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Abstract

This paper presents the experimental findings of measurements of the tortuosity

of a porous medium obtained using a technique based on comparing the molecular

diffusion coefficient of a solute in a free fluid with the diffusion coefficient of the

same solute in the fluid filling the pores. Water is used as the solvent, with the

fluorescent dye Rhodamine B acting as the solute. The porous medium is modeled

using a thin rectangular cell filled with monosized hard spheres. The models

differ in cell thickness and sphere diameter, allowing the porosity of the medium

to be varied between 0.40 and 0.55. The porosity and the shape of the porous

medium skeleton influence the tortuosity, which in the conditions of this study

varies from 1.20 to 1.46. The obtained data on diffusion tortuosity are compared

with theoretical predictions for porous media with a skeleton consisting of hard

spheres, as well as with experimental findings by other authors.

Keywords: porous medium, porosity, tortuosity, diffusion coefficient

1 Article Highlights

• A new experimental technique for measuring diffusion tortuosity τd is proposed

• The relation τd − P is examined in a range of porosities P > 0.4 that had not
previously been studied experimentally

• The new results are in good agreement with the known data in the limit of close
packing of hard spheres

1



2 Introduction

Tortuosity is a key way of measuring the geometry and transport properties of porous
materials such as sedimentary rocks, soils, and catalyst particles. In the literature,
tortuosity has been defined as either a geometric parameter or one that is related to
the hydraulic, electrical, or diffusive properties [1].

The present paper discusses a technique for calculating the diffusion tortuosity
of a porous medium by measuring the diffusion coefficient of a solute in the fluid
filling the pores of the porous medium. With obstacles in their way, solute molecules
are forced to take a longer path in a porous material. Longer pathways result in
smaller displacement and, consequently, an apparent diffusion coefficient Dp that is
less than its corresponding free fluid value Dm. Then, the diffusion tortuosity τd can
be defined as the ratio of the molecular diffusion coefficient of species in free fluid Dm

to the diffusion coefficient of species in a porous medium Dp [2–4]. It can therefore be
concluded that the tortuosity of a porous medium is always greater than unity.

The practical importance of evaluating the tortuosity of porous materials and the
complexity of this problem have attracted the attention of many researchers over the
decades. This resulted in the development of diverse models that establish correlations
between tortuosity (of geometric, electrical, hydraulic, or diffusive nature) and other
properties of porous media. Notably, laws relating tortuosity to porosity have become
widely accepted (porosity P is the relative fraction by volume of the fluid contained
within a porous material). Among others, we may note relations in which the tortu-
osity is linearly dependent on porosity [5], varies according to a power-law [6–8], or a
logarithmic law [9]. In all scenarios, the tortuosity decreases as porosity increases (the
tortuosity must tend to one as P → 1). For a more complete view of these relations,
we refer the reader to the review papers [1, 4, 10].

It appears evident that the numerous relations between tortuosity and porosity
will result in a variety of findings for a given porous medium. Even more pronounced
differences are observed when considering porous media with distinct pore geometries.
Therefore, there are a variety of semi-empirical relations available in the literature
for calculating tortuosity as a function of porosity involving variables that depend on
both the tortuosity nature and the pore morphology. In this respect, theoretical and
experimental research can be classified into two broad categories. The first category
comprises studies investigating tortuosity in soils, sediments, porous rocks, etc. [11–14].
The second category includes studies of porous media consisting of spheres [9, 15, 16],
cubic and parallelepipedal particles [15, 17], cylinders [18, 19], and particles of other
shapes [20, 21].

The objective of this study is to measure the diffusion tortuosity of a model porous
medium consisting of a layer of identical hard spheres filling the space between wide
parallel walls. To the best of our knowledge, there are very few theoretical and ex-
perimental studies investigating the relation τd − P in a wide range of porosity of a
material whose skeleton consists of hard spheres. It is important to note that earlier
experimental studies and the present research differ in terms of the techniques used to
produce the samples of various porosities. In earlier studies, mixtures of hard spheres
of varying diameters were utilized. The composition of the samples was modified, thus
enabling the variation of porosity. In our experiments, we use identical hard spheres,
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Figure 1 Photo of the experimental setup: A vertical rectangular cell filled with aqueous solution
of Rhodamine B and hard spheres 1, a laser that emits a green laser sheet 2, a camera with orange
filter 3

but we vary the distance between the walls of the rectangular cell, which affects the
total pore volume, i.e., the porosity.

