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Pore Network Drying Model for Particle Aggregates:
Assessment by X-Ray Microtomography

Yujing Wang, Abdolreza Kharaghani, Thomas Metzger, and Evangelos Tsotsas
Thermal Process Engineering, Otto von Guericke University, Magdeburg, Germany

Convective drying of disordered glass bead packings has been
investigated both experimentally and numerically. X-ray microtomo-
graphy (XMT) and image analysis techniques have been used to deter-
mine the three-dimensional spatial distribution of the liquid and solid
phases at the pore scale within the wet particle aggregates. The evol-
ution of the liquid distribution in the aggregate has been tracked dur-
ing the drying process. Particle center coordinates and radii have been
extracted from the X-ray images using binarization and segmentation
techniques. Based on this geometric data for a real aggregate, a pore
network approximation of the pore space has been generated from a
Voronoi tessellation about particle centers by designating Voronoi
edges as interconnected cylindrical pores with radii computed from
the distance between neighboring particles. This three-dimensional
irregular pore network takes into account both the geometrical and
topological characteristics (pore size distribution and connectivity)
of the actual pore space. Drying simulations have been carried out
for the pore networks obtained from the XMT and results are pre-
sented as phase distributions and moisture profiles. The simulated
liquid phase distributions are in qualitative agreement with the experi-
mental result, which indicates that pore network models are suited to
describe the drying of dense particle aggregates at the pore scale.

Keywords Convective drying; Liquid distribution; Particle
aggregates; Pore-scale simulation; X-ray microtomo-
graphy

INTRODUCTION

The drying of porous media is a challenge in many indus-
tries such as foods, pharmaceuticals, and ceramics. Several
modeling attempts have been made to understand the
drying characteristics of a porous medium. The traditional
continuum approach (Whitaker[1]) considers a continuous
porous medium and uses volume-averaged transport
equations to describe macroscopic drying behavior. This
approach, however, ignores locally dominated phenomena
such as gradient-free liquid flow and fractal phase distribu-
tions, which are strongly dependent on the microstructure
of the capillary porous medium, and can only be described
by pore-scale models. The discrete pore network approach

represents the void space within a porous medium by a
network of interconnected capillaries and uses fundamental
physical laws to describe drying phenomena at the pore
scale. Since the pioneering work of Fatt,[2] pore network
models have become more sophisticated and have been
established in the fields of petroleum engineering,
hydrology, and environment engineering for better under-
standing flow behavior in soils and rocks (Berkowitz and
Balberg,[3] Blunt[4]). In 1993, Prat[5] combined a pore net-
work model with invasion percolation theory to explore
drying behavior in the light of phase patterns and their
influence on drying rates. In this approach, drying can be
considered as a drainage process during which a wetting
phase (liquid) is replaced by a nonwetting phase (gas) as it
is evaporating. The classical pore network drying model
includes capillary and gravity effects as well as the transport
of vapor by diffusion in the gas phase. This proves to be an
adequate tool to study the influence of pore structure on
drying kinetics (Metzger et al.[6]).

Since then, several research groups have been active in
this field to extend the dryingmodel by addingmore physical
effects and varying geometry and topology of the networks.
Major model extensions have been dedicated to viscous
effects (Metzger et al.[7]) and film flows (Yiotis et al.[8]).
Although classical pore network models use regular grids
with a constant coordination number, there is some variety
in the geometry of pore throats: the cylinders not only have
circular but also regular polygonal cross-sections (Prat[9];
Segura and Toledo[10]). Experimental validation of the net-
work model has been obtained by drying transparent etched
networks (Laurindo and Prat[11]). The results have shown
good agreement in terms of phase distributions and also
pointed out the strong influence of liquid corner films for
enhanced mass transfer.

