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Abstract

Ceramic foams constitute a new structural material characterized by a high porosity and high superficial area, formed by mega-
pores interconnected by filaments. This results in a structure with low resistance to fluid flow, and to their use as filter. This work
investigates the influence of several structural parameters, such as porosity, tortuosity, surface area and pore diameter, in predicting
the permeability of ceramic foams. Foams with different pore densities were used as porous media. The permeability was measured
utilizing air and water as flowing fluids, the former taken as an ideal gas and the latter as incompressible. No existing correlation
was able to predict the permeability in the whole range studied. An Ergun-type correlation was fitted to the data, and represented
very well the permeability of the media for all the foams, flowing fluids and operational range studied. Pore diameter was the

structural parameter that best represented the media.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramic bodies present, in general, good mechanical,
chemical and thermal resistance,' and, as porous cera-
mic materials, are widely utilized as filters for hot gas
cleaning,>® in the purification of liquid metals,* as
acoustic absorbers, bioreactors,’ heat exchangers, etc.

Amongst the ceramic media, the cellular ceramics are
becoming an interesting alternative as structural com-
ponents in the solid—fluid separation technology in the
last decades.®” The cellular ceramics consist of several
open cells arranged in honeycomb or foam-like struc-
tures. These structures present a high number of inter-
connected pores, which results in low resistance to the
flow of fluids. They also have low density and controlled
pore size and, with the appropriate combination of
ceramic materials and processing techniques, also show
very good performance in all aspects regarding ceramic
materials.

* Corresponding author. Tel.: +55-16-260-8264; fax: + 55-16-260-
8266.
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In general, the mechanical behavior and the structural
characterization of the ceramic foams are relatively well
explored in the literature, but the same cannot be said of
the permeability, one of the main filtration parameters.

Most of the models used in the determination of the
permeability in these media are derived from corre-
lations originally developed for granular beds, and this
often leads to gross deviations. Due to the singular
characteristics of the foams, one of the main difficulties
in the derivation of such models is in identifying struc-
tural characteristics that represent the cellular media
realistically.

This work examines the effect of a number of struc-
tural parameters, such as the effective porosity (i.e., the
porosity that effectively contributes to the fluid flow),
the tortuosity, the specific surface area and the pore
diameter, in the prediction of the bed permeability
based on existing models found in the literature. Some
of the models were applied as derived for granular beds
and others have already been adapted to cellular media.

The effective porosity was obtained from the stimu-
lus-response method (time of residence) and the pore
diameter and surface area were obtained by image
analysis. The latter was also obtained by the use of
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Nomenclature

Qys specific surface area [L™']

G tracer concentration at the bed exit at time t;
[ML™]

D bed diameter [L]

d, particle diameter [L]

dpore  pore diameter [L]

F formation factor [—]

ki Darcyan permeability coefficient [L]

ks non-Darcyan permeability coefficient [L]

L bed thickness [L]

L. real (tortuous) length traveled by the flowing
fluid [L]

P; pressure at bed entrance [ML~! t—2]

P, pressure at bed exit [ML™! t72]

0 volumetric flow rate [L? t~!]

Re bed Reynolds number (pvD/u) [—]

Re,ore pore Reynolds number (ovdpore/tt) [—]

t time of flow through the volume without the
porous medium [t]
r* time of flow through the volume with the

porous medium [t]

t average residence time [t]

v volumetric flow rate per unit bed cross-
section [Lt™1]

Ve volume of the open voids [L7]

Vi* volume occupied by the flowing fluid [L?]
Vr total bed volume [L7]
AP pressure drop [ML~! t72]

Greek letters

o empirical parameter of Eq. (7)

B empirical parameter of Eq. (8)

3¢ electrical resistivity of the conductive
solution [H]

8m electrical resistivity of the medium saturated
with the solution [H]

& bed total porosity [—]

g* effective porosity [—]

P fluid density [ML3]

Ob bed apparent density [ML~3]

Os solid density [ML~]

u fluid viscosity [ML~! t~1]

T tortuosity [—]

correlations proposed by Richardson et al. and by
Gibson and Ashby.®® The tortuosity was obtained by
measuring the electric resistivity of the medium. The
utilized ceramic foams were made of SiC-Al,03, and have
linear pore densities of 8, 20 and 45 pores per inch (ppi).
The permeability was measured utilizing air and water
as flowing fluids, the former taken as an ideal gas and
the latter as incompressible.

