understanding of the inelasticity effects of par-
thanc,. The generalized Boltzmann equation for th@ar- ticles, which leads to energy flows unidirectionally from the

ticles is coupled with that of carrier gas through the externafranslational degrees of freedom into internal modes of the
force per unit mas§, of the drift term, which is the first particles during particle-particle collisions, the velocities of

term on the left-hand side of E¢2), which represents the the restituting collisiore;, andcj’ , which are related to those
rate of change of the distribution function due to motion off the direct collisionc, andc; a_tre‘deflned using the con-
particles without collisions, and with those of the neighbor-C€Pt Of the coefficient of restitutioe:

ing solid particles having different masses and diameters '—e M. (1te. Ok
oj (j=1,2,...s) through the collision terms, which are incor- Cn=Cn ™ Mjn(L+€n))(Cnj- kK, ©)
porated in the second term on the right-hand side of(2g. ¢ =+ Mj( 1+ €jn) (Gnj - KK,

which represents the effect of collisions between the par-

ticles. Hered/dt is the substantial time derivative,; is the whereM;,=m;/(m;+m,) ande,; is the coefficient of res-
relative velocity of two particles with velocities, andc;, titution for a collision between thaj pair of particles. Al-

{nn} is the component densitiek, is the apse vector for though the coefficient of restitutios,; depends on the par-
collisions, g, is the radial distribution function of two par- ticle impact velocity, the concept o as a velocity-

ticles, one of componemt and the other of componept at  independent material constant is still widely u$28]. Here
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the coefficients of restitution for the particles are assumed tthe radial distribution functiort5) for the particle assembly
be constant and to have values near unity. in a gas-particle flow in vertical risers, where, for instance,
In the present attempt to generalize the Boltzmann equahe particle diffusion coefficients associated with the stream-
tion to higher densities, the collision integral is expressed iwise direction are somewhat larger than those associated
the form used in the revised Enskog theory of Van Beijerenvith the lateral directions. While the significance of an ellip-
and Erns{24]. The stosszahlansatis modified by introduc- ~ soidal distribution function, whose principal axes is parallel
ing a factorg,; to account for the correlation between the t0 the streamwise direction, for a nonequilibrium particle as-
positions of two colliding particles and the resulting increasesémbly in gas-particle flows in vertical risers cannot be ne-
in the frequency of binary collisions. The factgg;, which ~ glected, it is not obvious how to treat this problem rigor-
is an important factor in determining the thermodynamicously. An attempt to model the linear anisotropy of the pair
properties of the particle assembly, is chosen to be the norlistribution function in phase space at the point of collision
uniform pair distribution function, which takes into account Using a functional of local solid volume fraction was sug-
the spatial nonuniformities in the local equilibrium state.gested by Mello, Diamond, and Leviri@6], but the pro-
Consider an assembly of particles in a flowing gas_partid@OSEd expressipn fOf the pair distribution function was in fact
suspension with a set of states each of which has an en- @ crude approximation.
ergy H,, which is the total energy of the assembly in that ~The solution of Eq(2), based on a generalized Grad mo-
state. If the assembly is at a granular temperalured, its ~ ment method19], may be approximated by
statea will vary with time and quantities such &g, that 312 m.C..C muv..C
depend on the state will fluctuate. After a change of param{(x,,,C,,t)=n,| =—=| e ;{— n-n ”H1+ nonon
eters, the fluctuations will have on average a definite direc- 2T 2T T
tion, say, the direction of decreasing enertly,. After a . 3 ( 0,
2

while any such trend vanishes and the assembly just fluctu-

ates around a condition that is called thermal equilibrium. If T 3
the effect of the interstitial gas is negligible, the equilibrium 1({m,\? 1 RE
state of the particle assembly is a static configuration with a +5 =] AniCiCht 5| =
DT . 2\ T 10\ T
zero granular temperature, due to the dissipation of particle
fluctuating energy via inelastic collisions. However, in gas- m,
particle flows in vertical risers energy will be supplied to the X| 7 CnCa=5)anCal, (6)