In the above-mentioned extensions and experiments,
mainly 2D pore networks have been studied. In order to
better describe the behavior of real porous media, Le Bray
and Prat[12] first presented results from a 3D simulation
with a cubic network of size 51� 51� 51. In their analysis,
they regard the drying by four periods: initial sharp drop of
drying rate before breakthrough (BT); constant rate period
(CRP); falling rate period (FRP); and receding front period
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(RFP). All these periods are related to the liquid phase
distribution. Later on, Yiotis et al.[13] confirmed these by
simulations on pore networks of size 80� 80� 80; they also
included the effect of gravity. Kharaghani et al.[14] pro-
posed a 3D network model, which was interpreted as the
void space of a regular aggregate of monodisperse spherical
particles; this model included liquid-solid interaction due
to capillary forces by discrete element method (DEM),
and the study was focused on mechanical effects (cracks,
shrinkage) during drying.

All these models were based on regular lattices, and only
pore (throat) size was a random variable. However, real
porous media, which are attempted to be modeled, have a
more complicated structure. To overcome this limitation
and to provide a more realistic description, various represen-
tations of pore network models have been used in the field of
petroleum and environment engineering. The main distinc-
tion is the specific method used to construct the network.
The parameters describing geometry of a network mainly
decide which method is appropriate for network generation.
Relevant parameters are, for instance, spatial dimension (2D
or 3D), grid arrangement (regular or irregular), and coordi-
nation number (network connectivity). In order to include
irregularity and randomness of grid arrangement into pore
networks, Voronoi tessellation is a very common method
(Thompson and Fogler,[15] Jerauld et al.,[16] and Blunt and
King[17]). Recently, Kharaghani[18] has utilized this method
to generate a 3D irregular network to map the void space
of a random packing of mono-sized particles generated by
DEM and then applied the established drying algorithm.
Figure 1 gives an example of such a network during drying,
illustrating that the randomness of node locations and con-
nectivity can more accurately be captured.

Besides the theoretical studies, many researchers have
used 3D image techniques such as magnetic resonance
imaging (MRI) and X-ray microtomography (XMT) to
‘‘visualize’’ the liquid evolution within porous materials
during drying. Pel and co-workers (Pel and Kopinga,[19]

Valckenborg et al.[20]) have investigated moisture profiles
and water distribution during drying of porous building
materials (brick and mortar samples) by using MRI. More
recently, Faure and Coussot[21] have also used MRI to
study drying behavior of model soils, presenting the
time evolution of the water saturation distribution inside
the soil sample.

X-ray microtomography (XMT), as used in this study, is
able to determine the inner structure of a porous sample
with high resolution. Nowadays, this technique is not lim-
ited to medical applications, but it is widely and success-
fully applied in scientific or industrial fields such as
hydrogeology (Wildenschild et al.[22]), powder technology
(Farber et al.[23]), and pharmaceutics (Fu et al.[24]). Since
the development of microfocus and CCD camera allowed
the image to achieve high resolution (around 1 mm), this

technique is extensively applied in materials science, also
related to drying, e.g., to assess the deformation of xerogels
during drying (Léonard et al.[25]). Kohout et al.[26] have
tracked the evolution of moisture profile during drying of
an alumina particle packing. A general literature review
concerning recent advances in X-ray tomography has been
given by Stock,[27] and explicitly drying-related applica-
tions of XMT have been summarized by Léonard et al.[28]

The principle of X-ray microtomography is that an
X-ray beam is attenuated as it passes through the material.
According to Beer-Lambert’s law, an X-ray beam of inten-
sity I0 passing through a simple material of thickness d to
yields a transmitted beam of intensity

I ¼ I0e
�ld ð1Þ

The attenuation coefficient l depends on density q and
atomic number Z of the material and on beam energy E

l ¼ q aþ bZ3:8

E3:2

� �
ð2Þ

where a is a parameter which slightly depends on the energy
E and b is a constant (Vinegar and Wellington[29]). If the
material is not uniform, e.g., consists of different phases,
then the attenuation is obtained by integrating along the
transmission path

Z
lðsÞds ¼ ln

I

I0

� �
¼ P ð3Þ

FIG. 1. The simulated liquid distribution for a 3D irregular pore

network model (Kharaghani[18]).
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where l(s) is the linear attenuation coefficient at position s.
The projection signal P contains information from the
whole transmission path; and in order to extract local infor-
mation on l(s), multiple scans (projections) are obtained
from many angles (by rotating the sample from 0� to
360�) and used for reconstruction by a filtered backprojec-
tion algorithm (Kak and Slaney[30]). Each voxel in the
reconstructed 3D image has a gray value corresponding to
the local attenuation coefficient. According to this prin-
ciple, the inner structure of the porous material can be
obtained and different phases can be distinguished if they
have different attenuation characteristics.