3 Experimental Technique

The experiments are conducted in a rectangular cell (1 in Fig. 1) of dimensions l = 200
mm in height and b = 90 mm in width, with thicknesses h that vary from 2.00 to
4.00 mm. The front and rear walls of the cell are made of 10-mm-thick transparent
glass plates (Fig. 2). The gap thickness h between the glass plates is determined by
the thickness of the U-shaped Plexiglas gasket, which is adhered to the glass plates.

The cell is filled with steel spheres with a diameter of d1 = 1.98 ± 0.01 mm,
d2 = 3.00 ± 0.01 mm, or d3 = 3.98 ± 0.01 mm. In the experiments conducted with
hard spheres of diameters d2 and d3, the cell thickness h is equal to the diameter of
the spheres. In this configuration, the spheres within the cell are arranged in such a
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Table 1 Parameters of porous media models

Number of a model d, mm h, mm h/d P τ

M1 1.98± 0.01 2.00 1.01 0.40 1.45

M2 1.98± 0.01 2.19 1.11 0.44 1.37

M3 1.98± 0.01 2.48 1.25 0.50 1.28

M4 1.98± 0.01 2.70 1.36 0.55 1.20

M5 3.00± 0.01 3.00 1.00 0.43 1.46

M6 3.98± 0.01 4.00 1.00 0.41 1.43

manner that the centers of any three neighboring spheres from two different rows are
positioned at the vertices of an equilateral triangle. This configuration of spheres is
referred to as a hexagonal pattern, since each sphere has six neighbor spheres with
which it is in contact. In addition to the contact between the neighboring spheres,
each sphere also contacts both of the cell’s lateral walls.

The perfect arrangement of the hard spheres described above corresponds to their
maximum packing density within the cell. This also relates to the minimum porosity
of this model of a porous medium. When it is not possible to arrange all the spheres
in the required order, defects form, as illustrated in the lower right corner of the cell
in Fig. 1. A large number of such defects can affect the porosity of the cell; therefore,
in experiments for measuring the diffusion coefficient, such defects are either absent
or are of short length.

The experiments employing spheres with a diameter of d1 are conducted in the cell
of various thicknesses h = 2.00 ± 0.01, 2.19 ± 0.01, 2.48 ± 0.01, and 2.70 ± 0.01 mm,
thereby providing the option to vary the porosity of the cell (Fig. 2b). The distinction
between this form of ordered packing and the one illustrated in Fig. 2a is that the
spheres come into contact with only one wall of the cell.

In the study, we calculate the porosity P of the porous medium as the ratio of
the total volume of all pores in the porous medium to the volume of a rectangular
cell. The pore volume is measured by means of a syringe pump, which enables the
precise calculation of the volume of water pumped. The volume of the cell is calculated
using the formula V =lbh. The results of the porosity calculations for all porous media
models are presented in Table 1.

In the experiments, the lower half of the vertical cell is filled with an aqueous
solution of Rhodamine B and sodium chloride, while the upper half of the cell is filled
with pure water (Fig. 3). The addition of sodium chloride to the water results in an
increase in the density of the Rhodamine B solution, thereby preventing the unwanted
mixing of the upper and lower fluids. The quantity of sodium chloride is chosen so that
the density of the aqueous solution of Rhodamine B and sodium chloride equals 1.02
g/cm3. This density is obtained at a sodium chloride concentration of 0.72 mol/L.

An aqueous solution Rhodamine B has fluorescence properties, with a peak emis-
sion wavelength of 610 nm (orange light) and a peak excitation wavelength of 550 nm
(green light). In our experiments, the cell is illuminated by a 1-W laser (2 in fig. 1)
emitting at a wavelength of 532 nm (green light), with a beam divergence angle of 20°.
The illuminated part of the cell is recorded by a Canon EOS 60D photo camera (3 in
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Figure 2 The arrangement of spheres in a rectangular cell: (a) a hexagonal arrangement corresponds
to M1, M5, and M6; (b) a configuration where hard spheres touch opposite cell walls (M2 - M4)

fig. 1) with a Tamron AF 90 mm F/2.8 Macro lens and LPF565 orange filter, having
a cutoff wavelength of 656± 15 nm. The Powell lens is used to generate a laser sheet
of an approximately constant intensity throughout its length.

