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Abstract

The problem of flow and mass transport within an assemblage of spherical solid absorbers is investigated. We present and compar
results from the numerical solution of the convection—diffusion equation in the sphere-in-cell geometry and in stochastically constructed
3-D spherical particle assemblages. In the first case, we make use of an analytical solution of the creeping flow field in the sphere-in-cell
model while in the second we employ a full numerical solution of the flow field in the realistic geometry of sphere assemblages. Low to
moderate Peclet numberBe(< 107) are considered where the validity of the sphere-in-cell model is uncertain. On the other hand, the
selected porosities range from values close to unity, where the sphere-in-cell approximation is expected to hold, to intermediate values
where its applicability becomes again uncertain. In all cases, instantaneous and Langmuir adsorption is studied. It is found that the simplifiec
sphere-in-cell approach performs adequately provided that proper account of the actual porous media properties (porosity and internal surfac
area) is taken. A simple match of porosity is not sufficient for a reliable estimation of adsorption efficiencies.
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1. Introduction flow field and the mass diffusion and/or adsorption process
in a simplified geometry (sphere-in-cell model). The fun-
Numerous industrial and technological applications in- damental approach of Happel [8] and the equivalent but
volving fluid flow and mass transport processes within mul- independently presented model of Kuwabara [9] constitute
tiparticle assemblages have attracted scientific interest in re-initial attempts in the direction of analytical derivation of the
cent decades, mainly focusing on industrial physicochemical velocity field under creeping flow conditions in the sphere-
processes (sedimentation, catalysis, etc.), alternative energyn-cell geometry (see Fig. 1a) while the subsequent works
sources (fuel cells, etc.), and separation techniques (chro-of Neale and co-workers [10-12] extended further these pi-
matography, filters, etc.). Although arrays of regularly spa- oneering studies. Considerable effort has also been invested
tially distributed spheres represent an idealization of real in the numerical study of the creeping (Stokes) flow in the
granular media, they have been widely studied from both sphere-in-cell representation of the actual geometry of par-
the fluid dynamics and mass transport points of view [1,2]. ticle assemblages [13-15]. In addition, numerical solutions
On the other hand, due to the complexity of their geometry, of the Stokes equations in realistic reconstructions of porous
random particle distributions have been the subject of rathermedia and spherical assemblies have been presented in var-
limited investigations until about 20 years ago (see [3,4]). jous contexts, usually with reference to material transport
Since then, fast advances in computational capabilities con-properties calculations [16,17].
tributed to reviving the interest in this topic with emphasis When low concentration of the solute is assumed, the
placed on hydrodynamic aspects [5-7]. above approaches for the calculation of the velocity field can
Of practical importance is the case of low Reynolds num- e yery useful for the study of mass transfer from the fluid
ber flow where analytical solutions can be obtained for the {4 the solid mass and vice versa. The first treatment of the
problem is due to Levich [18], where a single isolated and
~* Corresponding author. instantaneously adsorbing solid sphere within an unbounded
E-mail address: frank@ipta.demokritos.gr (F.A. Coutelieris). moving fluid is considered and an analytical solution for
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E}_r =0, or

dependent function of the porosity. The review paper by
Quintard and Whitaker [23] summarizes the analytical, nu-
merical, and experimental work performed on correlaghg

©=0, or and Pe in sphere-in-cell types of geometry, sphere packs,

and other granular media. It should also be mentioned that a
series of publications [24—26] have studied numerically sit-
uations where dissolution or deposition processes occur in
the pore space with simultaneous change of the porosity of
the medium. Uniform deposition is found at relatively low
Damkohler numbers; however, it is clear that our work and
all the references cited examine interfacial processes not af-
fecting the pore size.