particles by the suspending gas. Thus, in this instance there
is some justification assuming that the particle assembly bevhere A, and a, represent the pressure deviator tensor,
haves like the dense gas molecules in nonuniform equilibwhich is a second rank tensor, and the transport pseudother-
rium and therefore using the pair distribution function de-mal energy flux vector of the particles, respectively. Here

fined by v, represents the diffusion velocities of theparticles rela-
c tive to the local mass mean velocity of the solid mixture.
Gnj(Xn XnE onikl{Nn}) = gij(omi{nn}) Thus the mean velocity of the particles in a space-fixed
s coordinate system can be written @s=v,,+u. It is further
+> | dx Hujt (Xn %0 assumed that the particle relaxation time is much greater than
=1 the particle-eddy crossing time, ensuring the particles-

turbulence interaction may be limited to the influence of the
gas on the mean velocity of the solid mixtue The par-
ticles, which are moving randomly due to solid-body colli-
sions, transfer energy from the mean flow of the suspension
Wheregﬁj is the equilibrium value of the radial distribution to the particle fluctuating energy that is dissipated mainly by
function fornj pair of particles at contact inelastic collisions or in the long run by viscous forces. Note
that the granular temperature of the mixtur@
=1/nEjS:lan]- differs from T; (j=1,2,...s), which is the
granular temperature of the particles, by a quantity), .
Here n=X?_,n; represents the solid mixture number den-
te G sity.
In the spirit of linearization, quantities such &s, A;,
and g; for the s components j(=1,2,...s), which describe
Hiji(Xn X0 = oK, X [{00}) = Vi ji (X X0 = ok %) deviations from equilibrium, are all regarded as small. More-
over, by considering the recent tests by Ippoktoal. [27],

an| 2
ta—njk7xl|{nn})(xl_xn)' W"'O(V ), (4)

S
ggj(gnj|{nn}):1+|§l nl(xn)f an|(Xn,Xni0'njk|X|)dX|

Here

S the present theory may be valid in the limit in which the
+ E nl’(xn)J Vit (Xn s Xn particulate phase is comprised of spherical particles with a
=1 narrow-size distribution where all the-particle granular
io’njk|xlxl,)dxl,—|— e temperature perturbatiort (j=1,2,...s) can be considered
small.
Vit (Xn: Xn = anjk|x,) and Vi (Xp, Xn = crnjk|x|x|,) repre- At a hydrodynamic stage, in which scales of length and

sent Husimi functiond25]. There is, however, very little time are considerably larger than those characteristic of the
justification for assuming the isotropic equilibrium value of particulate level, an approximate equation can be constructed
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for the lateral diffusive motion of tha particles in a flow of  due to gravity. For small values off) then particles, cross-
moderately dense gas-solid suspension of multi-sized paing through an eddy, will encounter several collisions with
ticles in a vertical riser using scaling arguments. To this endhe j particles. The consequence is that the frequency of the
the approximate solutiof6) is substituted into the general- particle displacements are controlled by its rate of collision

ized Boltzmann equatiori2). After both sides have been with the neighboring solid particles

multiplied by the quantityC, the mass weighted average

[16] is taken to derive a balance of momentum. Then a term;

by-term order of magnitude analysis of the balance of mo

mentum is carried out to find the dominant terms. In order t
cast the lateral component of momentum balance in drmen—
sionless form, dimensionless ratios for the lateral dlfoSlonV

velocity v, , the lateral pseudothermal energy flay, , and
the particle granular temperature perturbatiép of the
n-particles are made by dividing them B2, T3?

To, respectively. Her& 12 represents the characteristic value
of the solid mixture quctuatlng velocity. The dimensionless ra

vE =0, ITE?, 6%=0,/Ty, and a*,=a, /T? are all as-

sumed to be smaII and of the same order of magnitude. Thr
more dimensionless group can be defined that are useful fo

the scallng in this problem. They are as follows.
@) = )_Tnd/Tnl represents the ratio of the-particle re-

laxation time to the relevant fluid time scale, which is the

n-particle eddy crossing time due to gravity defined By
=1./AW, . Herel,
and AWI is the free fall velocity of a single particle. A
large value of{!) means that tha particles react sluggishly
to the gas velocity variations.