When the Rhodamine B-containing water comes into contact with pure water, a
diffusion zone is formed. Within this zone, the concentration of Rhodamine B decreases
from a maximum value in the lower fluid to a minimum value in the upper one. The
width of the diffusion zone increases over time due to molecular diffusion of Rhodamine
B from the lower fluid into the upper one. The rate of growth of the diffusion zone
can be measured, and thus the diffusion coefficient can be calculated.

In order to determine the effect of sodium chloride added to water on the results of
measurements of the diffusion coefficient of Rhodamine B in water, a series of exper-
iments was conducted in a previous study of the authors [22]. In those experiments,
Rhodamine B and sodium chloride were dissolved in the same fluid and in different flu-
ids. In the first series of experiments, aqueous solutions of Rhodamine B and sodium
chloride and pure water were used. In the second series of experiments, the lower half
of the cell was filled by an aqueous solution of sodium chloride (a denser fluid), while
the upper half of the cell was filled with an aqueous solution of Rhodamine B (a
less dense fluid: The concentration of Rhodamine B was very low and did not affect
the density of pure water). In both series of experiments, the diffusion coefficient of
Rhodamine B in water was measured, and it was found to be unchanged.

It is observed from the experimental findings that the diffusion coefficient Dm

measured in experiments with a cell filled exclusively with fluids differs from the
diffusion coefficient Dp measured under conditions where the cell is filled with fluids
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Figure 3 (left) Scheme of a vertical cell filled with hard spheres and an aqueous solution of Rho-
damine B and sodium chloride; (right) photo of a section of the cell illuminated by a vertical laser
sheet at t = 4 hours after the beginning of the experiment with M1. The region between horizon-
tal dashed lines illustrates the diffusion zone, within which the concentration of Rhodamine B varies
from a maximum value of C = 1 to a minimum value of C = 0

and hard spheres. The ratio of these diffusion coefficients is equal to the diffusion
tortuosity:

τd =
Dm

Dp

. (1)

The objective of the present series of experiments is to determine the tortuosity
of the porous media models under consideration. The research is focused on the mea-
surement of the diffusion coefficient of Rhodamine B in water Dp in the cell filled
with hard spheres. This is due to the fact that the authors employed the experimen-
tal technique outlined to measure the molecular diffusion coefficient Dm in a previous
study [22]. The resulting value of Dm = 4.2 · 10−6 cm2/s is in good agreement with
previously reported data [23–25].
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Figure 4 Dependence of the concentration of Rhodamine B in water on the vertical coordinate in
an experiment to measure the molecular diffusion coefficient in a porous medium at t = 0.5 (empty
symbols) and 19 (filled symbols) hours; M2. Data referring to the intensity of the light emission at a
time of t = 0.5 hours are obtained from the photo presented above the plot

4 Experimental Results

In our experiments, the concentration of the Rhodamine B is determined by laser-
induced fluorescence, a technique which is found to be efficient in the study of mass
transfer in porous media [22, 26–28]. When illuminated by a green laser beam, an
aqueous solution of Rhodamine B emits orange light, which is visible through the
camera’s orange filter. The photo in Fig. 4 illustrates the variation in the intensity of
the emitted orange light along the vertical cell filled with hard spheres. Three distinct
regions can be identified. The first region is where the aqueous solution of Rhodamine
B emits orange light that is uniform along the vertical axis. The second region is a
transition zone near the interface between the two fluids, where the radiation intensity
decreases from its maximum value to zero. The third region is a dark region within
the upper fluid, where the radiation of Rhodamine B is zero everywhere.

The intensity of the radiation inside the laser sheet is dependent on both the
longitudinal and transverse coordinates. In order to eliminate errors associated with
variations in radiation intensity across the laser sheet, we measure the radiation inten-
sity in the pores between the hard spheres in the vicinity of the axis of the laser sheet.
Figure 5a shows a section of a photo of the cell, in which the measurement points for
the radiation intensity of an aqueous solution of Rhodamine B are indicated by green
symbols. To avoid errors associated with the incorrect determination of the position of
the pores between the hard spheres, an overlay of photos is used. More specifically, a
photo illustrating the radiation intensity of Rhodamine B in water (Fig. 5a) is overlaid
on the photo showing the packing of hard spheres (Fig. 5b).