2. Permeability of porous media

The permeability of a fluid when flowing through

a porous medium is usually quantified by the
Forchheimer equation, described as:
% = kﬂ] y +ki; 2 )
where AP is the pressure drop, L is the medium thick-
ness, p and u are the viscosity and the density of the
fluid, respectively, and v is the volumetric flow rate per
unit of cross-sectional area of the flowing fluid. The
pressure drop AP is given by Eq. (la) in the case of
incompressible fluids and by Eq. (1b) for compressible
fluids (ideal gases).

AP = P, — P, (la)
P} — P2
AP = 12P ° (1b)

where P; and P, are the absolute pressures at the bed
entrance and exit, respectively. P; is the reference pres-
sure for the density and viscosity of the flowing fluid.

The parameters k; and k, are usually referred as the
Darcyan and non-Darcyan permeability parameters,
respectively. These parameters are assumed to incorpo-
rate the structural properties of the medium, and to be a
function of the bed characteristics only.!°

Of the correlations that incorporate characteristics of
the porous medium, the one proposed by Ergun!! is the
more used, and was derived from the flow through
granular beds. This correlation has the same general
form as that of Eq. (1), and is expressed as:
AP (1—e) v (1—¢)p?

| B+l
L= et e g

2

where ¢ is the bed porosity and d,, it is the median sur-
face-volume diameter of the particles that form the
granular bed.

Following the same idea and working with several
forms of spherical and non-spherical particles, a number
of researchers have proposed different values for the
numerical constants in Eq. (2), but no relevant
improvement was achieved. A thorough review on this
subject is presented by Macdonald et al.!?

For the cellular media, there are few proposed corre-
lations, as the one proposed by DuPlessis et al.!3> They
consider the cellular medium formed by cubic unit cells,
leading to the following correlations:
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AP 36t(r—1) pv
L &2 d?

pore

2.057(t — 1) p?
82(3 - T) dpore

A3)

where 1 is the medium tortuosity and dp is the pore
diameter.

A more recent correlation was proposed by Richard-
son et al.,% in which the authors, based on the work of
Gibson and Ashby,’ consider that the cellular medium
is formed by uniform tri-dimensional cells. For these
authors, the expression for AP/L in SI units is given by:

AP adl(l —e) s P =)

L g3 g3 )
where the parameters « and 8 are given by:

o= 973dggi3(1 _ g)00982 )
B = 368d,§§;2523(1 _ g)0071s8 (6)

According to the authors, the specific surface area can
be calculated by:

12.979[1 = 0.971(1 — &)*’]
dpore(1 - 8)0-5 .

dys =

@

While for granular media the particle diameter has its
dependence correctly quantified by Ergun,!' it is not
clear the role of the pore diameter in a cellular structure.
Another subject to be considered is the role of total
porosity and of the effective porosity (i.e., the porosity
that contributes for the flow of the fluid inside the
porous medium) in the permeability parameters. These
parameters, as well as the bed tortuosity and specific
surface area were measured and used in the respective
correlations.

3. Materials and methods
3.1. The cellular media

The ceramic foams utilized in this work were manu-
factured utilizing the replica technique, where a poly-
meric foam has its filaments coated with a ceramic
suspension. A subsequent thermal treatment removes
the organic material, remaining the ceramic material in
the substratum. This method allows the production of
regular structures once good quality organic foams are
used as matrixes. The foams are specified commercially
by the count of pores per linear inch (ppi) and attention
must be taken to their uniformity.

Ceramic samples made from SiC-Al,O3 powders, and
the polymeric foams used as matrixes were polyurethane
foams with highly uniform pores. The foams were
soaked with the ceramic mix, followed by calcination.
Details are given in Moreira et al.'* Also, a fixed bed of
glass spheres, with diameter of 2.95 mm, was used for
comparison. All media were made at the DEQ and
DEMa laboratories, at UFSCar. Fig. 1 illustrates the
cellular foams utilized, with pore densities of 8, 20 and
45 pores per inch (ppi).