(ii) rﬁfj):rm/rm represents the ratio of the mean time

between successive collisions of arparticle with particles
of specieg (j=1,2,...s) to then-particle eddy crossing time

th

Shed by xf

represents the eddies characteristic size

(i) 7o=[TYATYTYAVE V2" IAWT]  represents

the ratio of the characteristic value of the solid mixture fluc-
tuating veIocrty to the free fall velocity of a singteparticle.

OHereTl

is the collisionless particle fluctuating velocity and
is the rms fluctuating gas velocity. The second brack-
eted term[ TX2v2" V2 decrease$18] with increasingr{V.

For a large particle the third terfrvé IAW] is small, in-
dicating that large particles, in crossing a gas, experiences
as turbulence whose direction is rapidly changing.

e dimensionless lengths, velocities, pressure, time, di-
ameter, and granular temperature of thqaartlcles are de-
=X Mg, XE=Xyllg, U¥=u /T2, u¥
u, /T5?, P*—P/pOTO, t*=t/r, of=0n/le, and T}
=Tn/mnT0, respectively. Herep, represents the average
material density of the solid mixture. Thus the momentum
balance for then particles in the lateral direction for a fully
developed axisymmetric gas-solid flow of multisized spheri-
cal particles, with the approximate expressi@8] for the
external force per unit mass of timeparticles

Fo=— rﬁl () + B2K () [UR[JUR

can be cast in the form

s
7ol u* &U:r v Uy iv_:ra(PanU:r) :2 (1+enj) ZO_*( ) * (E)T* d (m)
R v b nt i R L
3\ 12
_ f (2’7TM T*)l/Z(v* _U*)+ 3 20 MJn (a* —a* ) +
3 jintn nr— Ujr 15 T: jr nr n

where ¢; represents the volume fraction of thearticles in
the s-component solid mixture j&1,2,...8), P3
=P,/pyTy, and P; =Py/poT are the dimensionless solid
and gas pressures, respectively; is the Kronecker delta,
pj=mjn; is the density of the j particles
=1,2,..n,...,), p is the mixture densityp,' is the material
density of then particles,pq is the gas density, the overbar
indicates the mass-weighted averaged values uf.hd; the

onjt 3 (1+enj)n anjgn]} v
]

Ty

s m(au,) apn , @|0P§
=1 T \dn, T.n#n, Xy " p 5X?
RM* [ |RJ*
ltlol B2 5,
' len IX; p =P 7P T}l)

relative velocity between the gas and theparticles whose
norm is denoted byUR|. The explicit representation for the
coefficients B4, B>, Ki(ds), and Ky(¢) in the above-
mentioned expression for external force per unit mass acting
on then particles in a gas suspension is given by Buyevich
and Kapbasoy28].

The second term on the right-hand side of EQ.repre-
sents the radial component of dimensionless pressure gradi-
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ent of the particle assembly of kimd which depends on the the presence of a granular temperature gradient, can be ob-
chemical potential approximated F29] served from regions of high to low granular temperature
across the pipe. As a result of this diffusive motion, nonuni-
P form spatial distributions of particle concentration develop in
wn=TInn,— 27T — the radial direction, which produce ordinary diffusion, which

Ny tends to eliminate these nonuniformities. The separating ef-

s s v 1 fect brought about by thermal diffusion may also cause par-
x> > npnqgqu — gquv’). (8 tial separation of particle components in multisized particle-
p=1g=1 = V gas flows in vertical risers in which the larger particles

i ) i usually in the lower granular temperature region and the
The first term on the right-hand side of H§) represents the  smajler particles in the higher granular temperature region

chemical potential of the particle assembly of typevhen  [30). This discussion may shed light on the physical origin of

approaching ideal-gas behavior and the remaining terms akie |ateral particle mixing observd8] in gas-particle flows

the residual chemical potential. Equati®) is a good ap- in vertical risers.

