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a b s t r a c t

The aim of this work is the experimental determination of effective transport properties of porous media
consisting of compacted pieces of cardboard and polyethylene (PE). The proposed method itself is more
general and can be applied to many different materials and contexts. Three major transport properties
were determined: porosity, tortuosity factor and permeability. Three parameters characterizing the
media were varied over a wide range: the bulk density, the size of the elements entering the mix, and
the proportion of cardboard and PE in the mix. The properties were measured by means of a specially
designed experimental device based on miscible gas tracing. The porosity and tortuosity factor were
simultaneously determined by parametric identification, based on the experimental sample output
response to an inlet gas concentration step change compared to the results of a direct numerical model.
Permeability was calculated in the standard way from the measurement of the pressure drop across the
sample.

The reproducibility of the measurements was very good. It was found that changing the material den-
sity of the medium significantly affects all three structural properties. When the bulk density is varied
between 300 and 900 kg m!3, the tortuosity factor varies in a range as large as 18–8 and the permeability
decreases by a ratio of 2–3. The tortuosity factor shows unusual variation, characterized by a decrease
when density is increased above 500 kg m!3. The size of the elements does not significantly affect the
structural properties of the medium in the range of parameters studied.

1. Introduction

Measuring the effective properties of porous materials is obvi-
ously of general interest, and there is extensive literature on the
subject. However, few results are available for the type of material
generated by compaction processes, especially in the case of waste
materials. The performances of many waste management pro-
cesses are highly affected by transport properties such as porosity,
permeability and effective diffusion. For instance, in a landfill, li-
quid is injected near the top of the medium and flows through
the porous medium, while gas flows to producing wells. In another
domain, pellets or bricks are used in furnaces and during their
combustion, oxygen is transported inside each fuel element.

Medium composition and density are likely to change depend-
ing on various conditions such as initial mixing of the different
components or the density resulting either from the height of the
pile or mechanical compaction. As a consequence, the fluid (gas
or liquid) transport properties may also change drastically depend-
ing on these conditions and this will affect very significantly the

progress of the chemical or biochemical reactions involved. As
numerical modeling is used more and more often to simulate
and understand such processes, it is important to have a good
quantitative knowledge of the parameters that control fluid trans-
port through the medium. However, the literature about the prop-
erties of such complex media is very sparse. This motivated the
design of an experimental apparatus based on gas tracing suitable
for measuring transport properties of such materials.

Determination of diffusive properties is usually obtained from
several types of diffusion cells. The most commonly used diffusion
cell is the Wicke–Kallenbach device (Wicke and Kallenbach, 1941).
It consists of two isobaric through-flow compartments communi-
cating only by the porous medium. Two pure gas streams are setup
in both compartments, and concentration in both streams is af-
fected by counter-current diffusion through the porous wall. The
analysis of the outlet gas compositions allows the effective diffu-
sion coefficient in the porous material to be measured. This cell
was later modified by Dogu and Smith (1975). In the new design,
the chambers are at the same pressure with the same gas, and a
pulse injection of the second gas is made from one side. A slightly
different diffusion cell design was proposed by Currie (1960), and
later modified by Kim et al. (1987) to measure longitudinal and
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axial effective diffusion coefficients. These methods are efficient for
effective diffusivity determination, but they require sealed cham-
bers so that any gas exchange has to pass through the sample.
None of these methods are suitable for the measurement of disper-
sion coefficients. They also cannot be used directly to measure
other transport properties such as permeability.

Several methods have been developed to estimate dispersion
coefficients. Most of the time, these methods can also be used for
the determination of other transport properties. This is particularly
the case for the methods based on the establishment of a miscible
displacement in a porous column. The reader may look at the paper
by Perkins and Johnston (1963) for a review of the early experi-
mental works on diffusion/dispersion through porous media.