This paper reports on an experiment with a particle pack-
ing that has been dried in an X-ray micro-tomographic
device. The reconstructed 3D images have been segmented
into the three phases (solid, liquid, and gas) by thresholding;
these phase images are presented to visualize the liquid-gas
interface in the individual pores and to illustrate the evol-
ution of liquid distributions as drying proceeds. Further-
more, particle center coordinates and radii extracted from
these images are utilized to generate a 3D irregular pore
network by use of Voronoi tessellation and strategies for
boundary cell elimination and merging of close nodes. A
network drying algorithm is applied to this matched pore
network and results are given as phase distributions and
moisture profiles. Such efforts are taken to explore how well
drying behavior of particle aggregates can be approximated
by the pore network approach. By this technique, the pore
network model can be assessed at the pore level.

X-RAY MICROTOMOGRAPHY OF PARTICLE
AGGREGATES DURING DRYING

Experimental Set-Up for Drying

The drying of a glass bead packing filled with distilled
water was investigated experimentally. The glass beads
(SiLibeadsvfrom Sigmund Linder GmbH, Germany) with
a mean diameter of 0.8mm were carefully selected for high
sphericity and uniformity in size. The container had a cylin-
drical shape with an inner diameter of 8mm to optimally
use the imaging space, and it was made from plastic
(PMMA), because this material is relatively transparent to
X-rays compared to the water-glass system. The glass beads
were carefully packed into the container filled with water to
form a water-saturated packed bed of about 8mm height.
The liquid-gas interface was touching the surface of the
topmost glass beads.

A laboratory X-ray microtomograph (CT-ALPHA-160
by ProCon X-Ray GmbH, Germany) was used to scan
the glass bead packing during drying. This device is
equipped with a microfocus X-ray source and has a detector
size of 2300� 2300 pixels. As illustrated in Fig. 2, the sam-
ple was mounted on a rotating holder and dried naturally
without control of temperature or air condition. The

X-ray cone beam was generated at 90 kV and 160 mA. By
adjusting the distances between the source, sample, and
detector, the spatial resolution was set to approximately
5 mm. One scan takes around two hours to run: 12-bit trans-
mission images are collected from 800 different angles (step
size 0.45�) for subsequent 3D tomographic reconstruction.
The measurement and reconstruction software Volex
(ITWM[31]) (developed by Fraunhofer Institute for Inte-
grated Circuits IIS Erlangen, Germany) was used to obtain
a three-dimensional gray level array.

Since the drying was very slow, drying rate was expected
to have no influence on phase distributions [viscous and
thermal effects being negligible (Huinink et al.[32])]. At inter-
vals of 30 minutes, the container was gently sealed by sticky
tape to interrupt the drying process and to perform an X-ray
scan. The sample stayed in the X-ray equipment during the
whole drying and scanning to avoid particle displacement.