In particular, the case of low Peclet values is more com-
plicated as far as the mass transport problem is concerned
since all the terms of the convection—diffusion equation that
describes it “survive” and, thus, analytical solutions can be
RS — obtained only for special cases while numerical treatment
is in general necessary. Some analytical expressions in pure
diffusional environmentsRe = 0) have been presented in
recent decades [27-29]. More recently, Romero [30] used
an asymptotic expansion scheme to obtain an analytical so-
lution for the low Pe flow and mass transfer past a single
sphere while Han et al. [31] used similarity transformation
techniques to analytically solve the problem of forced con-
vective heat and mass transfer around a spherical particle
having fluid surface properties. On the other hand, numer-
ical solutions for mass transport problems under instanta-
neous adsorption have been rarely presented because in the
majority of applications adsorption does not occur instanta-
neously [32]. Recently, a general expression for the overall
Sherwood number as a function of the porosity has been
proposed by Burganos et al. [33] for a wide range of par-
ticle shapes and Peclet values. This is based on analytical
Fig. 1. The sphere-in-cell model (a) and the flow field and concentration flow field treatment (particle-in-cell) and both analytical and
boundary layer therein (b). Bold arrows indicate the fluid flow direction. numerical handling of the convection—diffusion equation in

the particle-in-cell geometry for high and low Peclet hum-
creeping flow conditions and high Peclet valu®s ¥ 1) bers, respectively. It must be pointed out here that, at high
is presented. The approach of Levich yields a simple ana-Pe, Levich’s approach [18] in combination with the ana-
lytical expression for the overall Sherwood numtsr, of lytical flow field of the sphere-in-cell geometry describes
the form Sh = 0.997Pe!/3. Note thatPe denotes the Peclet  with sufficient accuracy the problem under consideration as
number, defined aBe = UL/ D, which expresses the ratio both the flow and mass transfer aspects can be treated fully
of the convective over diffusive forces in the flow regime. analytically (certain diffusive terms can be safely simpli-
On the other hand, the overall Sherwood number, defined asfied) [18,22,33].
Sh = koL /D, expresses the ratio of the overall mass trans-  In almost all of the above-mentioned works, it has been
port rate over the diffusive rate. Herg, stands for the mass assumed that the solid grains adsorb instantaneously the
transfer coefficientL is the characteristic lengty/ is the solute. Note that in these publications as well as in the rest
bulk fluid velocity, andD is the diffusion coefficient. of this study by instantaneous adsorption it is meant an “ir-

Based on a methodology similar to that of Levich, Pf- reversible” adsorption process where the adsorbing surface
effer and Happel [19,20] and Sirkar [21] used Happel's operates as a sink of the diffusing substance. As instan-
model [8] to solve the problem of mass transfer to a spheretaneous adsorption is not a frequent physicochemical phe-
in a swarm for the high Peclet number case and obtainednomenon, several attempts toward modeling more realistic
expressions of the fornsh = f(¢)Pe3, where f(¢) is adsorption mechanisms on solid surfaces have been made.
a simple analytic function of the porosity, In parallel, In this respect, Wen and Wei [34] analyzed, under no-flow
Tardos et al. [22] proposed correlations of the fon= conditions, the kinetics of simultaneous noncatalytic solid—
0.997¢(¢)Pel/3, using Happel [8], Kuwabara [9], and Neal gas reaction systems and produced a simple mathematical
and co-workers [10-12] models, whegés) is a model- description for the adsorption rate. Further advancements in

Langmuir

diffusion film
(boundary layer)

(b)
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the same direction were made by Lu et al. [35] who pro- is then examined in the realistic domain of a stochastically
posed a simple generalized gas—solid reaction model. Moreconstructed sphere assembly. The results are discussed and
complicated models for the gas adsorption on solid surfacescompared in terms of the adsorption efficiency as a function
by using first-order heterogeneous reactions were proposecf the porosity and the Peclet number. Finally, the main con-
by Wanker et al. [36], who modeled a single one-channel clusions of the study are summarized.

