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( )Mass transfer around single spheres in granular beds of inerts packed or fluidized
was analyzed for transport by ad®ection and diffusionrdispersion. Fluid flow in the
granular bed around the spheres was assumed to follow Darcy’s law; at each point,
dispersion of solute was assumed to be determined by the coefficients of trans®erse and
longitudinal dispersion, respecti®ely, in the cross-stream and streamwise directions. The
elliptic equation resulting from a differential mass balance was sol®ed numerically o®er
a wide range of the rele®ant parameters. Resulting ®alues of the Sherwood number are
represented accurately by the product of two terms: the solution for ad®ection plus
molecular diffusion, which depends only on the Peclet number relati®e to the acti®e
sphere; the enhancement brought about by con®ecti®e dispersion, which depends only
on the Peclet number relati®e to the inert particles.

Introduction

This article deals with mass transfer from a sphere buried
in a packed bed of inert particles, through which a uniform
stream of gas flows, as sketched in Figure 1.

ŽEarly attempts see, e.g., Leung and Smith, 1979; Chakra-
.borty and Howard, 1981 to predict the mass-transfer coeffi-

cient were based on the analogy with fluid flow past an iso-
lated sphere, for which the correlations of Ranz and Mar-

Ž . Ž .shall 1952 and Brian and Hales 1969 apply. However, the
two situations are very different from a hydrodynamic point
of view and, as it happens, the flow field around the buried
sphere is easier to treat, since there is no hydrodynamic

Žboundary layer and no fluid separation and therefore no
.wake on the leeward side of the sphere.

Interest in this problem was renewed by the necessity of
predicting the rate of combustion of char particles immersed

Ž .in beds of sand or ash , where combustion takes place mostly
Ž .in the dense phase Avedesian and Davidson, 1973 . It has

Ž .been known van Heerden et al., 1953 for a long time that
mass transfer in the dense phase of such beds occurs at the
same rate as in a fixed bed of the same particles, but with gas
flowing at the velocity of incipient fluidization. This can be
seen as a corollary of the two-phase theory of fluidization
Ž .Davidson and Harrison, 1963 , and recent experimental evi-
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Ždence supports this view Prins et al., 1985; Coelho and
.Guedes de Carvalho, 1988b .

Ž .La Nauze et al. 1984 attempted a solution of the mass-
transfer problem, proposing a mechanism that combined the
processes of transient ‘‘dipping’’and surface renewal, but their
approach did not consider the detailed fluid mechanics of the

Ž .gas flow. Prins et al. 1985 tried to establish a correlation of
dimensionless groups, based on a large amount of experimen-
tal data, but since the number of independent variables in-
volved is large, their result has limited applicability.

Figure 1. Flow around a sphere immersed in a bed of
smaller particles.
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Ž .Coelho and Guedes de Carvalho 1988b were the first to
produce a full analytical treatment of the problem, although
their analysis was restricted to a thin mass-transfer boundary
Ž .i.e., to high Peclet numbers ; their approach took into ac-
count the important role of transverse dispersion in mass

Žtransfer. The resulting asymptotic expression valid for high
.Peclet numbers was

XSh 1r2X X 2s 1.28 Pe q0.141 drd Pe , 1Ž .Ž .1e

where the meaning of the variables is given in the Notation
Žlist in primed dimensionless groups, the effective coefficient

X .of molecular diffusion, D s D rt , is used .m m
This result was then combined with the well-known result,

ShXre s2 for molecular diffusion from a buried sphere into a
Ž X .stagnant medium i.e., at Pe s0 and the general expression

XSh 1r2X 0.78 X X 2s 4q0.576 Pe q1.28 Pe q0.141 drd Pe 2Ž .Ž .1e

Ž .was proposed. Middleman 1998 quotes this result as an em-
pirical correlation, but it is worth emphasizing that the ex-
pressions obtained for the limiting conditions of both small
and large PeX were derived from first principles, without the
introduction of any adjustable parameters. It is nevertheless
true that for intermediate PeX, Eq. 2 represents an empirical
correlation that has been successfully tested against a vast

Žnumber of experimental data Coelho and Guedes de Car-
valho, 1988b; Pinto and Guedes de Carvalho, 1990; Guedes

.de Carvalho et al., 1991 . In an effort to overcome this limita-
tion, this work gives a full treatment of the mass-transfer
problem, valid over the whole range of PeX.