Image Processing and Data Analysis

To improve the image quality and to allow for geometric
analysis, several image processing steps have been per-
formed by the MAVI software (ITWM[33]) (developed by
Fraunhofer Institute for Technical and Industrial Math-
ematics, Kaiserslautern, Germany), as illustrated in Fig. 3.
First, the unwanted regions (e.g., container walls) were
cropped from the original full resolution images (see Fig. 2
for reconstructed slices) and down sampling by a factor of 4
was used to reduce the memory requirements while retain-
ing sufficient resolution. This resulted in an 838� 839� 620
array of (19.7 mm)3, which is sufficient to describe our sam-
ple (around 40 voxels per particle diameter). Then, a median
filter was applied to smoothen the edges and to reduce the
noise. Since the investigation of the spatial distribution
and evolution of the liquid phase during drying is the main
purpose of this study, assigning a single phase (solid, liquid,
or gas) to each voxel is a crucial image analysis step. There-
fore, the gray-scale images have been segmented into the
individual phases by use of the histogram of gray levels,
which represents the solid, liquid, and gas phases as three
peaks separated by two valleys, where the respective thresh-
old values were chosen. The segmentation process replaces
the phase of interest by a gray level of 255 (white) and the
values of all other voxels by 0 (black); then the gray-scale

FIG. 2. Scheme of the cone beam microtomography setup and image

reconstruction procedure.
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image is binarized (Fig. 3a shows a liquid-phase binary
image). Here, it should be mentioned that the same thresh-
old values could be used for the different fluid saturation
states occurring during drying. A clean-up routine applied
to the solid phase was used to remove gas bubbles in the
glass beads. In order to obtain the center coordinates
and radii of the individual solid particles, the binarized

solid-phase images were segmented by using the pre-flood
watershed algorithm (ITWM[33]) (Fig. 3b). Another
clean-up routine was applied to the liquid phase such that
the voxels belonging to both liquid and solid phases were
assigned to be only the solid. Thus, the thin artificial liquid
layer on the solid surface was removed, which also appears
in the dry sample image due to the use of a single threshold
value for the gradual transition of the attenuation coef-
ficient in solid-fluid voxels. Three-dimensional visualiza-
tions of the wet particle packing are presented in Fig. 4.
They show the phase distributions within the sample; the
solid, liquid, and gas phases are easily distinguished and
the pore structure of the packing is well observed. Finally,
the segmented images, particle center coordinates, and radii
of separated particles were used to generate an irregular
pore network in MATLAB, as described in the next section.

METHODS

Pore Network Generation Algorithm

The Voronoi tessellation has been used to approximate
the void space of the particle aggregate obtained from
the tomography measurement by a three-dimensional pore
network. The Voronoi algorithm uses particle center coor-
dinates to segment the pore space into non-overlapping
polyhedral cells (Voronoi[34]). The pore network geometry
is described by nodes corresponding to vertices in the
Voronoi tessellation and by cylindrical pores, with axes
corresponding to edges in the Voronoi tessellation. The
radius of each pore is calculated from the distance of the
cylinder axis to the neighboring particle surfaces. The pore
network thus obtained from a monodisperse particle
packing has a realistic variability in pore size and
orientation.

Figure 5 shows how a bounded network can be gener-
ated from a given particle distribution with little overlap
between pores. For a given distribution of generator
particles (Fig. 5a), the Voronoi tessellation contains
unbounded cells (Fig. 5b) which are removed (Fig. 5c). A
bounded network is then established by designating the
remaining Voronoi edges as pores (Fig. 5d) – for further
details, see Kharaghani.[35]

The following algorithm was employed to construct a
pore network approximation for the void space of real
particle aggregates:

1. The center coordinates and radii of the particles were
extracted from the X-ray images (Fig. 6a).

2. Particles adjacent to the side and bottom inner wall of
the cylindrical container are identified and mirrored to
generate two artificial layers of particles outside the
main aggregate (Fig. 6b).

3. In order to generate a boundary layer above the particle
aggregate responsible for lateral vapor diffusion in the
drying simulations (Metzger et al.[6]), two regularly

FIG. 4. 3D visualization of a partially saturated particle aggregate at

saturation S ¼ 60%.

FIG. 3. Image processing steps of X-ray images with (a) binarized image

of liquid phase and (b) segmented particles after treatment with preflood

watershed algorithm.
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packed layers of particles are added on top. The final
aggregate containing both the primary particles and
the new additional layers are shown in Figure 6b.