Since our objective is not limited to the measurement of effec-
tive diffusion coefficients, we chose the principle of a dispersion
column. Because of the sensitivity of these materials to liquids, in-
ert gases were adopted as tracer fluids. The experimental setup is
based upon the design of a special Hassler-type cell (Hassler,
1942). The apparatus allows three transport properties to be
determined:

(i) Permeability is determined through the measurement of the
pressure drop and the flow rate, with the help of Darcy’s law.

(ii) Porosity and tortuosity factor are determined from the elution
curve through a parameter identification method.

Since no results were available for the materials under consid-
eration in this study, the experimental procedure was first tested
with spherical glass beads to validate the protocols. The device
was then used to characterize mixes of compacted cardboard and
polyethylene (PE) pieces. Cardboard and PE were chosen as typical
materials to be found in waste. They are often both found in the
form of sheets of films which can be shredded and compacted.
Cardboard is a porous material, while PE is non-porous, and their
mixture allows insight into a wide variety of waste material
mixtures.

2. Description of the experimental device and direct numerical
models

2.1. Experimental device

The experiments are conducted with cylindrical samples
100 mm high and 100 mm in diameter. For the porous medium
made of glass beads, the sample is placed inside a cylindrical alu-
minum cell. For compacted samples of PE and cardboard, the sam-

ples are prepared in cylindrical form. Two aluminum caps are
placed at the top and bottom, as illustrated in Fig. 1. They can be
adjusted to the exact length of the sample, and are maintained in
contact with the sample during the experiments. In order to dis-
tribute the gas flow at the sample surfaces, the caps are grooved
in two perpendicular directions with 6-mm deep V-shape grooves,
every 11 mm. Gas injection is carried out through eight, 4-mm
diameter holes uniformly distributed at the surface of the top cap.

Tightness around the sample and around the caps is ensured
following the Hassler design thanks to a 1-mm thick latex mem-
brane (Hassler, 1942). An absolute air pressure of about 1.15 bars
is maintained upon the outer surface of the membrane in order
to keep it tightly pressed against the sample and cap surfaces.

The gas flow rates are controlled by two mass flow meters/con-
trollers. The change in the gas composition at the entrance face of
the sample is achieved manually by a four-way valve. The gases at
the outlet of the sample are collected by the bottom cap, filtered
for particles, and sent to a thermal conductivity detector (TCD) to
measure the concentration.

The mass flow meters are calibrated using a soap bubble flow
meter. A TCD calibration curve is established using the two mass
flow meters by imposing alternatively eight gas mixtures – with
different fractions of the two gases – at a constant total volume
flow rate. A calibration curve with a standard deviation r2 better
than 0.999 is typically obtained. The sample inlet and outlet pres-
sures P1 and P2 are measured using water column manometers.

The gas pairs used in the experiments were either N2–He or N2–
Ar, because they were suitable for the two detectors at our dis-
posal. The three gases were also chosen because they have no
physical interaction with the samples. This was attested by the
very accurate prediction of the experimental response by the
numerical model, and by the fact that the response to transitions
Gas 1 ? Gas 2 and Gas 2 ? Gas 1 were symmetrical. This is illus-
trated in Fig. 2, where Gas 1 was N2 and Gas 2 was He.

2.2. Parameter determination

The chosen geometry and boundary conditions are suitable for
obtaining a 1D solution provided no heterogeneity or anisotropy
effects occur. The waste material under consideration is obviously
anisotropic, due to the packing of very slim pieces of material. Gi-
ven the way the cardboard and PE pieces are packed in the cylin-
ders, it is reasonable to assume that the permeability and
dispersion tensors’ principal directions are parallel and perpendic-
ular to the cylinder axis. Pieces were packed with as much care as
possible to ensure homogeneity of the material. As a consequence,
the 1D assumption is justified.