3.2. Permeability measurements

The general view of the equipments used for perme-
ability measurements of the ceramic foams are illu-
strated in Fig. 2. The fluids used in the experiments were
water (Fig. 2a) and air (Fig. 2b) in ambient temperature.
For the water permeability measurements, the mass flow
rate was obtained by weighing water that flowed
through the sample in a given period of time. For the air
permeability, the mass flow rate was calculated from the
volumetric flow, measured by a rotameter, and cor-
rected for the temperature and pressure. In both cases,
the pressure drop was measured utilizing a micro-

Fig. 1. Photographs of the utilized ceramic foams with: (a) 45 ppi; (b) 20 ppi; (c) 8 ppi.
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manometer (Furness FC016). The tested samples were
8, 20 and 45 ppi ceramic foams disks with diameter of
7.5 cm and thicknesses of 3.0, 2.9 and 1.4 cm, respec-
tively. The experiments were made in triplicates and the
pressure drop was plotted as function of the fluid
superficial velocity, v. Eq. (1) was used to calculate the
experimental permeability constants k| and k5.

3.3. Total and effective porosity

The total porosity of a porous bed is defined as:

__volume of the open voids _ VF
total bed volume Y

®)

But not all the fluid that fills the voids within a porous
medium flows when a pressure difference is applied. Part
of this fluid remains stagnated and do not contribute for
the fluid flow rate. The effective porosity, i.e. the one
that contributes for the flow, can be defined as:

(a) flow

collection
reservoir*

porous
medium

manometer flow

—_—
*for flow rate measurement

water
resemnvoir

(b)

rotameter

porous
medium

compressor

Fig. 2. General view of the equipments for the permeability measure-
ments of (a) water and (b) air.

o vol. occupied by the flowing fluid Ve ©)

total bed volume Vr

If a porous bed is fed with a fluid with a volumetric
flow rate Q, then:

volume of flowing fluid Vi
time o

0= (10)
where #* is the time of flow of the fluid through the
medium.

For the bed without the porous medium, with the
same total volume, the flow rate is given by:

total volume VT
— i 11
Q time t (1
For the same flow rate, the effective porosity [Eq. (9)]
can be calculated by equating Eqs. (10) and (11). The
result is:

& =— (12)

Therefore ¢*, the effective porosity, can be obtained
from the ratio between the residence time in a given
volume, with and without porous medium, respectively,
for the same flow rate Q.

The total porosity of the media can be measured
utilizing Eq. 13:
g=1-5 (13)

Ps
where py, is the apparent density of the sample (mass/
total sample volume) and p, is the solid phase den-
sity, measured here with a Micromeritics Helium
Picnometer.

3.4. The residence time estimate

The average residence time can be obtained from the
residence time distribution (RTD), using the stimulus-
response technique. In this technique, a non-reactive
tracer pulse is injected into the flowing fluid as it enters
the porous bed and the concentration of this tracer is
measured in the exit, as function of time.

In this case, Levenspiel'> defined the average resi-
dence time as:

JoiCdr
Jocdr

Z i CiAL

= > CiAy (14)

in which 7 (assumed here as *) is the average residence
time and C; is the concentration of the tracer in the exit
of the porous bed at the time .

For determination of the residence time, a system for
data acquisition was built, that consisted of a duct con-
taining the porous medium. A pulse of a previously
calibrated NaCl solution was injected before the
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medium, and a probe (CBL 2, Texas Instruments),
was placed after it. The probe was connected to a TI-89
calculator (Texas Instruments), wich measured and
stored the concentration of the tracer as a function of
time. Fig. 3 illustrates the rig utilized for the residence
time measurements.

3.5. Tortuosity

Sheidegger!® defined the tortuosity as the ratio
between the real length that the fluid travels inside of a
medium (L.) and the thickness of the medium (L). The
author suggests that it can be obtained by measuring of
the formation factor F, which is given by the electrical
resistivity of the porous medium completely saturated
with a conductive solution (§,,) divided by resistivity of
the solution alone (§). Therefore:

Sm

F=73 (15)

and the tortuosity is given by:
t=¢F (16)

The tortuosity tests were accomplished in the equip-
ment shown in Fig. 4. For these experiments, Ag/AgCl
reference electrodes were used in Luggin capillary filled
out with a 0.3 mol KCI solution. These electrodes were
connected to the test chamber and to a voltmeter to
measure the potential difference. In the test chamber, a
0.1 mol H,SO, solution was used as test solution. The
current was supplied by a source that varied from 0 to
15 mA. For the experiments, the largest current value
utilized was of 8mA, so that hydrogen formation could
be avoided.