catalytic reactor, by Coutelieris [37], who presented a real-

istic adsorption—first-order reaction—desorption mechanism

for solid spheroidal absorbers, and by Mat and Kaplan [38], 2. Sphere-in-cell model

who proposed a complicated description of the reaction rate

for the representation of the metal hydride formationin a  Tpe sphere-in-cell geometry has been repeatedly used as
hydrogen storage tank. In parallel, Rosen [39] and Weber 5 gimple model for the representation of the actual compli-

and Chakravorti [40] used Langmuir type of isotherms 10 c4taq geometry of the pore space in spherical particle as-
describe the diffusion regime within a generalized fixed-bed semblages and the approximation of the flow field therein.
absorber while Shams [41] employed a somehow more com-cqnsider a solid sphere of radius which is surrounded
plicated sorption/desorption scheme to obtain analytical so- by another concentric spherical liquid envelope of ragius
lution of the transient equations for the sorption/desorption ;1 ~«o thickness is adjusted so that the porosity of the

in a fixed bed packed with thin-film-coated monodisperse nqiym is equal to that of the model geometry (see Fig. 1a).
spherical particles. _ The approaching fluid is a dilute solution of substance A,
In the present work, we focus on relatively I6% num- ek 'is moving toward the solid adsorbing surface. The

bers and attempt a comparison bgtvyeen the sem",an""lyt'c""boverning equation for the steady state mass transport in the
approaches used in the large majority of the studies so farquid phase within the model can be written in spherical co-
and the full solution of the flow and mass transfer problem ordinates as

in sphere assemblies. In particular, we present and compare

the following: W, den | ue dea
"or  r 90
(i) results based on the analytical solution of the flow field 32ca  2dca 1 8%  cotf dca
in the sphere-in-cell geometry and the subsequent nu- = <W T T 2302 7@) 1)

merical solution of the mass transport problem in the
same geometry and for different adsorption modes; wherecp is the concentration of substance A in the fluid

(i) results based on the numerical solution of the creeping Phase,u, and ug are ther- and -velocity components,
flow field in stochastically constructed 3-D sphere as- and D is the diffusion coefficient of substance A in the
semblages and the subsequent numerical solution of thesolute. The velocity components are given as [9]
convection—diffusion problem in this realistic geometry

under the same adsorption modes as in the above step. 4, — _2[% + F + F3+ F4r2:| cosh, (2a)

r r
The range ofPe considered in our work includes rela- [ P 5 452 | si b
tively low values where the validity of the sphere-in-cell “¢= 7|3~ 7~ F3—A4Far®|sing, (2b)

model in representing adequately the geometry of the spher-
ical particle assemblage is questionable. It is already men-Where

tioned above that at higke the overall problem is amenable U a3
to analytical treatment with sufficient accuracy in the sim- F1=——1-2-=), (2c)
- . . 4F5 b
plified geometry of the sphere-in-cell model as the flow field
therein can be taken as an approximation of the real onep, _ _3_U’ (2d)
and diffusive terms can be significantly simplified. On the 4Fs
other hand, the selected porosities vary from very large val- U a3
- -in- imation F3=—5=(1+ 53 |- (2e)
ues (close to unity) where the sphere-in-cell approximation 2Fs 2h3
is expected to hold to intermediate values where its applica- 3
bility becomes again uncertain. Three different cases forthe o, _ _ U (b_> (2f)
adsorption upon the solid surface are considered: (a) noad- 20F5 \ a3
sorption, (b) instantaneous adsorption, and (c) adsorption a\3 6b 32 b3
according to Langmuir isotherm. The adsorption efficiency Fs= (1 - 5) (1—|- = + 5.2 + @) (29)

is calculated in all cases and appropriate comparisons are
made. The paper is organized as follows: The sphere-in-celland U is the approaching fluid (bulk) velocity far from the
model geometry is presented first along with the analytical solid surface. A typical representation of the flow field de-
solution for the respective flow field and the numerical for- scribed by Eqgs. (2a) and (2b) is included in Fig. 1b in the
mulation of the mass transport therein. The same problemform of streamlines.
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The axial symmetry of the mass transfer problem is ex- rate of the upstream influx. In general, it can be written as
pressed by the following boundary conditions:
HSsphere[_NAr]’:“ dSsphere