1. Porous medium

2. Cell

3. Cap

4. Latex membrane

5. TCD

CA: Compressed air

6.Four way valve 

7. Air leak valve 

M: Mass flow meter/controller 

Fig. 1. General assembly for the experimental device.
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Fig. 2. Typical fit between the experimental and modeled responses to inlet gas
step during both N2–Ar and Ar–N2 transitions in a glass bed.



In this paper, we will assume that double-porosity effects are
negligible. This question deserves some analysis. In the remainder
of the paper we will not talk about closed porosity, which is not
accessible to flow displacement and cannot be seen therefore in
our experiments. Open porosity, which we will call simply porosity
from now on, corresponds to the accessible porosity within the
cardboard pieces, and the ‘‘void” between cardboard and PE parti-
cles. This material structure is typical of double-porosity behav-
iours, which at the macro-scale may lead to abnormal dispersion
effects, i.e., a non-Gaussian elution curve for typical 1D flows. Such
phenomena appear as soon as different time-scales for diffusion
are at play (Cushman and Ginn, 1993). The main cause in our case
is probably the contrast of diffusivity between the intra-particles
pores (later termed macroporosity) and the cardboard porosity.
However, given the complex geometrical structures of the packed
pieces, it is not unthinkable that dead-end macropores may play
a role. As discussed detail in Appendix 1, it is not the case for the
present mix of cardboard and PE.

The general equations governing the 1D convective/diffusive
transport of a binary gas mixture through a porous medium are

oeq
ot

þ oequ
ox

¼ 0 ð1Þ

oeqx
ot

þ oeqxu
ox

¼ o
ox

eqDeff
ox
ox

! "
ð2Þ

eu ¼ ! j
l

op
ox

ð3Þ

where e is the porosity, q is the fluid density, x is the mass fraction
of Gas 2, t is the time, x is the position, u is the interstitial velocity,
Deff is the xx-component of the effective diffusivity tensor, j is the
xx-component of the permeability tensor, l is the dynamic viscos-
ity, and p is the pressure. If dispersion is large, the effective diffusiv-
ity in Eq. (2) will have an additional term associated with
dispersion. Because of the low gas density and the small column
height, gravity is neglected in the momentum equation, Eq. (3).
The injection of a gas with a step change in the gas concentration
may be represented by the following initial and boundary
conditions:

umol ¼ u0; x ¼ xinjðtÞ x ¼ 0

p ¼ p0; Deff
ox1

ox
¼ 0 ðconvective conditionÞ x ¼ L

pðt ¼ 0; xÞ ¼ piðxÞ; xðt ¼ 0; xÞ ¼ xiðxÞ

ð4Þ

where L is the column length and umol is the molar average velocity.
The condition on the velocity at x = 0 describes more accurately the
inlet conditions since this is the volume of injected gas that is
controlled. A convective condition is used to describe the outlet
concentration (following the work by Danckwerts, 1953). To be
representative of a real system, this latter condition requires that
the column Péclet number, as expressed by

Pes ¼
u0L
Deff

ð5Þ

is greater than 0.1, as shall be discussed later in this paper.
Pure gases were used because increasing the concentration var-

iation increases the accuracy when measuring the outlet concen-
tration. As a consequence, because our experiments consist in
replacing one gas by another, with potentially highly different mo-
lar masses, the non-linearity induced by the density, viscosity and
diffusion coefficient variations may be considerable. The above
equations were solved for different velocities and permeabilities,
in the range of parameters expected from the experiment design.
It was found that, for a velocity of about 10!3 m s!1, and for the
N2–He and N2–Ar mixtures, the non-linear effects, mainly due to
pressure variations, could be neglected for permeability higher

than 10!13 m2 (see Appendix 2 for some details on this problem).
This means that, under similar conditions, the initial problem
may be replaced by a simplified problem corresponding to 1D flow
with constant molar density and molar velocity. In this case, the
dispersion equation written in terms of molar fraction and molar
velocity may be solved independently of Darcy’s equation, and
we simply re-write the dispersion equation as

