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1. Introduction

There are severd ways of describing porous media and the associated mass transfer phenomena
occuring in them. In generd the two mgor properties consdered are the permesbility coefficient
(flow phenomenad) and the effective diffuson coefficient (mass trandfer phenomeng)[l]. Both
coefficients, in turn, are functions of the characteristics of the porous media, namely porosty and

tortuogity.
The effective diffuson coefficient, De, which characterizes mass trandfer in porous media, is written
as.

D=D,(e/T) )

where D, isthe diffuson coefficient in the bulk medium, e the porosity and T the tortuosity.
Tortuogty is classcdly defined as

T=Lel/L 2
where Le gands for the average length of the streamlines in the void space of a porous medium of
thicknessL [1].

A more detailed andyss shows that this definition does not apply to dl cases snce many paths of
the same total length but different tortuosity may be found.

Thefollowing examples

A B C D
illugtrate what we have just mentioned.
As a matter of fact, consdering the 4 paths outlined above, it is easy to understand that each path,
from A to D, has the same totd length Le, as well as the same medium thickness L (the inlet and
outlet points le in the same pogtion in every case). However, the number of bends increases from 2
(path A) to 7 (path D), thereby giving rise to an increase in the tortuosity from left to right.
On the other hand, for the same porosity, one may show the existence of nany packed beds of a
rather different tortuosty which may be achieved, for ingance, by usng bi- or tri-dispersed
spherica beds [2]. Furthermore, experimenta results are quite disperse, and, for basicdly the same
kind of porous media, tortuosity vaues may range from 1.7 to 4, depending on many factors such as
packing arrangement, media homogeneity, channe shape, kind of materia to be transferred [3-5].
This raises the hypothess that the permesbility and the tortuosty of a packed bed may be
modulated through the control of &) the Sze of the particles condtituting the packed bed and b) the
proportion of large and smdl spherica particlesin the bed.
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The am of this work was to study how the packing arangement and compostion of sphericd
paticle mixed beds could influence the tortuogty. It was dso intended to demonsrate how these
concepts could be used in practical gpplications.

2. Experimental

Thefollowing types of glass beads were used for mixtures:

- Beadsof Glen Mills Inc., code 4512, diameter 3.3 - 3.6 mm and code 4504, diameter 1.0 - 1.25
mm

- Beadsof Sgmund Lindner, code 4508, diameter 2.0 - 23 mm;

- Beadsof Sovitec Iberica, s.a., Microperl, diameter 0.5 - 0.84 mm;

- Beadsof Potters-Ballotini, s.a., Visibead, diameter 0.25 - 0.425 mm.

Samples of beads were kindly provided by the above mentioned companies. For al samples 80-
90% of particles correspond to the average particle size. Particle samples listed above were chosen
in order to avoid overlapping Sizes.

A cylinder of 45 mm diameter was used to form a bed of particles for which the ratio (cylinder
diameter)/(largest particles diameter) was above 10 to minimise wall effects. Samples of beads were
kindly provided by the above mentioned companies.

Beads with average diameter d = 0.3375 mm were used as smdl particles for preparing mixed beds.
Paticle ratio D/d = 24 was reached by mixing the above beads with other beads with diameter 8.1
mm; D/d = 10.22 — with 3.45 mm beads; D/d = 6.37 — with 2.15 mm beads, D/d = 3.33 — with 1.125
mm beads and D/d = 1.985 — with 0.67 mm beads, respectively.

Porosity. To avoid particle seggregation, the following procedure was used for preparing mixtures.
1) a cylinder was filled with large particles to build the bed skeleton; 2) smal particles were then
added to the bed by spraying them over the bed top surface.

Beads with d = 0.3375 mm were used as smdl particles for preparing al mixed beds. A paticle
ratio D/d = 10.22 was achieved by mixing them with a fraction of 3.45 mm diameter, D/d = 6.37 —
with 215 mm beads, D/d = 3.33 — with 1.125 mm beads, and D/d = 1.985 — with 0.67 mm beads,
respectively.

The glass cylinder was used to build the bed of particles. Didtilled water was used to messure the
void volume. Porosity was measured by two methods. 1) measuring the volume of water occupying
the bed void and 2) weighing the water used. The 2 methods gave good agreement (less than 10%
of rdative deviation).

Filtration. A filter made with glass fibres for quditaive andyss (type MN, Macherey-Nagel
GmbH & Co.) was used as layer support. The cylinder was filled with water for filtration run. To
protect the bed surface during the filling procedure a wire mesh was put on the top of the bed. The
bed thickness was in the range of 2.5 — 3 cm. Vacuum was used to create a pressure drop across the
mixed bed. The filtration occurred under a congtant pressure drop of Dp = 13 kPa to avoid bed
compression effects During filtration, the flow velocity u=V/(F>) was measured for further
cdculation of the bed permesbility. Here V is the filtrate volume, F is the filtration area, and t is the
volume filtration time. Hydraulic resstance of the layer support was checked before and after each
filtration test. For each bed a new support layer was used.

The caculaion of the mixed bed permesbility was based upon the Kozeny-Carman modd, as
described below.

Pressure drop in packed beds is usualy described by Kozeny-Carman modd:

A
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where [p is the pressure drop through packed bed, L is the bed thickness, K =K,T? is the
Kozeny’s coefficient, K, is a condant, usudly K, =2, T isthe tortuosty, mis the liquid viscosty,
a isthe specific area of the bed, and u isthe flow velocity.