— 6em —s

conductivity
probe

M|
|

|
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Fig. 3. The rig utilized for the residence time measurements.

The experimental procedure consisted of measuring
the potential difference for each value of applied cur-
rent, for the test chamber filled out with the solution of
H,SO, alone and also for the chamber comprising the
porous medium and the solution. The measured poten-
tial differences were plotted as a function of the current,
resulting in straight lines, whose angular coefficients
constitute the resistivities of the solution and of the
medium, respectively. The tortuosity was calculated
utilizing Eq. (16). For both porosity and tortuosity
experiments samples consisted of 8, 20 e 45 ppi ceramic
foams disks with diameter of 7.5 cm and thicknesses of
11.72, 11.95 and 4.4 cm, respectively.

3.6. Pore diameter and specific surface area

The diameter of the pores for each sample was
obtained by image analysis, using the software Image
Pro-Plus.

The specific surface area was obtained from measur-
ing (by image analysis) the perimeter of the solid phase
of a cross section of the foam and multiplying it by
the length L. of the tortuous path, obtained from the
tortuosity measurements.

4. Results and discussion

4.1. Experimental measurements of the structural
parameters

Table 1 lists the structural parameters measured. The
pore diameter decreased with the increase in the linear
pore density, ppi, as expected. Less obvious, the bed
total porosity decreased with the increase in ppi, prob-
ably due to pore clogging during foam formation, likely
to occur more easily in smaller pores. This is confirmed
by the tortuosity and by the specific surface area results,
as both increase with ppi: the more clogged the medium

Ag/AgCl
reference
electrodes

current
source

Fig. 4. Scheme of the equipment for the tortuosity measurements.
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the more tortuous the fluid path and the higher the total
wall surface. The tortuosity values are similar to repor-
ted values from the literature.!” The measured specific
surface areas are close to the ones predicted by Eq. (7).

Typical curves obtained from the equipment utilized
for residence time measurement are shown in Fig. 5,
were the tracer concentration at the bed exit is plotted
as a function of time, for flow through a volume occu-

Table 1
Measured pore diameters, porosities, tortuosities and specific surface
areas

Porosity Tortuosity  Specific surface area
Foam dyoe ¢ g*a T ™ g a*dy
(mm) (m*m*)  (m*/m?)

8ppi 230 094 0.74/0.77 1.68 1.38 1.83x10* 0.63 x10*
20ppi 0.80 0.88 0.71/0.73 1.71 1.42  1.92 x10* 0.71 x10*
45ppi 0.36  0.76 0.50/0.62 1.84 1.50 2.34 x10* 1.20 x10*
gb® 295 036 0.37/-

2 The two values reported refer to Q =0.4 and 2.0 1/min, respectively.

® The symbol * refers to parameter calculated utilizing the effective
porosity * for g=2 l/min.

¢ Glass beads.

0.144 (a)

‘ e with 20ppi porous medium

concentration (g/1)

0 50 100 150 200 250 300
time (s)

0.144 (b) ’ ® 1o porous medium

concentration (g/ml)

%\’\“w

50 100 150 200 250 300

time (s)

Fig. 5. Typical results from the residence time tests: tracer concen-
tration at the bed exit as a function of time for (a) flow through the 20
ppi medium and (b) flow through the same volume with no medium.
Data refer to a flow rate of 2 L/min.

pied by the 20 ppi foam medium (Fig. 5a) and for flow
through the same volume with no medium (Fig. 5b).
The different times for the concentration peaks were
used for calculating the effective porosities utilizing Eq.
(12).

Table 1 shows that the foam effective porosities are
somewhat smaller than their total porosities, indicating
that an appreciable amount of fluid remains stagnated
(or recirculates locally) within the bed. These tests were
made with two fluid flow rates (0.4 and 2 l/min). It is
worth noting that the stagnated regions decrease as the
flow rate increases.