d A , 11
%} =0, a<r<§, (3a) 0 UooCA, 0ol B2 (11)
f=
e " where[—Na, 1=, is ther-component of the molar flux on
%} =0, a<r<g. (3b) the collector surface. It can be easily shown that
6=0
To ensure the continuity of concentration for any Peclet a? r ) d(ca/ca.c0)
number, Coutelieris et al. [42] proposed the following *0= 7,52 /sme ) ) _ do (12)
boundary condition at the outer boundary of the cell: 0 =
Ar=p.0=m)=1, (4a) Obviously, the boundary value problem of differential

equation (1) with boundary conditions given by Egs. (3a)
3&} =0, 0<0<m. (4b) and (3b), Egs. (4a) and (4b), and Eq. (5) results in a uniform
or J.—g concentration profilea (r, ) = 1 for anyr- andé-values.

To solve the instantaneous or Langmuir adsorption problems
described by Egs. (1), (3a) and (3b), (4a) and (4b), and (6)
or (7), a nonuniform finite-difference scheme has been em-
ployed. For these cases, the valuergfcan be calculated
once ther-component of the concentration gradient upon

Three different cases for the adsorption of the solute upon € surface is known by using a modified Newton-Cotes

the solid surface are considered. The first case correspond§umerical method with adjustable step for the integration.
to neutral solid surface, i.e., to the complete absence of ad-' "€ Presently adopted numerical scheme has been validated

sorption. This can be described by the following boundary 292instthe adsorption efficiency values computed by Coute-
condition upon the solid surface: lieris et al. [42] for spheroidal geometry. Indeed, excellent

agreement is obtained with the results of [42] when the axis
ratio of either the prolate or the oblate spheroidal absorber is
set to unity.

For high Peclet values, this boundary condition is com-
pletely equivalent to the well-known Levich approach for

unbounded fluids, given elsewhereds= 1 forr — oo or

r = B [18,22]. Figure 1b provides an idea of the extent of the
concentration boundary layer surrounding the solid surface.

ac
—A} -0, 0<H<m. (5)
or r=o

The second case corresponds to instantaneous adsorption

on the solid surface and can be expressed as
up 14 su P 3. Solution of the flow and masstransfer problem

calr=a,0)=0, 0<6<m. (6) in spherical particle assemblages

Finally, the third case refers to adsorption following a

" . To define a realistic domain for the solution of the flow
Langmuir type of isotherm and can be formulated as

and mass transfer problem, a porous medium is constructed

dca k in the form of a spherical particle assemblage. Specifically,
W} =K 0<O<m, (7) the representation of the biphasic domains under consider-
r=e ation is achieved by the random deposition of spheres of a
whereKk is defined by the Langmuir isotherm given radius in a box of specified length. The structure is
Kcp digitized and the phase function (equal to zero for solid and
Oeq= 1 ) (8) unity for the pore space) is determined to obtain the specified
+ Kcp . . .
_ . . ) porosity (see Fig. 2a for a sample mediumsaf 0.7243.
andk is a reaction rate defined from the relation The size of the digitized domains is 182102x 102 and the

R(ey) = kep (cmy — ¢5) ) length of the simulation box is ten times the sphere radius.
s bREmx ™ Cs ) The creeping flow of a Newtonian incompressible fluid

whereR(cy) is the overall adsorption rate given as a function within the pore space of the medium is described by the

of the surface concentratian, ¢, is the concentration of  Stokes equation coupled with the continuity equation,

the diluted mass in the neighborhood of the solid surface,

cmx i the maximum concentration attained when the surface #V°V = Vp, (13a)

is completely covered by substance A, afig, is the ratio V.v=0, (13b)

of the covered to the total surface, defined as ) o . ) ) N
. where u is the fluid viscosity,v is the local (interstitial)
\y