Theory
Our theory is based on the assumption that the inert parti-

cles in the bed are packed with uniform voidage, e , and that
the flow of gas may be approximated everywhere by Darcy’s
law

usy K grad p. 3Ž .

Furthermore, if the fluid is treated as incompressible, mass
conservation leads to

div us0 4Ž .

so Eqs. 3 and 4 can be combined to give Laplace’s equation

=2f s0, 5Ž .

where f s Kp. This result is well known to hydrologists
Ž .Scheidegger, 1974 , and shows that incompressible Darcy
flow through a packed bed follows the laws of potential flow.
Darcy’s law is strictly valid only for laminar flow through the

Ž .packing, but according to Bear 1988 , it is still a good ap-
Žproximation for values of the Reynolds number based on su-

.perficial velocity up to ;10, which for beds with e ;0.4 is
equivalent to Re ;25, the upper limit for the validity of thisp
analysis.

When a solid sphere of radius Rs d r2 is immersed in an1
unbound packed bed of significantly smaller particles, through
which fluid flows with uniform interstitial velocity u , far from0

Ž .the sphere, the solution to Eq. 5 is Currie, 1993

31 R
f syu 1q r cos u , 6Ž .0 ž /2 r

and the corresponding stream function is

3u R0 2 2c s 1y r sin u . 7Ž .ž /2 r

The velocity components will then be

3­f R
u s syu cos u 1y 8Ž .r 0 ž /­ r r

31 ­f 1 R
u s su sin u 1q . 9Ž .u 0 ž /r ­u 2 r

To formulate the mass-transfer problem we take the satu-
Ž .ration concentration of the diffusing species the solute to

be cU on the surface of the sphere and the bulk concentra-
tion, c , a large distance from it, in the approaching stream.0
The resulting concentration field will have axial symmetry,
and the differential equation for mass transfer can be derived
from a mass balance on the elementary volume shown in Fig-
ure 2. This differential volume is limited by the equipotential
surfaces f and f qdf and by the stream surfaces c and
c qdc , and if dS and dS represent incremental lengthsc f

( )Figure 2. Differential volume for mass balance: a per-
( )spective; b section along the flow axis.
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along a potential surface and a stream surface, respectively,
two important equalities are

1
dS s df 10Ž .f u

1
dS s dc . 11Ž .c v u

The contributions to solute transfer across the boundary of
the volume element will be:

v Net outflow by convection

­ ­ c
e c2pdc dS s2pedc dS . 12Ž . Ž .f f­S ­Sf f

v Net outflow by longitudinal dispersion

­ ­ c 2pdc
yeD dS sL fž /­S ­S uf f

­ D ­ cL
y2pedc dS . 13Ž .fž /­S u ­Sf f

v Net outflow by transverse dispersion

­ ­ c
yeD 2pvdS dS sT f cž /­S ­Sc c

­ ­ c
y2pe D vdS dS . 14Ž .T f cž /­S ­Sc c

In the absence of a chemical reaction, the three contribu-
tions must add to zero, and after manipulation of the result-
ing equation, one obtains

­ c ­ ­ c ­ ­ c
2s D q D v . 15Ž .L Tž / ž /­f ­f ­f ­c ­c

If the mass transfer boundary layer around the sphere is
Ž X.thin that is, for high Pe , the first term on the righthand

side of Eq. 15 may be neglected. That situation was consid-
Ž .ered by Coelho and Guedes de Carvalho 1988b , who ar-

rived at Eq. 1. Here we wish to consider mass transfer for the
whole range of PeX, so the term accounting for longitudinal
dispersion will have to be considered and Eq. 15 will have to
be integrated numerically. An important aspect to consider
in the integration of Eq. 15 is the dependence of D and DL T
on the flow parameters.