oC
ot

þ u0
oC
ox

¼ Deff
o2C
ox2 ð6Þ

where C is the molar fraction of component 2, and where we used
the approximation, valid under the above-mentioned conditions,
that the molar velocity is equal to u0 in the entire porous domain.
The interstitial velocity may be computed from the total flow rate,
Q, as

u0 ¼ Q
eA

ð7Þ

where A is the area of the sample cross section.
The initial condition reads as

Cðx;0Þ ¼ 0 for x P 0 ð8Þ

It is also often convenient to replace the Dankwerts outlet con-
dition by

lim
x!1

Cðx; tÞ ¼ 0 for t P 0 ð9Þ

while keeping, of course, the observation of the solution at x = L.
In the present experimental device, it was not possible to re-

duce the dead volumes – of the ducts and cap grooves – to a neg-
ligible value, and the transition from Gas 1 to Gas 2 was found to be
slightly different from a pure jump condition at the sample inlet.
This was clearly established from an experiment where the sample
was removed from the cell and the two caps were put in contact.
As a consequence, the direct model for the experiment – called inlet
with relaxation model – consists of a numerical integration of Eq. (6)
with a specific description of the sample inlet boundary condition
during gas transition. The inlet boundary condition is described by
an exponential relaxation as

C
C0

¼ expð!t=rÞ ð10Þ

where r was determined by fitting the predictions of Eq. (10) with
the experimental response of the empty cell. A typical fit is illus-
trated in Fig. 3. A satisfactory description for the inlet boundary
condition is obtained for a value of r = 55 s for Q = 45 ml/min, in
our case.

Using the inlet with relaxation model, the simultaneous identifi-
cation of a single value for porosity and tortuosity factor is possible
as will be detailed further.
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Fig. 3. Typical experimental and modeled responses of the experiment in the
configuration for the characterization of the dead volumes: (&) experimental
transition Ar–N2 and (–) modeled transition Ar–N2 with r = 55 s.



Permeability was determined from the sample inlet pressure P1

and the outlet pressure P2. Integrating Eq. (3) and using the perfect
gas law leads to Eq. (11)

P2
1 ! P2

2 ¼ 2l RTQmL
j AM

ð11Þ

where R is the perfect gas constant, Qm is the gas mass flow rate, M
is the molar mass of the gas and T is the temperature. Thus we have

j ¼ 2QmRTLl
AMðP2

1 ! P2
2Þ

ð12Þ

2.3. Parameter estimation

The sensitivity curves of the mass fraction of one species in the
effluent gas to the two parameters (pi), porosity and tortuosity fac-
tor, can be defined as

Spi
¼ pi

oC
opi

ð13Þ

As shown in Fig. 4, the sensitivities to the two parameters com-
puted from the direct model are not correlated. Therefore, the
simultaneous identification of a single value for each parameter
is possible.

The parameter identification method used is based on the Nel-
der–Mead simplex algorithm. The objective function to be mini-
mized, defined in Eq. (14), is the difference between the
experimental effluent concentration response curve and the mod-
el-predicted response curve

OF ¼ 1
i

X

i

C
C0

! "

exp
! C

C0

! " !2

ð14Þ

where C
C0

# $

exp
is the experimental gas fraction, C

C0

# $
is the model-

predicted gas fraction and i is the number of points. For the first
iteration, porosity and tortuosity factor (s) are initialized to typical
values.

The error on the values of e and s due to the identification pro-
cedure itself was estimated as follows. A numerical experiment
was first built running the direct model with given values for e
and s. The value of each experimental parameter – the length of
the sample, the diameter of the sample, the gas flow rate and the
detector quantification – were then varied one by one and new val-
ues for e and s were determined each time by re-identification. The
deviations obtained by varying each experimental parameter with-
in its uncertainty range were finally added together, leading to the
estimation error. The values obtained are near 0.01% for e and 1%
for s. Moreover, if the initial values for e and s are changed – even

drastically – the change in the identified parameters are 10!4% for e
and 10!3% for s. These results attest that the identification proce-
dure itself does not introduce a significant error in the determina-
tion of e and s.