proximation if the particle assembly of type in a gas- The case where the heat flux vector depends on the par-

particle flow is treated as made up of hard spheres. Hence af¢le number density gradients, which means that there is

approximate expression for the chemical potential of the parmterference of diffusion and heat flow, is somewhat more

ticle assembly of typ@ can be obtained by substituting for complicated. The phenomenological expression for the mass

dpq from Eq.(5) in Eq. (8), although the expression is com- flux of the n particles in the radial direction relative to the

plicated. local center of mass velocity, under the condition of no ex-
It can easily be verified from Eq7) that in the limit  ternal force and mechanical equilibrium, is

Q1 7{N<1, the first term on the right-hand side, which rep-

resents the source of momentum due to particle-particle col-

lisions, is dominant. Thus, in this instance the explicit ex- S an; JdInT

pression for particle ordinary diffusion, which is caused by P =— 2, (1_5nj)Dnjm{a_+njkT~ —

. . ) =1 Xy )¢

the relative motion of the components of the mixture due to

the presence of a density gradient, can be obtained from Eq. ) o o

(7) assuming that the motion of the assembly of particles invhereDy; is the mutual diffusion coefficient arkd, repre-

a moderately dense gas-particle flow resembles that afents thermal diffusion ratio of theparticles {=1,2,...s).

simple fluid molecules for which the heat flux vector is pro-In order to derive a constitutive equation for the particle

portional to the gradient of temperature. In an opposite lim-diffusion velocity in the radial direction the balance of the

iting case whenrffj)lrfﬂ)> 1, the last term on the right-hand mean of the third moment of velocity of the particle assem-

side, which describes the viscous forces exerted on particlddy of typen is needed, which is coupled with the balance of

by the relative gas motion, plays an important role. In whatmomentum through the first term on the right-hand side of

follows, this limiting case will not be discussed. Eq. (7). In the limit 75/7(V<1, the leading-order dimen-
Assuming that the wall of the pipe serves as a sink ofsionless balance of the third moment of velocity in the hori-

pseudothermal energy, a pseudothermal particle diffusiorgontal plane for a fully developed axisymmetric gas-solid

which is caused by the relative motion of the particles due tdlow of multisized particles may be given g56]
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is the dimensionless diffusion force in the radial direction TABLE I. Parameters used in computing the particle diffusion

under the condition of no external forces and mechanicatoefficient.

equilibrium.
Of special interest is the case of a bidisperse particle-gas

suspension turbulent flow consisting of normal and tagged (um)

Particle size  Solid volume Granular
fraction (%)  temperatur®(cm/sY  T/Ty

particles, with the same mass, diameterg, coefficient of 200 0.16 531 15
restitutione, and different number densities, andn,, in a 200 0.43 378 10
vertical riser. An approximate expression for the diffusion 500 0.18 708 110
velocity of the normal particles in the radial direction, in the 500 0.50 554 89
limit 73/ 7{M<1, from Egs.(7) and (10) can be obtained, _ _
correct to first order, as Solid density 1000 kg/th
Pipe diameter 30.5 mm
3Referencd 11].
N dun N dpuy
1/2 1/2 T 9 T n
7o (T) pion T Ny, T ong 3dT /1T 4 19 1 d P
Vpy=———-— | — —— = - — . —— — .t = V.| — -
" 8pn(lte)gge | m N pedpe  pndpn 2dtm \pmax PV T gk Ve
Ton, T an, 1 1 Ju
- ; Ynt l_) < — Py X (ﬁnpg[ﬁlKl( bs)
x| 1+ = nod(1+e) i InT+ 9n (11)
= ho e -— . ]
3 9e &Xr &Xr +52K2(¢s)|U§|]UE Cn>u (12)

