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Prediction of High Peclet Number Mass Transfer in Granular Beds

Using The Constricted Tube Model

Granular beds are widely used in the chemical industry
as contacting devices. Hence, mass transfer in granular
beds has occupied an important place in chemical engi-
neering literature. Karabellas et al. (1971) list in their
review over 30 major works on this topic. Since then the
number has at least doubled.

The classical view of mass transfer in a granular bed
is to generalize the results obtained for single spheres to
an assemblage of spheres comprising a bed. Using this
approach, we showed (Tardos et al., 1976, Tardos, 1977)
that mass transfer to an active sphere situated in a homo-
geneous granular bed of identical elements, can be
computed from the expression

Shy = 0.997 g(e) Pet/? (1)

where g(e) is a porosity dependent function. This func-
tion has different expressions when different flow models
are used for the fluid metion in the bed and, is given by

N 2 | *(l,e0)
gle) = \/ 3sin2g dR? 1 (2)

v(R, ¢, 8) being the characteristic stream function of the
fluid flow. Expressions (1) and (2) are valid for high
Peclet numbers (Pes > 100), low Reynolds numbers and
nonslip condition on the active granule. Values for the
function g(e), as obtained from theoretical considerations
using Equation (2), as well as from mass transfer ex-
periments are given in Table 1. As can be seen, the agree-
ment between computed and measured values of g(e) is
very good for the case of regularly packed spheres and
less satisfactory for random beds.

It may be argued at this point that a randomly packed
bed of granules can not be characterized completely by
porosity only. Therefore, for an actual bed of granules,
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more information is required. One cannot help but note
that computed values of g(e), i.e., the mass transfer rate,
in randomly packed beds are always higher than the ones
from actual mass transfer experiments. In retrospect, one
may explain the lower experimental values by the exis-
tence of dead zones at the points of contact between ad-
jacent granules. These zones are not accounted for in the
various “single sphere” theories resulting in inflated mass
transfer rates.

Recently, a different approach in describing the granu-
lar bed has been proposed. Rather than viewing the
particles comprising the bed, one considers the interstices
between them. This automatically eliminates the dead
zones from consideration and hence, holds considerable
promise for improving the prediction of mass transfer
rates in random beds.

Experimenters using this method describe the fluid
passing through a portion of the bed as if it passed
through tubes of varying cross section. Fedkiw and New-
man (1977) assumed that the tubes are sinusoidal
periodically constricted and solved the pertinent mass
transfer problem. Unfortunately, at present there is no
way that one could apply their results to an actual bed of,
say, given porosity and grain diameter.

The constricted tube model of Payatakes and Neira
(1977) goes a step further, describing actual beds by
means of 4 measured characteristics. This model predicts
accurately the Darcy constant and the pressure drop
through the bed from the knowledge of bed porosity, e,
mean granule diameter, <d;>, and the initial drainage
curve. This curve yields the minimum pore diameter, d,,
and the irreducible saturation value, S,; The granular
bed is supposed to be composed of randomly oriented
constricted tubes, the dimensions of which are given in
Figure 1. The main’ features of the model are given in
Table 2.

In this article, the high Peclet number mass transfer
problem pertinent to the above model is solved, and the
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d=dc
Figure 1. Dimensionless constricted tube (ofter Payotakes & Neira
1977).

results are compared to those obtained from experiments
as well as from theories using the “single sphere” model.
The restriction to high Peclet numbers (Per > 100) ap-
plies to a wide variety of mass transfer processes (Levich
1962) as well as to the problem of diffusional filtration
of submicron particles (Tardos et al. 1976).

Mass transfer from the fluid to the walls of the con-

stricted tube (Figure 1) is not influenced by the curva-
ture of the walls, if the transfer takes place at high Peclet
numbers (Levich 1962). Therefore, a more simple prob-
lem is obtained when mass transfer in an equal volume
cylinder is studied. The diameter of such a cylinder is
readily obtained as

4v, _[ 8 + 4dcq + 3¢y 2]'/’
ah 15 de (3)

Here, c; is a complicated function of the bed character-
istics and is given in Table 2 (after Payatakes & Neira
1977).

Heat and/or mass transfer in a tube of limited length
was initially solved by Graetz (1885), Leveque (1928)
and more recently by Sorensen and Stewart (1947,1). The
overall Sherwood number for the active tube portion
may be expressed as

Sh 53\/ dr
= 2.03
T oLt

Equation (4) is correct for finite Lr/dr, Per > 50 and
Rey < 1. Applying (4) to the equal volume tube one ob-
tains

d=

Peqi/? — 1,23 (4)

2 Tt
dr d _]._[8+4cl+301 ] (5)

2_LT_ . °h = 2 15¢,2
and substitution back into Equation (4) yields
8 + 4c; + 3c,?
15¢,?

In Equation (8), Per and Shr are computed relative to
the tube diameter and to the tube surface involved in mass
transfer. Simple geometric considerations and a mass
transfer balance over an active volume in the bed show
(Appendix):

1/6
Shy = 1.62( ) Per’d — 123 (8)

TaBLE 2. CHARACTERISTICS OF THE CONsTRICTED TuBE FLOW MODEL (AFTER PAYATAXES & NEIRA 1977)

Experimental Quantities Notation Expression
Porosity o
Sieve analysis
(mean granule diameter) <ds>
Irreducible saturation value Swi
Constriction diameter <d:>
Calculated quantities
c [ e(1 — Swi) <ds®> ]”3
onstant c1 1. <d@>
<ds>
Constant c2
<d:>
60e 1
Number of pores per unit volume of bed Np
ac2(8 + 4e1 + 3¢12) <d>
Volume of pore Vp "6_::)2. (8 + 401 + 3cy?) <de¥>
5e(1 2a) co2 <d 5>
Darcy constant k «(1 + cosa + cos?a) 0 <de5>