The photos obtained in the experiments are then converted to a grayscale, where
each pixel corresponds to a color number N in an 8-bit range from 0 to 255. Here,
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Figure 5 (a) A photograph of a sector of the rectangular cell (M2) illustrating the intensity of the
light emitted by an aqueous solution of Rhodamine B within the diffusion zone when illuminated by
a laser sheet; (b) A photograph of the same sector under room lighting. The green symbols indicate
points where the intensity of the aqueous solution of Rhodamine B is measured. The size of the cell
sector is 12× 12 mm2

N = 0 corresponds to black pixels, and N = 255 to white pixels. When measuring
the width of the diffusion zone, it is assumed that the concentration of Rhodamine
B is proportional to the brightness of the fluid. Then, one can convert from the color
number N to the concentration C by scaling the measured value by the maximum
brightness recorded in the region under consideration.

The experimental data points on the plot in Fig. 4 illustrate the change in con-
centration of Rhodamine B in water from the minimum value C = 0 to the maximum
value C = 1 within the cell at time t = 0.5 and 19 hours (empty and filled symbols,
respectively). The origin of the coordinate axis y = 0 indicates the position of the in-
terface between the aqueous solution of Rhodamine B and pure water at the moment
of contact between them. There is a clear correlation between the decrease in solute
concentration in an aqueous solution of Rhodamine B (on the right-hand side of the
plot) and the increase in the concentration of Rhodamine B in pure water (on the
left-hand side of the plot). The dotted lines are a result of calculations for the concen-
tration of the solute C(y, t) in the form of complementary error functions [29]. It is
evident that the experimental data align closely with the theoretical predictions when
t = 19 hours (filled symbols), and there is a slight discrepancy when t = 0.5 hours.
The possible reasons for this discrepancy will be considered when discussing the data
in Fig. 6. It is important to note that the complementary error function alone does
not allow us to precisely determine the boundaries of the diffusion zone, because it
asymptotically approaches C = 0 and C = 1. For this reason, we propose determining
the boundaries of the diffusion zone by finding the points where the tangent line at
y = 0 intersects the lines C = 0 and C = 1.

A comparison of the experimental data obtained at different times (empty and filled
symbols in Fig. 4) demonstrates that the width ∆y of the diffusion zone increases over
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Figure 6 Time evolution of the square of the diffusion zone width in an experiment with M1. The
slope of the line is equal to Dp = 2.89 · 10−6 cm2/s. Empty symbols illustrate the experimental data,
while the filled symbol indicates the extrapolated value of time corresponding to the zero width of
the diffusion zone

time. Theoretical predictions [29] and experimental measurements [22, 28, 30] demon-
strate that the square of the width of the diffusion zone varies over time according to
the law

D =
∆y2

4πt
. (2)

Figure 6 demonstrates the results of measurements of the squared width of the
diffusion zone as a function of the parameter 4πt in a 2-mm-thick cell. Here, time t is
measured from the moment the contact line originates between the aqueous solution
of Rhodamine B and pure water. As the cell is slowly filled with water, it takes several
tens of minutes from the formation of the initial diffusion zone until the cell is com-
pletely filled with fluids and recording starts. For this reason, the first experimental
data point is obtained at a time t > 0. Furthermore, during the initial phase of the
experiment, a transient process lasting approximately three hours is detected. This is
then followed by the start of the main phase of the experiment, which lasts several
dozen hours. The presence of a transition process is explained by the formation of a
narrow (several millimetres wide) mixing zone at the interface between two fluids dur-
ing the filling process. Within this zone, the concentration distribution of Rhodamine
B differs from the distribution that arises due to diffusion. The time required for the
formation of a solute concentration gradient corresponding to the diffusion process
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is a key factor in determining the duration of the initial phase of the experiment.
Therefore, this time is not taken into account in the measurements; data processing
is performed only for the main phase of the experiment.

The results of measurements of the squared width of the diffusion zone as a function
of time in the main phase of the experiment show that it varies according to the law
∆y2 = 2.89 · 10−64πt cm2. It follows from Eq. 2 that the diffusion coefficient Dp of
Rhodamine B in water in the porous medium used is equal to 2.89 · 10−6 cm2/s.

In experiments, the initial thickness of the unwanted mixing zone may vary. In order
to ensure a correct comparison of experimental results, it is necessary to determine
the time t0 corresponding to a zero thickness of the diffusion zone. To do this, the
solid line in Fig. 6 is extrapolated to the value ∆y = 0. A shift in the zero time value
does not have a notable effect on the measured value of diffusion coefficient Dp since
the typical duration of the main phase of the experiment is significantly greater than
the observed time shift t0.