Ogq= ——. (10) fluid velocity, and p is the local pressure. The boundary
Cmx conditions forv are spatial periodicity and no-slip at the sur-
The adsorption efficiency of a grain in cell is defined by face of the solid unit elements. In this work, the numerical
the ratio of the rate that the solute is adsorbed divided by thesolution of Egs. (13a) and (13b) is achieved with the use
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tion (to be solved using the velocity field computed from
Egs. (13a) and (13b)):
dca

FT V - (Vepa) = DV2ch. (14)

The three different adsorption modes employed above in
the sphere-in-cell model, i.e., Egs. (5)—(7), are also con-
sidered at the present fluid—solid interfaces. The equations
describing the boundary value problem are discretized using
finite differences with an upwind numerical scheme where
the type (forward or backward) of the discretization of the
local first derivatives in any direction is chosen depending on
the actual direction of the velocity componentin every loca-
tion in the domain. This approach is known to ensure con-
vergence up to moderate Peclet values. The resulting linear
systems of equations are solved using the SOR technique.
Finally, the adsorption efficiency is determined as

— JIgoutletCAu ) ndS
J]‘Sinlet cAU- ndS .

The validity of the solution scheme for the mass transport
problem of Eq. (14) is checked in the limiting case of a peri-
odic array of spheres with radius which is fed atc = 0 by
a concentration pulse. The concentration profile with time at
the outlet ¢ = L = 51R/8) is then expressed as [47]

1 —(L —ut)?
JaxDi o aD }
whereu is the averaged fluid velocity anb* the disper-
sion coefficient. Therefore, the dimensionless time (defined
by usingL2/D* as characteristic time) at which the max-
imum concentration is recorded at the outlet can be easily
calculated as

V1+PE-1)
2

) (15)

c(t) = (16)

17)

Imax=

(b)

wherePe=uL /D is the Peclet number.

The dispersion coefficient can be determined based on
the approach of Salles et al. [48] and is found in this case
to be D* = 1.34D. Then, Eq. (17) givesmax = 0.047 for
of a finite-difference scheme in conjunction with the artifi- pe= 20, when the numerically calculated value is 0.048, as
cial compressibility relaxation algorithm (see [43—45]). The shown in Fig. 3 where the outlet concentration is plotted ver-
pore space is discretized through a marker-and-cell (MAC) sus time. Note that the dimensionless time stepnust be
mesh with the pressure defined at the center of the cellsmall enough £ 107°) to attain acceptable accuracy in the
and the velocity components defined along the correspond-calculations.
ing face boundaries. The resulting linear system of equa-
tions is solved by the successive over-relaxation method.

The present numerical scheme for the determination of the4. Resultsand discussion

velocity field has been used and validated by the present au-

thors in [45] where the calculated permeability of a random In a first step, we wish to recall the calculated flow fields
sphere pack was found in excellent agreement with that pre-in the sphere-in-cell model, resulting from Egs. (2a) and (2b)
dicted by the Blake—Kozeny relation [46]. For visualization (see Fig. 1b) as well as in a stochastically constructed spher-
purposes, the flow field (streamlines) calculated in a repre-ical particle assemblage with porosity= 0.7243, resulting
sentative 2-D cut of the sphere assembly is shown in Fig. 2b.from the solution of the Stokes equations (13a) and (13b)

The time-dependent mass transport of a passive solute in(see Fig. 2b). This visualization of the respective flow fields
the medium is described by the convection—diffusion equa- allows for an appreciation of the differences between the two

Fig. 2. Stochastically constructed 3-D sphere assemblage=£d.7243 (a)
and streamlines in a representative 2-D cut (b).
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Fig. 4. Spatial concentration profiles fée = 15 andes = 0.9 at three

different angular positions of the sphere-in-cell for instantaneous (a) and

Langmuir-type (b) adsorption.