whereq,, is the energy flux vector of the normal particles and
v, is the rate of energy dissipation per unit volume of mix-
The first term in the angular brackets on the right-hand sidéure due to inelastic collisiond6]. Note that, in evaluating
accounts for the diffusion due to the radially nonuniformthese quatities, terms @ (n,/n,,) or higher can be neglected
granular temperature distribution. This effect results in thewith respect to those dd(n,/n). Here, prime indicates the
migration of particles from the high-granular-temperature refunctuating velocity.
gions toward regions of lower granular temperature. The sec- The term on the left-hand side of E(L2) presents the
ond term in the angular brackets describes the ordinary parate of change of the pseudothermal energy for an observer
ticle diffusive motion due to nonuniform spatial distributions moving with the mean solid mixture velocity. The terms in
of particle concentration. It can be concluded from Edl)  the first set of angular brackets on the right-hand side repre-
that the particle diffusivity sent the transport of the particle pseudothermal energy and
the second term is the rate of energy dissipation due to in-
elastic collisions. The terms in the second set of angular
1 1/2 brackets represent the rate of production of the pseudother-
D=m"0| —| /[8(1+€)¢gc], mal energy at which particle pressure performs work on
mean flow and the contribution from particle-turbulence in-
teraction[11], respectively. A numerical solution of E(L2)
has been presented for gas suspension flows of moderately
dense solid spherical particles in vertical tubes elsewhere
[31].

as well as the particle thermal diffusion coefficient

IIl. RESULTS AND DISCUSSION

_ ( Ptag Itnor  Prag &Mtag> / (Ptag dftag  Pnor O Mnor
Di=|— -— — +—
T Ny T Npor T Npor T INper
In the preceding section, the particle diffusivity was found
D to increase with the square root of the particle granular tem-
' perature when the random component of the particle velocity
is generated mainly by particle-particle collisions. In what
follows, the proposed particle diffusivity is applied to predict
increases with the square root of the granular temperature.lateral diffusion in fully developed dilute and relatively
In order to evaluate the lateral particle diffusion velocity dense gas-particle flows in vertical pipes using the values of
relative to the local mass mean velocity of the solid from Eqg.the local granular temperature predicted by Louge, Mastora-
(12), it is necessary to know the granular temperature of th&os and Jenkingl11]. Then the results using the present
normal particles. Using the modified form of the energy bal-model are compared with the predictions of Govan, Hewitt,
ance[16], which accounts for the forces exerted on the par-and Ngar{20] for dilute suspensions as the solids concentra-
ticles by the gas, for the normal particle assembly in aion tends toward zero. Table | represents the parameters
particle-gas suspension consisting of a binary mixture of norused in computing the particle diffusion coefficient. Here
mal and tagged patrticles, for which<<n,~n, one can set T/T represents the ratio of the particle granular temperature
up the balance of pseudothermal energy in the form to the collisionless particle fluctuating velocity at the same

o
1+ = no’(1+e)g,

X|1*3
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FIG. 1. Comparison of lateral particle diffusion coefficients pre-
dicted by Eq.(11) for the parameters given in Table I, with the
model of Govar{18], which is shown by the solid curve. Symbols
and conditions are as follow$I, the long-time particle diffusion
coefficient for collisionless conditiofl.8]; @, dilute suspension in
which the collisional contributions are dominart€0.18%); and
M, relatively dense suspensiop€0.5%).

FIG. 2. Predicted lateral particle diffusion velocity due to the
granular temperature gradient versus radial distance using the radial
variation of particle volume fraction and the granular temperature
for the fully developed gas solid flow in the vertical tube given by
Pita and SundaresaB4].

in a vertical pipe that has been simulated by Pita and
eddies’ characteristic siZg. The results of the calculation Sundaresari34] is considered. Particles with densipy;
are shown in Fig. 1 as plots of the particle diffusion coeffi- =1500 kg/n? and diameterr=70 um are transported in air
cient versus the particle size. For the conditions mentioned iwith density pg=1.2 kg/m? and kinematic viscosity,= 15
Table | the hydrodynamic relaxation time is much larger thanx 10°® m?%/s. The turbulent length scale of gas in the fully
the relevant turbulent time scale. In this case, particles tradeveloped pipe flow may be approximated hyR~0.2
jectories are relatively straight in spite of the gas turbulence[.35]. HereR is the diameter of the pipe. For these conditions
In their model Louge, Mastorakos, and JenKih%] assumed the ratio of the particle relaxation time to the turbulent time
that the frequency of the particle displacements are conscale of gas is of order 101, indicating that the particles
trolled by particle-particle collisions, although the particle follow the fluid motion in the dilute suspensions as the solid
collision time is not much smaller than the hydrodynamicconcentration tends toward zero. In a moderately dense sus-
relaxation time. The particle collision time,, particle vis- pension such as that considered by Pita and Sundafg@4hn
cous relaxation timery, and the particle eddy interaction the ratio of the particle collision time to the particle eddy

time 7; are defined as interaction is very small, suggesting that the frequency of the

particle displacements are controlled by their rate of collision

B 1 B le B pro with neighboring solid particles. Therefore, the analysis that
e nolg T2 T AW Td_pgﬁsz((/;S)AwT' is presented in Sec. Il can be used here to estimate the par-