Much research has been done on the problem of solute
Ž .dispersion in gas flow through packed beds Gunn, 1987 .

ŽThere seems to be agreement Wilhelm, 1962; Gunn, 1968;
.Coelho and Guedes de Carvalho, 1988a in taking, as a good

approximation for packed beds of nearly spherical mono-sized
particles of diameter d,

ud
XD s D q 16Ž .L m Pe `Ž .L

ud
XD s D q , 17Ž .T m Pe `Ž .T

Ž . Ž . Ž .with Pe ` +2 and Pe ` +10 to 14. We shall take Pe `L T T
Ž .s12, as suggested by Wilhelm 1962 and Coelho and Guedes

Ž .de Carvalho 1988a . For dispersion in liquids, Eqs. 16 and 17
Ž .are not generally applicable Gunn, 1987 over the entire

range of flow conditions, and therefore the following treat-
ment is strictly restricted to gas flow and certain limiting con-
ditions of liquid flow described below. The work of Guedes

Ž .de Carvalho and Delgado 1999 considers mass transfer to
liquids outside these limiting conditions.

In order to integrate Eq. 15 with auxiliary Eqs. 6, 7, 16 and
17, it is convenient to define the dimensionless variables

cyc0
Cs 18Ž .Uc yc0

u
Us 19Ž .

u0

r
Rs 20Ž .

R

4 f
Fs 21Ž .

3 u d0 1

c
Cs 22Ž .2u d0 1

u d0 1XPe s . 23Ž .XDm

Equation 15 can be rearranged to

­ C ­ ­ C ­ ­ C
y A s B , 24Ž .

­ F ­ F ­ F ­ C ­ C

with

4 1 U d
As q 25Ž .Xž /3 Pe Pe ` dŽ .L 1

3 1 U d
2 2Bs q R sin u , 26Ž .Xž /16 Pe Pe ` dŽ .T 1

and the appropriate boundary conditions

F™y`, CG0 C™0 27Ž .

F™q`, CG0 C™0 28Ž .

y1FFF1 Cs1° 29aŽ .~ ­ CCs0
< <F )1 s0¢ 29bŽ .­ C

C™q`, all F C™0. 30Ž .

Discretization
To discretize Eq. 24 we adopted a second-order central

Ž . Ždifference scheme CDS in a nonuniform grid Ferziger and
.Peric, 1996 as shown in Figure 3. The discretized equation
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Figure 3. Computational grid.

resulting from the finite difference approximation of Eq. 24
reads

­ A
1yž /­ F i , j

2 2 2 2C DF yC DF qC DF yDFŽ . Ž . Ž .iq1, j i iy1, j iq1 i , j iq1 i
=

DF DF DF qDFŽ .i iq1 i iq1

C DF qC DF yC DF qDFŽ . Ž . Ž .iq1, j i iy1, j iq1 i , j i iq1
yAi , j DF DF DF qDF r2Ž .i iq1 i iq1

2 2 2 2C DC yC DC qC DC yDC­ B Ž . Ž . Ž .i , jq1 j i , jy1 jq1 i , j jq1 j
s ž /­ C DC DC DCqDCŽ .i , j j jq1 j jq1

C DC qC DC yC DCqDCŽ . Ž . Ž .i , jq1 j i , jy1 jq1 i , j j jq1
qB ,i , j DC DC DCqDC r2Ž .j jq1 j jq1

31Ž .

where the indices i and j refer to the potential and stream
surfaces, respectively, with i taking the values 1 to n and jF

covering the range 1 to n . The discretized equation wasC

Ž . Žsolved numerically by successive overrelaxation SOR Smith,
.1971 , starting from an initial estimate obtained by the method

outlined below; the relaxation coefficient was evaluated by
trial and error. It was found that for low values of PeX, the
iterative process was significantly accelerated using relax-
ation factors in the range 1.5 to 1.9, whereas for high values
of PeX the iterative process should start with a relaxation fac-
tor near unity, which was subsequently increased to acceler-
ate convergence.