Figure 7 indicates the results of measurements of the square of the diffusion zone
width ∆y2 as a function of time 4πt for porous media formed by hard spheres with a
diameter d = 1.98 mm. The porous media are formed by hard spheres with a diameter
d and various cell thicknesses h. The data in Fig. 7 are presented with the time origin
shifted by t0. For all values of h, the experimental data are well approximated by
straight lines. Therefore, the square of the diffusion zone width increases linearly with
time. Furthermore, the slope for each line is equal to the diffusion coefficient Dp. The
diffusion coefficient Dp increases with an increase in the cell thickness h. This is due to
a change in the geometry of the pore space caused by changes in the distance between
the wide cell walls.

Experiments conducted with hard spheres of diameters d = 1.98, 3.00, and 3.98
mm in (M1, M5, and M6 in Table 1) show that the slope of the function ∆y2(4πt) is
universal for all data (Fig. 8). Therefore, the diffusion coefficient Dp is independent
on the size of the spheres for all porous media of this type.

A comparison of the coefficients Dp obtained from Fig. 7 and Fig. 8 with the
molecular diffusion coefficient Dm indicates that the transport of the fluorescent dye
in water filling the porous medium occurs at a slower rate than in free water. This
finding is consistent with the concept that the trajectories of solute molecules in porous
materials are tortuous since the molecules are obliged to avoid the rigid components
of the porous medium. The obtained data on the diffusion coefficients Dp can be used
to calculate the tortuosity of the porous medium. Substitution of the values of Dp into
Eq. 1 yields the tortuosity values τ (Table 1).

5 Discussion

As outlined in the Introduction, there are several types of tortuosity, including ge-
ometric, hydraulic, diffusion and electrical. In our work, we determine the diffusion
coefficients of Rhodamine B in free water and in water saturating a porous medium,
and can therefore determine the diffusion tortuosity τd = Dm

Dp

. To the best of our

knowledge, there are very few experimental studies in which τd has been determined
for porous materials whose skeleton resembles a fixed bed of hard spheres.
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Figure 7 Time evolution of the square of the diffusion zone width in experiments with M1 – M4

Currie [31, 32] measured the diffusion coefficient of hydrogen in free air and inside a
cylindrical column filled by granular materials. The author used a thermal conductivity
detector for this purpose. Currie’s research focused on the diffusion of hydrogen in air
across a range of granular materials, including monosized glass beads and glass bead
mixtures. Through the controlled variation of the composition of the beads it was
possible to alter the porosity of the material. This, in turn, resulted in an alteration in
its tortuosity. The measurement results obtained in experiments with porous media,
consisting of monosized beads or beads of different diameters, are plotted in the plane
(P , τd) (triangles in Fig. 9).

Delgado [33] used a rather simple experimental technique to measure the diffusion
coefficient of NaCl in water. The porous medium was constituted of a cylindrical col-
umn filled with silica particles and pure water. The silica particles varied in diameter,
enabling the porosity and tortuosity of the porous medium to be modified by adjust-
ing the mixture of particles. Above the column, a layer of saline water was located,
the concentration of NaCl within which decreased due to diffusion through the porous
medium. By measuring the electrical conductivity of the saline water, the author was
able to determine the change in NaCl concentration and, consequently, the diffusion
coefficient. The measurement results are illustrated as circles in Fig. 9.

The findings derived from the analysis of new experimental data are illustrated
in Fig. 9 as squares and a diamond. A comparison of the previous results with those
obtained in this study indicates that the new data are obtained under conditions
of relatively high porosity P > 0.4, while others worked in the range of moderate
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Figure 8 Time evolution of the square of the diffusion zone width in experiments with M1, M5, and
M6. The slope of the solid line is equal to Dp = 2.89 · 10−6 cm2/s

porosities 0.2 < P < 0.4. The two measurement ranges overlap only at the point
P ≈ 0.4, a scenario in which the particle diameter is equal to the gap thickness in
our experiments (diamond in Fig. 9). Here, symbol ⋄ illustrates the average value of
tortuosity obtained in experiments with M1, M5, and M6.