2.4. Precautions regarding experimental conditions

There are a number of non-trivial conditions to be satisfied in
order to make the experiments reliable and accurate.

First, the macro-scale diffusive effects, which we want to char-
acterize, should not be negligible as compared with convective ef-
fects. This is obtained by imposing a constraint on the maximum
value for the macro-scale Péclet number Pes. However, to avoid ret-
ro-diffusion in the cell end (Danckwerts, 1953), Pes should be
greater than 0.1. Given these two requirements, we kept the
macro-scale Péclet number Pes at a value close to unity.

We verified that this constraint is also coherent with the fact
that we are interested in effective diffusion and not dispersion.
This requires that the pore-scale Péclet number is maintained low-
er than 1 (Bear, 1972, among many others). If we define the pore-
scale Péclet number as

Pep ¼ udp

Dmol
ð15Þ

where dp is the pore diameter and Dmol is the molecular gas diffu-
sion. The Pep value is indeed normally much lower than Pes given
the fact that

– dp ' L, by 2 to 3 orders of magnitude (it is difficult to define pre-
cisely the pore diameter for our peculiar material),

– Dmol is only greater than Deff by an order of magnitude maxi-
mum for the type of material considered in this study.

Therefore, if Pes (1, Pep ' 1, and this allows us to conclude that
dispersion effects should be negligible in our experiments. For con-
venience, we will express the effective diffusion coefficient as Eq.
(17) (Epstein, 1989)

Deff ¼
Dmol

s ð16Þ

A final experimental constraint has to be considered. A propa-
gating horizontal front separating two fluids can be subjected to
viscous and gravity induced instabilities. At some flow regimes,
and depending on the properties of the two fluids (density and vis-
cosity) and that of the porous medium (permeability), fingering of
one fluid into the other might appear. If this happens, the propaga-
tion of the front cannot be described by the 1D equation (Eq. (6)).
The vertical flow stability in a porous medium has been extensively
studied, e.g., Stevenson et al. (2004). In the case of gases – charac-
terized by a large diffusion coefficient compared to liquids – it may
be inferred from Quintard et al. (1987) that the front stability prob-
lems are minimized because of the small differences between the
densities and viscosities of the two fluids, and because of the stabi-
lizing effect of a large diffusion coefficient. Therefore, we believe
that our measurements were not affected by dynamic fluid insta-
bilities. The results of the validation tests using glass spheres are
provided in Appendix 3, and they provide confidence in the results
with the test materials.

3. Materials and experimental conditions

The cardboard PE samples that were characterized were those
used in the combustion tests described in Salvador et al. (2004).
They consist of cylinders of 100 mm diameter and 100 mm height.
The size of the cardboard and PE pieces packed in the cylinders was
controlled using a blade grinder fitted with a perforated grid at its
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bottom. The diameter of the grid holes was varied to be alterna-
tively 8, 20 or 40 mm. The elementary materials used were origi-
nally a sheet or a film shape. The grinding resulted in the
shredded aspect illustrated in Fig. 5. Consequently, a well-defined
particle size cannot be introduced for these samples.

Cardboard and PE were ground separately. Two weighed quan-
tities of each material were mixed to reach controlled mass frac-
tions of each material and final density. Mixing was carried out
by hand.

Compaction was obtained inside a cylinder fitted with two pis-
tons that were moved simultaneously along the axis. This leads to
relatively good homogeneity in the brick density. The compaction
pressure required to prepare samples at densities of 500 and
900 kg m!3 can be estimated at 2 MPa and as much as 50 MPa,
respectively.