Every result was numerically computed in successively finer
meshes, until the corresponding computed values, in two sub-
sequent solutions, were coincident within less than 1%.

Boundary conditions
For a given PeX, the domain of integration was chosen so

that C-10y4 along the boundary lines corresponding to F
sF and CsC , that is, C -10y4 for all j and Cmin max 1, j i,nC

-10y4 for all i; this is a satisfactory substitute for the
boundary conditions corresponding to Eqs. 27 and 30.

The boundary condition corresponding to Eq. 28 was not
used as such, for that would have required the use of very

Ž .large values of F see Figure 4 . Instead, a moderate valuemax
Ž .of F was adopted typically F s5 , with the corre-max max

sponding grid value of C being estimated from the three
Ž .neighboring concentrations to the left obtained in the previ-

ous iteration. A second-order interpolating polynomial was
used for that purpose. Finally, the specification of the condi-
tion of symmetry, given as Eq. 29b, was approximated by

Žmeans of a second-order interpolating polynomial Ander-
.son, 1995 , so the concentration on the nodes along the axis

Ž .of symmetry j index equal to 1 is

2 2Žn. Žn.C C yC yC C yCŽ . Ž .i ,2 3 1 i ,3 2 1Žnq1.C s , 32Ž .i ,1 2 2
C yC y C yCŽ . Ž .3 1 2 1

Ž .where the index n represents the iteration number.

Initial estimate
The initial estimate of C was obtained by numericallyi , j

solving the parabolic equation that results when the second
term on the lefthand side of Eq. 24 is neglected; the numeri-
cal solution adopted followed the implicit Crank-Nicholson

Ž .method Anderson, 1995 . The term neglected in Eq. 24 rep-
resents transport by longitudinal dispersion and for high PeX,
its contribution is expected to be negligible; accordingly, un-
der those circumstances, integration of the full equation gave
virtually the same concentration distribution as was obtained

( )Figure 4. Domain of computation: a physical domain;
( )b computational mesh.
In reality the mesh was more refined than represented in
the sketch, and the values of F , F , and C weremin max max
chosen in each case as a function of PeX and drd .1
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from the simplified equation. For lower PeX the solution of
the parabolic equation merely gives an initial estimate for the
iterative process.

Results
The numerical procedure adopted yields values of C ,i , j

from which the overall mass-transfer rate from the sphere, n,˙
is to be calculated and expressed by means of the average
Sherwood number

kd1X XU2Sh s s nr p d c yc d rD . 33Ž . Ž .˙ Ž .X 1 0 1 mDm

With reference to Figure 4, the value of n will have to be˙
equal to the net amount of solute leaving the domain of inte-

Ž .gration along the line joining the grid points n ,1 andF

Ž .n ,n , since c+c all along the upper boundary of thatF C 0
domain. In the discretized form this can be expressed as

­ c Dc2
n'2pe cy D˙ Lž /½ ­f 2n ,1F

n y1C Dc qDc­ c jq1 j
q cy D 34Ž .Ý Lž / 5­f 2n , jjs 2 F

or, after some manipulation,

ShX ­ C
Xs Pe Cy A DC2ž /½e ­ F n ,1F

n y1C ­ C
q Cy A DC qDC . 35Ž .Ž .Ý jq1 jž / 5­ F n , jFjs 2

An alternative route to the evaluation of n is by integra-˙
tion of the diffusional flux all around the surface of the sphere