As expected, these smaller values obtained for the
effective porosities reflected accordingly in the effective
tortuosities and specific surface areas, respectively, also
shown in Table 1. The effective surface area can be
understood as the interface between the flowing and the
stagnated fluid.

4.2. The permeability measurements

Fig. 6 shows the permeability curves for the foams,
utilizing air (Fig. 6a) and water (Fig. 6b) as flowing
fluids. These tests were made in triplicate and the aver-
age and deviations are shown, indicating the good

10°
(@) A BB
pay = e g B s
10°4 = a ¥ =
—~ - = @®®©©©©®
g
S
iy
N
Ay
—
N
~ air
Nﬁl-‘ O 8ppi
o O 20ppi
=) A 45ppi
10' ——————
0O 2 4 6 8 10 12 14 16 18 20
v (m/s)
10°
(b) a
Pay 2 o
s S T
a E?@ %
10* 2 S
fé ZAN [n] 5t
3 2 g 3 -
S 1F e
& 10'95 gc} water
Sfc} o Sppi
i O 20ppi
A 45ppi
10° : ; : ; ; ; ;
0.00 0.05 0.10 0.15 020 025 030 035
v (m/s)

Fig. 6. The permeability tests performed with (a) air and (b) water.
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reproducibility of the procedure. A wide range of bed
Reynolds number, Re, was covered, that varied between
1x10% and 6.5x10* for air and 5x10% and 2.5x10* for
water.

4.3. Comparison with correlations from the literature

Fig. 7 shows the permeability curve of air through a
fixed bed of glass beads, utilizing the same equipment as
for the foams. The results are very well represented by
the classical Ergun equation, demonstrating the relia-
bility of the apparatus.

Fig. 8 shows the comparison of the results with the
theoretical correlations from the literature. In these
curves, all the structural parameters utilized (porosity,
tortuosity, specific surface arca) were based on the
foams total porosity. The left column refers to the air
flow for the three foams investigated (Fig. 8a, 8c and 8e
for 8, 20 and 45 ppi, respectively). The right column
refers to water flow for the same foams (Figs. 8b, 8d and
8f for 8, 20 and 45 ppi, respectively). Four theoretical
curves are plotted in all Figures: (i) the Ergun!! corre-
lation [Eq. (2)] replacing the particle diameter, dj,, by the
pore diameter, dpore, as suggested by Philipse and
Schram;'® (ii) the DuPlessis et al. correlation'? (Eq. 3);
(iii) the Richardson et al. correlation® [Eq. (4)], with
a,s calculated by Eq. (7); and (iv) the Richardson
et al. correlation® [Eq. (4)], with the experimental ay
measured here.

The comparison reveals that all theoretical predic-
tions increase with increasing ppi. The general shape of
all predictions curves was similar to the experimental
points, but they did not give accurate predictions of the
bed pressure drop. In the case of air, the predictions
grow from an underestimate of the pressure drop for
8ppi [all but Eq. (3)] to an overestimate for 45 ppi. For
water also, the estimates increase with ppi, and the
pressure drop prediction is similar to that of the air
flow. Of the four correlations tested, the Richardson et
al. equation® [Eq. (4)] utilizing the experimental value of

Table 2
Maximum deviations for the correlations tested

110’
9x10" - glass beads
+1 |—— Eq.2 (Ergun, 1952)
,g 8x10°7 | o experimental - air
7x10"
s
& 6x10*
&y s5x10'
§ 4x10° A
=]
B 3x10*
B, 2x10*
SN
1x10* 1
0_ T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

v (m/s)

Fig. 7. Comparison between the experimental data and the curve
predicted by the Ergun correlation [Eq. (2)], for a fixed bed of glass
beads.

ays was the one that exhibited smaller deviations as can
be seen in Table 2: the deviations varied between 47 and
57%, which are fairly high.

Fig. 9 shows the equivalent results of Fig. 8 for the
structural parameters (porosity, tortuosity, specific sur-
face area) based on the foams effective porosity. The
results reveal that the predictions based on the effective
parameters tended to lessen the scatter between the the-
oretical curves, when compared to the correspondent
ones shown above. In these results the pressure drop
was overestimated in all cases, but the tendency of
increasing the overestimate with increasing ppi remains.
Again here, the Richardson et al. equation® [Eq. (4)]
utilizing the experimental value of a,; was the one that
exhibited smaller deviations as can be seen in Table 2:
the deviations varied between 56 and 109%, still very
high and scattered.