be high enough to ensure the satisfaction of the condition
dca/0r =0 atr = 8 andd = 0. A gradual decrease of the
concentration is observed for constaras the angular posi-
tion approaches the outlet because of the shape and extent of
the concentration boundary layer (see Fig. 1b). Therefore,
the possibility for substance A to be captured by the solid
surface becomes lower with the angular position, although
the accessibility of the solid surface is in general high due to
the rather diffusive character of the flow (low Peclet). In gen-
eral, higher concentration gradients at any radial and angular
position are found for the case of instantaneous adsorption
compared to those for Langmuir-type adsorption, as the sur-
face concentratior;a (o, ), is much higher in the second
case, taking its higher value at the impact point and decreas-
ing monotonically a® tends tor.

The dependence of the adsorption efficiency on the Peclet
number for instantaneous (a) and Langmuir-type (b) ad-
sorption modes and for several porosities<{0.9883,¢c =
0.8136, and = 0.7243 is presented in Fig. 5 for the sphere-
in-cell model. In general, higher efficiency is found for in-
stantaneous adsorption compared to the Langmuir type, as
the concentration gradients are lower in the latter case. In-
deed, the concentration on the solid surface attains in the
case of Langmuir type of adsorption non-zero values, render-
ing the overall driving forcea (B8, 0) — ca(a, ) smaller. It
is also evident that as porosity decreases, higher efficiencies
are found for both adsorption modes as the available adsorb-
ing mass of solid increases. A sharp decline of the adsorption
efficiency is observed at loRe with a smoother decrease for
Pe larger than about 20 in the case of Langmuir adsorption
(for all porosities in Fig. 5b). This general trend of efficiency
with Pe is expected, as the more convective flows (increas-
ing Peclet) tend to prevent substance A from being captured
by the solid surface. Interestingly, in Fig. 5a (instantaneous
adsorption) this sharp decline behavior holds only for the
very large porosity. It seems that the larger concentration
gradients close to the solid surface in this case (compared
to Langmuir adsorption) compensate partially for the con-
vective character of the flow and the reduction of efficiency
with increasing Peclet is considerably smoother in Fig. 5a
for the smaller porosity values (in fact, one needs Peclet val-
ues larger than 50 to start obtaining efficiencies lower than
unity for e < 0.9 in Fig. 5a).

The discrete points in Fig. 5¢ represent the experimental
data of Wilson and Geankoplis [49] fer= 0.7 (the highest
porosity used in their experiments). As these authors have in

velocity fields that are used as input for the solution of the fact measured the overall Sherwood numiSar,defined in
mass transfer problem in these geometries.
Figure 4 shows the spatial concentration profiles for sub- overall mass transport coefficient, we had to transform it to
stance A at different angular positions in a high-porosity adsorption efficiencyio, to allow for comparison with the
sphere-in-cell modek(= 0.9) for the cases of instantaneous predictions. Starting from the definition of adsorption effi-
(a) and Langmuir-type (b) adsorption. The rakipK, ap-
pearing in Eq. (7), has been set to 1 and this value is usedflux on the adsorbing surface) can be expressed through the
everywhere in this study unless otherwise stated. The Pecletuse of the mass transfer coefficient /agh C Ssphere This
value is low Pe = 15); however, it has been selected to leads after some algebraic manipulations to the following

the sphere-in-cell geometry & = akg/ D, wherekg is the

ciency in Eg. (11), the numerator-Component of the molar
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Fig. 5. Adsorption efficiency of the sphere-in-cell model as a function of
Pe for various porosities: instantaneous (a) and Langmuir type (b) adsorp-
tion. In (c) the efficiencies calculated for instantaneous (solid line) and
Langmuir-type (dashed line) adsorption (foe= 0.7243 are compared to
experimental data (discrete points [46]).

linear relation between the overall Sherwood numbenand (®)
Pe Rcin Fig. 6. Spatial distribution of the concentration of substance A within a 2-D
Sh=1ko (1—-¢) Z E’ (18) cut of the 3-D sphere assemblage for instantaneous (a) and Langmuir-type