(13) ticle diffusion velocity, although it contains assumptions that
are strictly valid only for large particles. Pita and Sundaresan
The predicted particle diffusivity using Eq11) versus presented three different possible solutions for the steady-
the particle diameter for the parameters given in Table | isstate, fully developed flow when the values of the solid flux
illustrated in Fig. 1. It is worth pointing out that for the casesand gas velocity are selected as 25 kigand 8 m/s, respec-
mentioned in Table |, the contact value of the equilibriumtively. Here the solution that was presented in Fig. 4 of their
radial distribution functiong, approaches unity. Moreover, paper is considered. Figure 2 in this paper presents the radial
the Govan predictions for collisionless conditions are illus-variation of the particle diffusive flux due to the temperature
trated by solid curve in Fig. 1. The predicted particle diffu- gradient. As a tentative attempt at the contact value of the
sion based on the present theory shows the opposite trerfjuilibrium radial distribution functiory., use is made of
compared to the collisionless particle diffusion coefficient ofthe ad hocmodel by Carnahan and Starlifig6], which is in
Govan, supporting the idea that inertia tends to increase paglmost exact agreement with the numerical molecular-
ticle diffusivity. However, this qualitative variation is in dynamics calculations for values of solid volume fraction up
slight disagreement with that indicated by Meek and Jone#o about 0.5. The expression for the chemical potential con-
[32]. In this connection, it is relevant to refer to the observa-sistent with Carnahan and Starling’s approximation can be
tion by Halder and Bas(i33] that the smaller glass beads obtained from Eq(8).
result in higher rates of mass transfer from a large naphtha- As can be seen from Fig. 2, the diffusion velocity in-
lene particle to the fast bed of fines. The predicted particlereases slowly with radial distance urf@l=0.43 m. At this
diffusivity is also found to decrease with the solid volume point, the velocity begins to decrease sharply due to the
fraction. For the lack of experimental data, one cannot clainsharp decrease in the granular temperature and approaches
an accuracy of the above-estimated diffusion coefficient. zero at the wall. These results represent the effect of radially
In order to estimate the particle diffusion velocity causednonuniform granular temperature distributions, namely, that
by the radially nonuniform granular temperature, the turbu{articles migrate from the high-granular-temperature regions
lent, fully developed flow of a moderately dense suspensionoward regions of lower granular temperature, say, the wall
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region. The magnitude of the radial diffusion velocity ex- limit 7./74<<1. Herer, is the particle mean free time ang
ceeds 0.8 m/s &=0.43 m,which indicates that some key is the particle hydrodynamic relaxation time. Analytical re-
physics must be missing in their model. lations for flow-induced particle diffusivity are developed.

Although the effect of the lateral particle diffusive flux in There are two mechanisms for particle diffusion mass flux;
gas-solid suspensions, in which solid clusters are present, isthe particle ordinary diffusion and the particle thermal diffu-
guestion of fundamental interest, Dasgupta, Jackson, arglon due to the radially nonuniform granular-temperature dis-
Sundaresafl2] have demonstrated that it can be neglectedributions. The latter effect tends to move particles from the
without any significance consequences. The present studiijgh-granular-temperature regions toward regions of lower
however, provides a context in which to investigate the probgranular temperature at the wall. The particle diffusivity co-
lem of mass transfer in a mixtures of polydisperse particleefficients are found to increase with the square root of the
entrained by the gas under conditions in which fractal-likeparticle granular temperature when the collisional contribu-
solid structures are presefi7]. tions are dominant.
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