For packed beds of mono-size sphericd particles T ~ 1.5 (e= 0.4). Hence, in this case

K= KoT?= 45 (4)

If we introduce a specific particle area of spherica particle diameter d_, as a = a(1 - €)=6/dp,

p’

equation (3) becomes:
PAY
%: K—?’G(lsdze) o, ®)
€ p

or, in the case of application of an equivaent pore diameter d, :%dpe/(l- e

Dp_, 16

L exd?

na, (6)

In filtration with a constant pressure to control the filtration velocity, u, equation (5) can be
rewritten as

392
ke TR . o
36K(1- €)% nh
The complex
g exd’
k=e’d? /36K (1- e) =222 i 8

T&T 5 36(1- 97K,

is defined as a permeshility, k [nf]. The particle diameter d, is conddered as the average particle
diameter of a binary mixture and was calculated as 1/d, =X, /D +(1- x,)/d . The permesbility
was caculated based on equation (7) and K defined from equation (9): K =K,T?. Then, the
average tortuosity was determined as
T=4K/K, (10)
where K, was assumed to be 2.0.
Based on this methodology, k, K, and T vaues were experimentaly determined, for a set of mixed
beds of spherica glass beads. The effect of X, the volume fraction of the largest particles, and e
the porosity of the mixed bed, on the permesability and the tortuosity could thus be eva uated.

3. Reaults

The dependence of permesbility on the volume fraction of large particles in the mixture is shown on
Fig. 1. A sudden increase of 1-2 orders of magnitude is observed for permesbility when x> 0.7.
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Figure 1. Permesbility k vs. X .

Based on the Kozeny's coefficient K, the tortuosity was cdculated for severd paticle size ratios.
The tortuosty for D/d = 10.22 is shown on Fig. 2. The range of T variation corresponds to
published data for granular beds Riley et a. (1996), Zhang and Bishop (1994) Bear (1972) Dullien
(1975), and Suzuki (1990). The polynomid fit, Fig. 2, (dotted curve), is

T = 1.47157 + 0.16565x5 - 0.93301xp> + 3.41422 xp° - 2.62552 xp* (11)
with a corrdation coefficient of R= 0.919.
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Figure 2. Experimentd tortuosity (circles) T vs. volume fraction of large particles x, for abinary
mixtureof D/d = 10.22. 1 — tortuosity calculated by T=1/e**, 2 — tortuosity calculated by the
polynomid function (11).

Tortuosty may be related to porosity by a functiona rdaionship of the type T~1/e?, where a
usudly has a value between 0 < a £ 1.0 [4]. For the used mixtures, the best fit gave a = 0.4, which

givesfor the tortuosity the following expresson
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As was mentioned above, the tortuosity defined by experimentation through Kozeny's coefficient
K = K,T?, differs from the caculated by the polynomia model, equation (11), when T=1/e%* is
used. However, differences in prediction by the modd tortuodty (12) and experimenta vaues of
T/T,, Ag. 2, in dl range of x, do not exceed 10%. Hence, we can expect good estimations with
this modd. The permeability becomes then

_ e fd(xp)f _ e Ad(x, ) (13)
% 36K, (1- €7  72(1- e)?

Usng equetion (13), vaues for the permesbility may be estimated for different x, and severa
diameter ratios. These estimations are displayed in Figure 3.
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Figure 3. Dependence of the permeability k vs. Xp by the mode, equetion (1), for different D/d. Size
of large particles, D = 3.45 mm.

Findly, the function (e/T)? included in permesbility was caculated by the mode (8) (see Fig. 4).
For comparison, dotted curves are shown for the case of a congant tortuosty (independent on
porogty) of T = 145. As expected, diffusvity is more sendtive to tortuodty than permesbility.
Hence, the impact of tortuodty variation due to binary particle beds must be taken in account when
moddling trangport phenomena in granular beds. Comparing these results with the ones obtained
for diffusivity in binary beds in a previous work (Mota et al., 1998), it may be seen that diffusvity
is minima for xp around 0.9, wheress the tortuodty is maximum for xp around 0.8. This raises the
hypothes's of dissociating tortuosity from diffusivity, if the gppropriate value for xp is chosen.

97
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Figure 4. Function (e/T)? vs. xp, solid curves. 1-- D/d = 1.985, 2 -- D/d = 3.33, 3-- D/d =
6.37,4-- D/d=10.22,and 5-- D/d ® ¥. Dotted curves correspondto T = 1.45.

4. Conclusion

After having obtained this set of reaults, the question was to know whether they were useful. One
immediate hypothess was to use binay mixtures in filtration media, where the proportion of big
particles could increase to 0.7 without Sgnificant variaion in permesbility, as pointed out by Fg.
(3). A paticular type of filtration was developed. Mixed beds of about 4 cm thickness were formed
by a skeleton of glass beads (average diameter 0.3375 mm) and different kiesdguhr durries (from
12 to 50 microns). A bakers yeast suspension was used. A concentration of 6g/L of cdl dry weight
was chosen snce it is the typicad vaue found in acoholic beverages — wine, beer, cider. The
suspension was filtered through the filtration medium a a condant pressure of 80 kPa The filtrate
was checked for the presence of yeast cdls both directly by microscopy and by cultivation in malt-
agar. No cdls were detected. The filtration effectiveness was dso compared with a traditiond
kiesdlguhr cake filtration. No differences were detected. The glass beads were back-washed,
fluidised and reused 50 times — the totd number of runs — without being damaged. The amount of
kieselguhr was 5 times less than the usua, with eident advantages in terms of filter ad savings and
lowering of pallution levels.
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