After compaction, the brick is extruded from the cylinder using
a long piston, and forced inside a stainless-steel belt. A stainless-
steel grid (2 mm diameter wire and 20 mm opening) was placed

on each flat surface of the sample (Fig. 6). This packaging was nec-
essary to ensure a stable density of the brick during storage and
experiments (Salvador et al., 2004). The bulk densities were calcu-
lated using the final sample height, after an eventual small decom-
pression. Table 1 summarizes the properties of the samples used in
the experiments.

A value for the pore diameter was required later to calculate
Pep. For the glass bed, the pore diameter is correlated to the particle
diameter, and we use this latter well-defined dimension as the
characteristic length. As regards the compacted cardboard and PE
samples, an estimation of the pore diameter was obtained using
the bed permeability value and following the Cozeny–Carman
equation:

dp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bj ð1 ! eÞ2

e3

s

ð17Þ

in which the value B = 180 – established for spherical particles –
was used as the Cozeny constant. The estimated size of the pores
ranged from 27 to 57 lm depending on the preparation.

4. Results and discussion

The preparation parameters were varied one at a time. The
‘‘central” values were 500 kg m!3 for the density, 20 mm for the
size of the elements, and 20% PE for the composition. All the results
are grouped together in Table 2 for porosity, Table 3 for tortuosity
factor and Table 4 for permeability. Evaluation and estimation of
uncertainty is discussed in Appendix 4.

4.1. Effect of bulk density

A plot of the evolution of e, s and j with the bulk density of the
sample is given in Fig. 7. The uncertainty of the values plotted in
the figure was determined as discussed in Appendix 4. The porosity
decreases linearly with increasing densities (or compaction), as

Fig. 5. Photographs of the ground elements of cardboard and of polyethylene. The length of the cap on the pen is 42 mm.

Fig. 6. Photograph of the bricks composed of cardboard and polyethylene ground
elements.

Table 1
Samples composition and properties and estimation of experimental Péclet number

Materials Particle size (mm) % Polyethylene Bulk density (kg m!3) Pep Pes

Glass bed 1.6 0 2533.8 0.021 1.26
Compacted cardboard and polyethylene 8 20 500 1.13 & 10!4 0.26

20 5 500 0.89 & 10!4 0.25
10 500 0.92 & 10!4 0.25
20 300 0.63 & 10!4 0.23
20 500 1.15 & 10!4 0.26
20 700 1.51 & 10!4 0.33
20 900 1.86 & 10!4 0.41
33 500 1.58 & 10!4 0.28

40 20 500 1.01 & 10!4 0.26



expected. The measured values are very close to the value calcu-
lated from the densities method as reported before.

The tortuosity factor result is quite surprising since it is nor-
mally observed to decreases with the degree of compression (Golin
et al., 1992).

One possible explanation can arise because there are two types
of porosity: porosity of the cardboard itself and porosity of the bed
(PE is a non-porous material). It is therefore likely that gas trans-
port in this system was ensured in two ways:

– gas flow in the porosity of the bed, i.e., in the empty space
between cardboard and PE pieces;

– gas flow through the cardboard elements themselves.

Since the majority of the bed porosity has disappeared, one can
expect that the second mechanism has become predominant, i.e.,
the gas is forced through the porous cardboard pieces. However,
it is not clear for which conditions and geometry this would lead
to the type of behavior we have observed. This explanation should
also lead to a sensitivity of the transport parameters to the mix
composition, which is not clearly observed as we shall report later.
Previous computations of effective diffusion coefficients for 3D
packings have shown that the tortuosity factor may be very sensi-
tive to the spatial organization of the particles (Quintard, 1993).
Because of our lack of knowledge about the real pore-scale struc-
ture of such materials, it is impossible to go beyond conjectures.