At first sight, the previously obtained data and the new experimental results appear
to be in good agreement with one another and can be described by the universal
relation td = 2.15− 1.75P (not shown in Fig. 9). However, this type of relation τd−P

is not typical for porous materials. Figure 9 further illustrates the results of theoretical
calculations of the tortuosity of a bed of spherical particles. Weissberg [9] analyzed
the effective diffusion of solute in a fluid which fills the void regions of the fixed
bed of spheres. The calculations were simplified by considering an idealized bed in
which centers are randomly situated without restricting the spheres to nonoverlapping
locations. The result, applicable to randomly overlapping spheres of either uniform or
nonuniform sizes, gives the diffusion tortuosity as

τd = 1− 0.5lnP. (3)

The results of the calculations using Eq. 3 are shown in Fig. 9 as a dotted line.
As illustrated, the theoretical calculations agree well with previously published data
(filled symbols) and with the results on tortuosity calculations from our experiments
with densely packed hard spheres (M1, M5, and M6).
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Figure 9 Dependence of the tortuosity of a porous medium on its porosity. The dotted line illus-
trates the results of theoretical calculations of diffusion tortuosity [9]. The squares indicate the results
from experiments with M2 - M4, while the diamond denotes the average tortuosity obtained from
experiments with M1, M5, and M6. The circles and triangles represent the results of experiments
measuring the diffusion tortuosity of a porous medium composed of silica particles [33] and mixtures
of hard spheres of varying diameters [32], respectively

Let us discuss the potential reasons for the discrepancy between the new experi-
mental data and the values predicted by Eq. 3. The discrepancy between theory and
experiment is only evident in the M2 – M4 experiments, where the packing of hard
spheres is not dense and the spheres in neighbouring rows contact opposite walls of
the cell (Fig. 2b). One potential explanation for this phenomenon is that the local
porosity (consequently, the tortuosity) of the packing in the region where the diffusion
coefficient is measured differs from the total porosity of the entire porous medium.
However, this hypothesis is contradicted by the fact that the hard spheres were packed
in a regular manner (the technique for manufacturing porous media is discussed in de-
tail in Section 3). The local porosity displays periodic variations along the vertical axis
since upward-moving solute molecules meet hard spheres resting against one wall and
then the other. The cross-section available for solute diffusion therefore changes. The
maximum width of the diffusion zone in the experiments is approximately equal to 3
cm, whilst the size of the pores varies with a spatial period of the order of the diame-
ter of the spheres. Consequently, the values of Dp and τd obtained in the experiments
are the result of averaging a large number of pores, rather than being a function of lo-
cal porosity. The decision to compare our results with data from experimental studies
[32, 33] and with the theoretical predictions [9] is based on the assumption that the
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diffusion tortuosity of materials depends not only on porosity but also on pore shape.
The latter suggests that, in terms of their effect on solute diffusion, the pores between
hard spheres in wide channels are similar to the pores between spheres and between
spheres and the walls in narrow channels. Probably, this is most relevant for densely
packed spheres, where P < 0.4.

Finally, we determine the relation τd −P that describes new experimental results.
To do this, we use a widely accepted empirical tortuosity–porosity relation τ = APm−1

with adjustable parameters A and m (for example, [3]). Here, parameter A and the
exponent m are dependent on the type of tortuosity and the shape of the skeleton.
The best fit is τd = 0.83P−0.62 with A = 0.83 and m = 1.62 (solid line in Fig. 9).
When considering a porous medium composed of spherical particles, m ranges from
1.3 to 1.8 [13]. This approach to describing tortuosity indicates that new experimental
data are consistent with the results of other authors.

6 Conclusion

The paper presents the findings from calculations of diffusion tortuosity τd, obtained
using an experimental technique that enables the measurement of the molecular dif-
fusion coefficient Dm and the diffusion coefficient Dp of a solute in a fluid saturating
the pores of a porous medium. By calculating the ratio of these coefficients, the dif-
fusion tortuosity of the porous medium is determined. The dependence of tortuosity
on porosity P is studied, with porosity varied by changing the distance between the
walls of a rectangular cell filled with monosized hard spheres. The new experimental
results are then compared with theoretical predictions and empirical data on diffusion
tortuosity obtained for porous media whose skeleton is formed by spherical particles.
The new results align closely with those previously obtained by other researchers in
the limiting case of densely packed spheres but differ from theoretical predictions for
loose porous media.
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