(b) adsorption (flow inlet is on the left side of the images; darker areas
wherecij, is the inlet concentration ang) is the known correspond to higher concentrations).
average concentration of substance A, respectively. Based
on this, Fig. 5c compares the adsorption efficiencies cal- is achieved. We do not pursue this exercise further here as
culated for instantaneous and Langmuir-type adsorption there is no information on experimentalkK values.
mechanisms in the sphere-in-cell with the above-mentioned  Turning to the 3-D spherical particle assembly, the spa-
experimental data. As the adsorption mechanism in the ex-tial distribution of the concentration, obtained numerically
periments is not clearly known, the agreement betweenfor Pe = 20 ande = 0.7243 along the flow direction, is
predictions and experimental data can be considered as sufpresented in Fig. 6 where a 2-D cut of the stochastically con-
ficient. In fact, one could vary the ratig K of Eq. (7) until structed medium is visualized for both instantaneous (a) and
a full match between computed and measured efficienciesLangmuir-type (b) adsorption. The concentration is higher
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Fig. 8. The effect of the ratid/ K on the adsorption efficiency.

Langmuir-type adsorption. Finally, it must be noted that sim-
ilar agreement between predictions and experimental data is
shown in Fig. 7c¢ as in the sphere-in-cell case of Fig. 5c.

The influence of the ratig¢/K, defined in Eq. (7), on
the computed adsorption efficiency is presented in Fig. 8 for
Pe = 20 ande = 0.8136. As this ratio increases, a signif-
icant enhancement ofp is observed because highefk
corresponds to lower ratios of the covered surfégg, This
in turn corresponds to lower surface concentrations as it can
be easily shown with the use of Eq. (10) and to higher con-
centration gradients, i.e., to highgg. On the other hand,
the increment of the ratié/K can be viewed as a higher
adsorption rate for a givelX value and, thus, less mass
of the substance A can escape from the solid surfaces; i.e.,
higherig values result.

It is interesting to consider the relative agreement be-
tween the results produced by considering the sphere-in-cell
approximation and those obtained from the numerical so-
lution in the 3-D sphere assemblages. Figure 9a compares
the respective adsorption efficiencies for porosity approach-
ing unity (¢ = 0.9883 and instantaneous adsorption. It is
obvious that the agreement is perfect as the semi-analytical
sphere-in-cell model is very close to reality for such high-
porosity values. When lower porosities are considered, the
fundamental assumptions of the sphere-in-cell approxima-
tion are less and less satisfied [8,9]. Indeed, in the Rew
regime that is characterized by the gradual dominance of
the diffusive over the convective terms, the semi-analytical

on the left side of the images (inlet) and gradually decreasesapproach of the sphere-in-cell model cannot adequately de-
along the medium in a manner that is significantly steeper scribe the mass transport process, as the diffusion layer is

for the instantaneous than for Langmuir-type adsorption. In
addition, the adsorption efficiency for several porosities (
0.9883,¢ = 0.8136, antk = 0.7243 and Peclet numbers is

very thick (larger than the cell itself) and tends to infinity as
Pe — 0. On the other hand, & increases, the flow be-
comes more and more convective and the analytical flow

calculated by the full-numerical scheme in the sphere assem-ield of the sphere-in-cellis not any more a sufficient approx-

bly for instantaneous (a) and Langmuir-type (b) adsorption

imation of the actual flow field in real granular media, thus

and presented in Fig. 7. The effects of porosity and Pecletleading to discrepancies of the model. As shown in Figs. 9b
on the adsorption efficiency are the same as those mentione@nd 9c, however, fot = 0.8136 ands = 0.7243 the agree-
above when discussing the sphere-in-cell results of Fig. 5 ment between the two approaches remains from very good to