n y12 3 ­ c
nse y D R sin u u sin uŽ . Ž .˙ Ý T i 0 i ž /2 ­c i ,1is n q11

cos u ycos uŽ . Ž .iy1 iq12?2p R , 36Ž .
2

which in the dimensionless discretized form reads

X Xn y12Sh 3 3 Pe drdŽ .1
sy 1q sin uŽ .Ý ie 8 2 Pe `Ž .Tis n q11

­ C cos u ycos uŽ . Ž .iy1 iq12? sin u . 37Ž .Ž .i ž /­ C 2i ,1

In our calculations, for any chosen grid, the value of ShXre
was calculated by both of the preceding methods, and if the
results differed by more than 1%, the grid was refined until
satisfactory agreement was reached. This gives additional
confirmation that the numerical solutions had been refined

Figure 5. Dependence of ShXrrrrre on PeX when D s D sT L
DX throughout.m

until grid independence was achieved. Numerical solutions
were worked out for many pairs of PeX and drd , in the ranges1
0.1F PeX F105 and 0F drd F0.2, and it is important to start1
by considering those situations for which the value of the
Peclet number is low, based on the particles in the packing

X Ž . X XPe s drd Pe , since they correspond to D s D s D .p 1 T L m
X ( X )Case I: Pe -0.1 that is, D s D s D . Equations 16p T L m

X X Ž X .and 17 show that D and D tend to D as u drD s PeT L m 0 m p
tends to zero, and for PeX -0.1, the error in taking D s Dp T L
s DX is already negligible. The numerical solutions for thism
condition were worked out taking drd s0 in Eqs. 24, 35 and1
37, and the values obtained are shown as dots in the plot of
Figure 5.

As expected ShXre ™2 when PeX
™0, whereas for high PeX,

the asymptote is observed for convection with molecular dif-
X w X x1r2fusion across a thin boundary layer, Shre s 4Perp , and

Ž .this coincides with the result of La Nauze et al. 1984 , cor-
Ž .rected by Guedes de Carvalho and Coelho 1986 .

The quadratic mean of the two asymptotes is

X 1r2Sh 4
Xs 4q Pe , 38Ž .

e p

and values of ShXre calculated from this equation differ at
most by 12% from the corresponding numerical solution ob-
tained in the present work. An improved approximation, in-
spired by the form of Eq. 38, is

X 1r2Sh 4 42r3X Xs 4q Pe q Pe , 39Ž . Ž .
e 5 p

which is represented as a full line in Figure 5, and gives val-
ues of ShXre within less than 1% from those obtained by the
numerical solution described earlier. It should be stressed that
Eq. 39 is a general result, valid for a gas or liquid flowing
around a sphere buried in a packed bed of inerts, under con-
ditions for which molecular diffusion dominates over convec-
tive dispersion. For that reason, we shall use below the sym-
bol ShX to represent the value of ShX given by Eq. 39.md

X XŽ . XCase II: Pe )0.1. When Pe drd )0.1, values of Shrep 1
depend both on PeX and drd , as shown by the points plotted1
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Figure 6. Dependence of ShXrrrrre on PeX for different val-
ues of drrrrrd ; the points were obtained from1
numerical solutions and the solid lines from
Eq. 41.

in Figure 6, which were obtained from the numerical solution
of Eq. 24.

This is the consequence of convective dispersion becoming
Ž .a significant or even dominant mechanism of cross-stream

transport of solute. The plot shows that ShXre increases with
drd , at constant PeX, which means that the rate of mass-1
transfer increases with the size of the inert particles, other
things being equal. Equation 39 therefore gives a lower limit
for the rate of mass transfer from a buried sphere, and it is
interesting to calculate the ratio between the value of ShXre
observed under any given set of conditions and the value of
ShX re that would result for the same value of PeX, if d weremd
sufficiently low for molecular diffusion to be dominant; this
ratio, hsShXrShX , represents the enhancement factor duemd
to convective dispersion. A curious aspect, illustrated in Fig-
ure 7, is that h turns out to be a unique function of PeX ,p
which is not very surprising considering that, for gases, D rDX

L m
and D rDX are unique functions of PeX , as shown by Eqs. 16T m p
and 17.