In all, no correlation was able to predict the pressure
drop, in the whole range of foams and fluids studied,
and large deviations (as high as 654%) can be observed
in Table 2.

Maximum deviation 6 (%)*

€ e*
Correlation 8 ppi 20 ppi 45 ppi 8 ppi 20 ppi 45 ppi
Ergun (1952) [Eq. (2)] 87 47 60 31 180 482
Du Plessis et. al. (1994) [Eq. (3)] 201 471 654 71 254 292
Richardson et. al. (2000) [Egs. (4) and (7)] 54 150 247 110 415 484
Richardson et. al. (2000) [Egs. (4) with exp. A,4] 57 50 47 109 56 90
Proposed correlation [Eq. (17)] 9 12 12 - - -
1 Dax — Voo
5= - '; M x 100; where y.x and y., are the experimental and calculated values.
ex
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Fig. 8. Comparison between the experimental data and the curves predicted by models from the literature, utilizing the total porosity, tortuosity and
specific surface area, for (a) 8 ppi, air; (b) 8 ppi, water; (c) 20 ppi, air; (d) 20 ppi, water; (e) 45 ppi, air; (f) 45 ppi, water.

4.4. The proposed correlation

As no single correlation covered the whole range
studied, a multi-parameter fit of the experimental results
was carried out. The Ergun equation was taken as
a departing point, and numerous combinations were
tested. The structural parameter d, (as the foams have
no particle diameter) was replaced by other structural
parameters (ays, T, dpore), the two porosities (e,6*) were
used, and the numerical constants (150 and 1.75) were
replaced by numerical values obtained from the fit. The
best fit obtained was that utilizing the pore diameter,
dpore» and the total porosity, €, as structural parameters.
The final correlation, for SI units, has the following
form:

AP v pv?
L ki Kk

where k; and k, are given respectively by:

ki

3 70.264
€ dpore

T 136 x 105(1 — )’

3 7-0.24
€ dpore

ky=-——Pore
2T I8 x 10%(1 — o)

(17)

(18)

(19)

These correlations are valid for 0.6 < Repore <2.55x10°
(water) and 0.36 <Repore <805 (air).
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Fig. 9. Comparison between the experimental data and the curves predicted by models from the literature, utilizing the effective porosity, tortuosity
and specific surface area, for (a) 8 ppi, air; (b) 8 ppi, water; (c) 20 ppi, air; (d) 20 ppi, water; (e) 45 ppi, air; (f) 45 ppi, water.

Fig. 10 shows the comparison of the measured pres-
sure drop with the one predicted by Eq. (17) for air
(Fig. 10a) and water (Fig. 10b) as flowing fluids. It can
be seen a very good agreement between measurement
and prediction, with small deviations in the whole range
of foams and fluids studied, as listed in Table 2. This
trend is better visualized in Fig. 11, which compares the
values of permeability constants obtained experimen-
tally and those calculated according to the proposed
correlation [Equations (18) and (19)]. It is interesting to
note that the final correlation showed no direct depen-
dence on the bed tortuosity. This is probably due do the
cellular media utilized. The foams are geometrically
similar to each other, regardless of their ppi, resulting in
a narrow range of 7, as can be seen in Table 1.

5. Conclusions

Ceramic foams, obtained from a SiC-Al,O3; mixture
utilizing the replica technique, were tested as filtering
medium. Its structure was quantified by measuring the
total and effective porosity, tortuosity and specific sur-
face area. These structural parameters were then used to
verify the validity of several correlations for perme-
ability prediction, by comparing them with experi-
mental data for air and water flow. No available
correlation could predict the pressure drop in the foams
for the whole range studied. An Ergun-type empirical
correlation, obtained from the data fitting, was
proposed.
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Fig. 10. Comparison between the experimental data and the curves
predicted by the proposed Eq. (17), for (a) air and (b) water.
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Fig. 11. Comparison of permeability constants obtained experimen-
tally and according to Egs. (18) and (19). (a) Darcian permeability
constant ky; (b) non-Darcian permeability constant k,.
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