® The angle a = 72.37°.
(~AP:®) = 111-128 (computed constant),

AIChE Journal (Vol. 25, No. 6)

(8 + 4c1 + 3c12) <d®> (—AP,?)
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8 + 4c; + 3012 )V’

Per = Pe; ( —_——
ot 15022

(7)

Shp = Sh, 2= ¢

€

(8+401+3012)
10022

Using these values in Equation (6), one obtains the Sher-
wood number for a sphere as
e [ 16.2 ( ¢ )2/3 Pe,i/s
1—¢ W15 N8+ 4c; + 3cy2

. 12.3022
8 + 4c¢; + 3¢y

Sh, =

| @

At very high Peclet numbers (Pe; > 1000) the last term
may be neglected, resulting in

- 6.58 ( 022

T 1— € \8+4c; + 3.2
Computations for a sand bed of ¢ = 047, d; = 0.714
mm, d. = 0.26 mm and S,; = 0.127 were carried out by

Payatakes and Neira (1977). Using their results, Equa-
tion (9) becomes

Sh,

2/3
) Pel/3 (9)

101
Shoe 108 pos
€

(10)

which is in remarkable agreement with the experimental
relationship obtained by Wilson and Geankoplis (1966)
and is given in Table 1.

In Figure 2, the present solution, Equation (8), is
plotted together with experimental results of Appel and
Newman (1976), the experimental correlation of Wilson
and Geankoplis (1966) and the theoretical solution based
on the “single sphere” model as obtained by Tardos et al.
(1976b). The “single sphere” theory provides an upper
bound on mass transfer rates, while the present theory
provides a lower bound on the experimental data.
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NOTATION
a = constricted tube dimension (Figure 1)
A = total mass transfer area, Equation (A-5)
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¢1, ¢s = constants defined in Table 2
concentration gradient
diameter

diameter of the equal volume cylinder, Equation
(3)

equivalent diameter, Equation {A-6)

diffusion coefficient

porosity dependent function, Equation (2)
constricted tube dimension (Figure 1)

Darcy constant (Table 2)

mass transfer coefficient

active tube length

overall mass transfer rate, Equation (A-4)

n,, ns = number of pores and number of spheres in vol-
ume 1 X 1 X h respectively, Equations (A-7-

I

i nninn

A-8)

N, = number of pores per unit volume of bed (Table
2)

Pe = Peclet number, Equation (A-1)

R, ¢ = cylindrical polar coordinates, dimensionless

Re; = Reynolds number, Req = dUy/v

Swi = irreducible saturation value (Table 2)

Sh = Sherwood number, Equation (A-4)

Uy = superficial fluid velocity

Vy, = volume of pore (Table 2)

Greek Letters

¢y = stream function, dimensionless

€ = bed porosity

v = fluid kinematic viscosity

Indices

c = constriction

p = pore

S = sphere

T = tube
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APPENDIX

CORRELATIONS BETWEEN SHERWOOD, Sh, AND
PECLET, Pe, NUMBERS FOR A SPHERE AND FOR A
TUBE SITUATED IN A GRANULAR BED

The Peclet number for a tube and for a sphere are defined
respectively as

drUs dU a,U
Per = To:—-g; Peg = 20 (A-1)
D D
Hence they may be related by
E V 8 + 4c1 + 3¢ dc?
Per = Pes— = Pe —_—— — (A2)
er sds S T E;

Introducing ¢; into Equation (A-2) one obtains

8 + 4c1 + 31 ]’/2
Per = Pe, [ —_— A-3
T s 5o (A-3)
The overall mass transfer rate may be expressed as
Kpd, D D
Q = KpAAc = — AAc = Sh— AAc (A-4)
de de

Here, d, is the equivalent diameter and A, the total transfer
area. Equation (A-4) for a sphere, becomes

D
Qs = Shs d— AsAc = ShsD{xds)Ac (A-5)
§
while for a tube it reads
D
Qr = Shr d_ ArAc = ShrD(#Lr)Ac (A-8)
T

A mass transfer balance is now performed on a volume of
the granular bed of dimensions (1 X 1 X h), where h =
c2dc. The number of pores, np, in such a volume is

np=Np-cgdc+1-1 (A-T)
whereas the number of spheres in the same volume is
de-1-1-(k—¢e)
ne = — — (A-8)
6
Using Equations (A-5 to A-8), the balance yields
Qr-np=Qs-ns (A-9)

and finally, after some algebraic manipulations, one obtains

l—e [8+401+3012]
10cs?

Sht = Shs (A-10)

€
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Entrance Region (Levéquelike) Mass Transfer Coefficients

in Packed Bed Reactors

Calculations for the high Peclet number, entrance region (Lév@quelike)
packed bed, mass transfer coefficient using a sinusoidal periodically con-
stricted tube model for the void structure of the bed are presented. An in-
verse cube root dependence of the mass transfer coeflicient on the bed depth
is predicted. This length dependence is anticipated only at very low Reyn-
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olds numbers. Calculations which assume a mixing region between succes-
sive periods are also presented. No bed length dependence is anticipated in

these coefficients.

The periodically constricted tube model for porous
media constitutes a useful model for mass transfer in two-
phase, packed-bed reactors. This model was developed by
Payatakes and co-workers (1973, 1977) to predict the
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permeability of a nonconsolidated packed bed. They en-
visioned the bed as cell structures made of segments of
parabolic periodically constricted tubes. A sinusoidal peri-
odically constricted tube (PCT) is used in this work to
model the void structure in a bed in order to predict
the mass transfer coefficient. The fluid is assumed to be
in the viscous flow regime, and the reactant conversion is
assumed to be controlled by mass transfer from the
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