Another possible explanation lies in the fact that, even if the
pore-scale Péclet number seems to be small, justifying the idea
that we are in a diffusive regime, it is possible that some regions
of the cylinder are affected by dispersion. This would lead to a
smaller apparent tortuosity factor. One may imagine that compac-
tion increases these effects. Once again, it is difficult to go beyond
these hypotheses in the absence of structural information. At high
compaction rates, the permeability goes down to values which are
closer to the roughly estimate threshold of about 10!13 m2 that al-
lows simplification of the general transport equation into the sim-
ple diffusion equation used for identification (see Appendix 2). It is
therefore possible that some non-linear effects begin to play a role
at the high compaction rates.

4.2. Effect of the size of the elements

The impact of changing the size of the elements entering the
composition of the medium can be analyzed from Fig. 8. A fairly
constant porosity is found, as expected, since the shredded pieces
remain similar in intrinsic properties whatever their size. These re-
sults attest to the good quality of the sample preparation protocol.
The tortuosity factor also appears to remain constant at a value
around 15. This can be explained by the fact that the pore-scale
geometry remains similar, and the effective diffusivity does not de-
pend on the characteristic length (Carbonell and Whitaker, 1984;
Quintard, 1993; Quintard and Whitaker, 1993). Permeability
shows a small decrease when increasing the element size. It is

Table 2
Values for the sample porosity with different elaboration parameters, determined
from parameter identification

N2–He He–N2 Average Difference (%)

Density (kg m!3)
300 0.825 0.820 0.822 ±0.3
500 0.707 0.720 0.714 ±0.9
700 0.590 0.577 0.5833 ±1.1
900 0.477 0.483 0.480 ±0.6

Size of the elements
8 0.707 0.709 0.708 ±0.1
20 0.707 0.720 0.714 ±0.9
40 0.716 0.712 0.714 ±0.3

% Polyethylene
5 0.736 0.720 0.728 ±1.1
10 0.710 0.730 0.720 ±1.4
20 0.707 0.720 0.714 ±0.9
33 0.683 0.690 0.687 ±0.5

When not specified, the density is 500 kg m!3, the size of the elements is 20 mm
and the percentage of PE is 20%.

Table 3
Values for the sample tortuosity factor with different elaboration parameters,
determined from parameter identification

N2–He He–N2 Average Difference (%)

Density (kg m!3)
300 14.4 14.3 14.4 ±0.3
500 17.1 16.3 16.7 ±2.4
700 11.0 11.6 11.3 ±2.7
900 5.6 5.4 5.5 ±1.6

Size of the elements
8 14.0 14.0 14.0 ±0.1
20 17.1 16.3 16.7 ±2.4
40 15.9 14.6 15.2 ±4.2

% Polyethylene
5 13.0 13 13 ±0.1
10 14.3 14.3 14.3 ±0.04
20 17.1 16.3 16.7 ±2.4
33 14.3 12.9 13.6 ±5.0

When not specified, the density is 500 kg m!3, the size of the elements is 20 mm
and the percentage of PE is 20%.

Table 4
Values for the sample permeability (m2) with different elaboration parameters

Permeability (1012 m2)

Density (kg m!3)
300 6.07
500 6.93
700 3.04
900 1.33

Size of the elements
8 7.05
20 6.93
40 5.07

% Polyethylene
5 5.37
10 5.63
20 6.93
33 9.23

When not specified, the density is 500 kg m!3, the size of the elements is 20 mm
and the percentage of PE is 20%.
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Fig. 7. Evolution of porosity, tortuosity factor and permeability versus the medium
bulk density: (d) porosity; (j) tortuosity factor; (N) permeability; and (&) porosity
value from density method.



well-known that permeability scales as the square of a pore-scale
characteristic length (Quintard and Whitaker, 1993); however, it
is difficult to find the relevant characteristic length in media of
such complexity. Nevertheless, the indicated effect remains very
small, and within the experimental uncertainty.

4.3. Effect of the percentage of PE

Results with various percentages of the non-porous material
(PE) are reported in Fig. 9. When the percentage of PE increases,
the porosity decreases linearly. The measured values are very close
to the values estimated from the densities method.