(higher efficiencies correspond to lower porosity while in-
creasing Peclet numbers lead to lowgvalues). Moreover,

satisfactory in the range &% considered. This is somehow
expected since both the sphere-in-cell and the sphere assem-

the consideration of instantaneous adsorption leads to higheiblage geometries used in the present study are constructed
values of the adsorption efficiency at the same Peclet numbersuch that they are characterized by the same porosity and in-
and porosity than those calculated under the assumption of aernal (adsorbing) surface area. This has been accomplished
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A varying internal surface area on adsorption efficiency.
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< o4 adsorption efficiency in granular media. Matching of poros-
ity alone is not sufficient for a reliable result in that respect.
02 - Hry
0.0 T T T ! .
0 20 40 60 80 5. Conclusions
Pe . . . . .
© Analytical and numerical investigations for the mass

transport from a moving Newtonian fluid to an assemblage
Fig. 9. Comparison between adsorption efficiency in sphere-in-cell and Of spherical solid absorbers are presentedPiox 10 and
sphere assemblies for different porosities. relatively large porosities(> 0.7). At higherPe the overall

problem is amenable to analytical treatment with sufficient
by selecting the proper radius and population number of accuracy in the simplified geometry of the sphere-in-cell
spheres in the assemblage. Of course, it is possible to conimodel as the flow field therein can be taken as a good enough
struct several sphere assemblages of the same porosity buapproximation of the real one and certain diffusive terms
with varying sphere radius and population number and there-can be safely neglected. In the present work, we focus on
fore with different internal surfaces. Figure 10 shows how the low to moderat®e regime where the sphere-in-cell ap-
this affects the calculated adsorption efficiency for instanta- proach permits the analytical determination of the velocity
neous and Langmuir adsorption. In the figure, the horizontal field, which is then used for the solution of the convection—
axis represents the internal surface ratio, which changes adgliffusion equation within the domain defined by the cell.
different media are considered. The case of ratio equal toln addition, we attempt a numerical solution of the flow
unity corresponds to the results discussed so far in this work.field and the corresponding convection—diffusion problem
Evidently, Ao is not influenced significantly under instanta- in the more realistic geometry of stochastically constructed
neous adsorption conditions by the change in the medium.3-D sphere assemblages. In all cases, we consider (a) no
This is again due to the high concentration gradients pre- adsorption, (b) instantaneous adsorption, and (c) Langmuir-
vailing in this case and masking in essence the effect of type adsorption. The adsorption efficiency is calculated as
the internal surface variation. However, in the more realis- a function ofPe and porosity and the adequacy of the sim-
tic Langmuir type of adsorption a very pronounced influence plified semi-analytical approach is tested against the predic-
on g is observed, implying that caution should be exercised tions from the numerical study in sphere assemblages. It is
when using the sphere-in-cell model for the determination of found that higher adsorption efficiencies correspond to lower
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porosity while increasing Peclet numbers lead to lowgr
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values. Moreover, the consideration of instantaneous adsorp{20] R. Pfeffer, Ind. Eng. Chem. Fundam. 3 (1964) 380.
tion yields higher values of the adsorption efficiency at the [21] K-K. Sirkar, ind. Eng. Chem. Fundam. 14 (1975) 73.

same Peclet number and porosity than those calculated un
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der the assumption of a Langmuir-type adsorption. Overall, 24 5. Bekri, J.F. Thovert, P.M. Adler, Chem. Eng. Sci. 50 (1995) 2765.
the sphere-in-cell approach seems to be an adequate modebs) viv. Mourzenko, S. Bekri, J.F. Thovert, et al., Chem. Eng. Com-

for relatively high-porosity media and moderate to large

mun. 150 (1996) 431.

Peclet values provided that a proper account of the actuall26] S. Bekri, J.F. Thovert, P.M. Adler, Eng. Geol. 48 (1997) 283.

porous media properties (porosity and internal surface area)[

is taken. A simple match of porosity is not sufficient for a
reliable estimation of adsorption efficiencies. The validity of
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diffusion is dominant.
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