The points in Figure 7 were calculated from values of ShXre
obtained in the numerical computation, and they all fall on

X (Figure 7. Dependence of h on Pe the points were ob-p
)tained from the numerical solutions .

the line

Xhs 1q Pe r9 40Ž .' p

with an error of less than 2%. A general expression for mass
transfer around large spheres buried in packed beds of inerts
is then

X 1r2 1r2Sh 4 4 12r3X X Xs 4q Pe q Pe 1q Pe , 41Ž . Ž .pž /e 5 p 9

which reduces to Eq. 39, with an error of less than 0.6% in
X X Ž X XShre , when Pe -0.1 for Pe up to 1, Eq. 39 gives Shrep p

.with an error of up to 5% .
Several restrictions were introduced in the derivation of

the results condensed in Eq. 41, and it is important to recall
them. First, Darcy’s equation holds strictly only up to Re ;1,p
the value above which the turbulent contribution to pressure
drop starts to be significant. However, as pointed out in the
text, Darcy’s law is a reasonable approximation up to Re ;p
25, and indeed the experimental results used suggest that our
theory is a good approximation even at higher Re . Second,p
we always took drd F0.2, since for higher values of this ra-1
tio the packed bed around the sphere may not be treated as a

Ž .continuum an approximation implicit throughout . In terms
of mass transfer, the assumption of a continuum would re-
quire that the concentration boundary layer around the
sphere be of significant thickness compared to d. Following

Ž .Coelho and Guedes de Carvalho 1988a , this is observed if
X Ž Xdrd -2rPe or equivalently drd <1rSh , as suggested by1 p 1

.one of the referees . Curiously, the experimental results agree
with the predictions of Eq. 41 well beyond the range defined
by this criterion. Finally, using Eqs. 16 and 17 restricts the
preceding analysis to gas flow, even though some of the re-

Ž .sults namely Eq. 39 apply to liquid flow. These are the main
limitations imposed on the theoretical treatment just pre-
sented, and it is interesting to see how the theoretical predic-
tions compare with experimental measurements.

Comparison of theory with experiment
Measurements on mass transfer may be used to test differ-

ent aspects of the preceding theory. As a first test, Figure 8
X XŽ .considers experimental data for which Pe s Pe drd -1,p 1

and agreement with Eq. 39 is seen to be excellent. Data for
liquids are not available at such low values of PeX .p

Figure 9 is for PeX )1, and the individual values of h werep
X Žcalculated by dividing the actual Shre obtained from the ex-

. Xperiment by the value of Sh re , as given by Eq. 39, for themd
same PeX. The data are again only for gas flow and the agree-
ment between theory and experiment is very good; liquids are
not expected to follow Eq. 40, and so they are not repre-
sented in the plot.

In experiments where PeX is large, Eq. 40 shows that h+p
Ž . X1r2 X Ž .1r3 Pe and if Pe )50 approximately , Eq. 39 can bep

X X1r2 X'Ž .replaced by Sh + 2r p Pe . As a result, Shre smd
X X 1r2'Ž .Ž .2r3 p Pe Pe , and this is equivalent top

1r2k 2 d
s , 42Ž .ž /'e u d3 p0 1
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( ) (Figure 8. Theory Eq. 39 vs. experimental data Pinto
) Xand Guedes de Carvalho, 1990 for Pe -1.p

an important result in that it shows the independence be-
tween k and D in the range of variables considered. Figurem
10, which is largely borrowed from Coelho and Guedes de

Ž .Carvalho 1988b shows that measurements obtained in fixed
and fluidized beds follow very closely the theoretical predic-
tion of Eq. 42. Again the data refer only to gas flow, because
no experimental values for liquids are available in the appro-
priate range; however, Eq. 42 is expected to apply also to
liquids, for very high values of PeX , since in that case Eqs. 16p
and 17 will hold.