The tortuosity factor first increases when the percentage of PE is
increased. This result can be explained intuitively by the fact that
adding a non-porous material will make the flow more tortuous
since the fluid can cross through the elements themselves less
and less easily. When the percentage of PE is increased from 20%
to 30%, a slight decrease in the tortuosity factor from 16.7 down
to 13 is observed, but the values remain in the error range. It is dif-
ficult at this stage to propose a physical explanation for this
behavior.

Surprisingly, permeability appears to increase monotonically
when the percentage of PE increases. The interpretation of this re-
sult would require considering the actual shape of the elements in-
side the sample, which is difficult to determine.

4.4. Impact of gas velocity on the determined properties

Tortuosity has been defined in the case of pure diffusion, and is,
therefore, not dependent upon velocity. However, if some disper-

sion effects are present, the value can be affected by the velocity
of the gas tracer. More precisely, it should depend on the Péclet
number, Pes. If the experimental conditions enter the dispersive re-
gime, this would result in a greater measured tortuosity factor.

To investigate the potential for this impact, experiments were
carried out on our reference sample (500 kg m!3, 20 mm elements
and 20% PE) using a gas injection velocity of half and then twice the
velocity used in all previous experiments. The values, obtained for
three Péclet numbers (Pes = 5.73 & 10!5, 1.14 & 10!4 and
2.12 & 10!4), are represented in Fig. 10. The determined porosity
is almost unaffected by the change in Pes, which is the expected re-
sult since this property is not flow dependent. In contrast, the
determined value for the tortuosity factor varies from 18 at the
lower Pes to less than 8 at the higher Pes. Nevertheless, regarding
the large uncertainty in the values for this parameter, it is possible
to trace a horizontal line within the error bars for the three values.
If the differences were significant, this would probably mean that
some dispersion mechanisms are occurring. The estimated pore-
scale Péclet number being small, this would need some further
analysis. One possible explanation is that the pore geometry is very
heterogeneous (shape, length), thus leading to dispersion mecha-
nisms in some places and diffusive regimes in other places. Once
again, it seems very difficult to obtain enough pore-scale informa-
tion for such materials to discuss these findings further.

5. Conclusion

In this paper, we presented an attempt to measure transport
properties of complex porous media typical of waste material. An
experimental setup based on the output response of a cylindrical
porous sample submitted to a gas inlet step change allowed us to
obtain estimates of various transport properties, such as porosity,
tortuosity and permeability. The results show a very different
behavior of these materials when compared, for instance, to
packed beds results. In particular, the impact of the structural
properties does not seem to be classical. It is well-known that
intrinsic permeability and tortuosity are directly dependent upon
the geometry. Porosity and tortuosity do not change for similar
structures, while permeability changes with the square of a charac-
teristic length. The only characteristic length at hand is the size of
the sheet pieces. Our results show no influence of this size in the
studied range. This tells that this is not the length that character-
izes the flow pattern within the material. It would be interesting
to investigate the material structural properties, perhaps with X-
ray tomography, and relate them to the transport properties. Once
these data are available, it would be interesting to try to relate the
resulting effective properties to a minimal set of geometric charac-
teristics. Given the mechanical behavior of such packings, the
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study should also focus on the impact of compression on the evo-
lution of the structure.

The results for diffusion/dispersion do not show a clear influ-
ence of the average velocity, given the accuracy of the measure-
ments. It would be interesting to investigate more thoroughly
this aspect. The same experimental setup could be used to measure
the apparent longitudinal dispersion coefficient, provided that the
length is augmented to work with higher Péclet numbers. The first
question would be how to correctly define the Péclet number, since
we know from the other results that the size of the pieces is not
really relevant. If the 3D pore-scale structure is available from
tomography measurements, the upscaling theories could be used
to calculate the dispersion coefficient, thus giving some idea of
the resulting dispersion tensor, which is difficult to obtain
experimentally.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.wasman.2008.09.002.
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