A significant number of experimental points are also avail-
able for systems in which drd )0.2, and although the theory1
was developed for lower values of drd , it is interesting to1
see how the predictions of Eq. 41 compare with the experi-
ment. That comparison is partly made in Figure 10, and espe-
cially in Figure 11, where the measurements from Hsiung and

Ž .Thodos 1977 refer to a number of experiments in which the
active particles have the same diameter as the inerts. The

(Figure 9. Experimental Pinto and Guedes de Carvalho,
)1990 vs. theoretical values of enhancement

factor for PeX )1.p

Figure 10. Theory vs. experiment for large PeX and large
PeX .p

agreement is again remarkable, even though it may be fortu-
itous.

Conclusions
The problem of mass transfer around a sphere buried in a

Ž .granular bed be it packed or incipiently fluidized lends it-
self to a simple full theoretical analysis, under an appropriate
set of conditions. If Darcy flow is considered in the packing,

X Ž .with dispersion coefficients given by D s D qudrPe `T m T
X Ž .and D s D qudrPe ` , the differential equation describ-L m L

ing mass transfer may be integrated numerically and the re-
sults are accurately described by

X 1r2 1r2Sh 4 4 12r3X X Xs 4q Pe q Pe 1q Pe .Ž . pž /e 5 p 9

The second term on the righthand side of this equation rep-
resents the enhancement factor brought about by convective
dispersion of the solute in the interstices of the granular bed.
The preceding equation was tested against a very large num-
ber of experimental data and the agreement was seen to be
very good.

Figure 11. Predictions of Eq. 41 vs. experimental data
for dsd .1
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Notation
Asdimensionless parameter, Eq. 25
Bsdimensionless parameter, Eq. 26
cssolute concentration

Csdimensionless solute concentration, Eq. 18
d sdiameter of active sphere1

D slongitudinal dispersion coefficientL
D smolecular diffusion coefficientm

X Ž .D seffective molecular diffusion coefficient s D rtm m
Ž .D stransverse radial dispersion coefficientT

K spermeability in Darcy’s law
ksaverage mass-transfer coefficient

Ž .n snumber of grid points along a stream surface Figure 4F
Ž .n snumber of grid points along a potential surface Figure 4C

pspressure
Ž .Pe ` sasymptotic value of Pe when Re ™`L L p
Ž .Pe ` sasymptotic value of Pe when Re ™`T T p

Ž .Rsdimensionless spherical radial coordinate s rrR
Ž .r sspherical radial coordinate distance to the origin

S slength coordinate along a stream surfaceF

S slength coordinate along a potential surfaceC
Ž .Usdimensionless interstitial velocity suru0

usabsolute value of interstitial velocity
Ž .usinterstitial velocity vector

u ,u scomponents of fluid velocityr u

d sincrement
Fsdimensionless potential function, Eq. 21
f spotential function, Eq. 6

F sminimum value of dimensionless potential function used inmin
a given mesh

hsenhancement factor due to convective dispersion, Eq. 40
msfluid viscosity

Ž .u sspherical angular coordinate Figure 1
r sfluid density
t stortuosity

Ž .v scylindrical radial coordinate distance to the axis, Figure 1
Csdimensionless stream function, Eq. 22
c sstream function, Eq. 7

C smaximum value of dimensionless stream function used in amax
given mesh

Dimensionless groups
PeX sPeclet number based on diameter of active sphere

Ž X .su d rD0 1 m
PeX sPeclet number based on diameter of inert particlesp

Ž X .su drD0 m
Re sReynolds number based on diameter of inert particlesp

Ž .s rudrm
X X Ž X .Sh sSherwood number when D s D s D that is, Pe -0.1 ,m d T L m p

Eqs. 16 and 17

Subscripts and superscripts
nsiteration number
X
sa prime is used in DX and in all dimensionless groups con-m

taining DX
m
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