4. The particle center coordinates of the final aggregate are
considered as generators for a 3D Voronoi tessellation.
Unbounded cells and generator particles are removed,
such that only bounded cells remain. The Voronoi edges
are considered as cylindrical pores and vertices as nodes.

The Voronoi tessellation of a particle packing may
contain very short edges, which leads to a relatively large
overlap between pores. Therefore, a merging algorithm
(illustrated by an example in Fig. 7) was developed to elim-
inate edges which are shorter than a predefined threshold:

1. The length of each edge (i,j), Lij¼k vj-vik is computed
from the corresponding vertex coordinates, vi and vj.

3. An edge which is shorter than a given threshold, such as
(2, 3) in Fig. 7a, is selected and removed by merging its
two nodes. The node i is removed and all edges connect-
ing to i are reconnected to node j.

4. Edge lengths are updated for the new network topology.
Then the algorithm restarts from step 1 for the next edge
until the shortest edge in the network is longer than the
threshold.

5. Following steps 1–3 may cause so-called ‘‘middle-node’’
cases. As shown in Figs. 7a–7d, merging operations
reduce the coordination number of node 3 to 2. Such
nodes are removed and their neighbors connected
directly (Fig. 7e).

The network connectivity is expressed by the coordi-
nation number distribution (i.e., the number of pores
emanating from each node), which depends on the proper-
ties of the porous medium and on the technique utilized to
construct a network. Jerauld and Salter[36] concluded that
coordination numbers in the range of 4 to 8 are realistic
for three-dimensional porous media. Histograms of the
coordination number distribution for pore networks
extracted from a particle aggregate (Fig. 6a) before and
after elimination of pores shorter than 20% of the particle
radius are shown in Fig. 8. Note that the most frequent
coordination number is 4, and that the node merging algor-
ithm significantly increases the dispersion of the coordi-
nation number to the range of 3 to 8. This implies that
after merging the network represents the complexity of a
real aggregate more realistically. It should be emphasized
that the threshold value is a key parameter in the node
merging strategy. If the threshold value is chosen too large,

FIG. 6. (a) Particle packing with (b) layers of virtual particles (in dark

gray) for Voronoi tessellation.

FIG. 7. Merging steps: (a) collect short edges (dashed lines) connected

with node v3, (b) elimination of smallest edge and merging of node v2 with

node v3. Case of middle node: (c) after merging L3,9 and L9,12 middle node

v3 is aroused (d) and removed (e).

FIG. 5. Network generation strategy: (a) generators, (b), (c) Voronoi

tessellation before and after elimination, and (d) resulting pore networks

(Kharaghani[18]).
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for example, then the algorithm will remove many pores
and increase the mean coordination number to an unrea-
sonably large value; the network may thus significantly
change its shape and lead to an unrealistic representation
of the void space, where pores may pass through particles,
for example. Related pore length distributions are shown in
Fig. 9. It can be seen that many short edges are generated
by the Voronoi algorithm and that the pore length distri-
bution shifts to slightly large values upon applying the
node merging strategy. A particle aggregate, together with
its complementary pore network, after applying a merging
threshold of 20% of the particle radius, is shown in Fig. 10.

Pore Network Drying Algorithm

An existing isothermal pore network drying model,
which neglects viscosity, gravity, Kelvin and Knudsen
effects, is employed to simulate the drying with a 3D pore
network generated from image analysis of a real particle
packing, as described above. Film effects are not relevant
for the chosen cylindrical geometry of pores. The particle
aggregate is exposed to convective drying at the top surface;
initially, it is completely saturated with water. Mass transfer
occurs by vapor diffusion in the gas-filled region and by
capillary flow in the liquid-filled part of the pore space. A

detailed description of the drying algorithm used in this
simulation is given in Metzger et al.[6]

RESULTS AND DISCUSSIONS

Experimental Drying Results

The microstructure geometry of solid phase and the evol-
ution of liquid phase distributions during drying are shown
as reconstructed horizontal and vertical cross-sections in
Fig. 11. The major physical effect of capillary flow from
large pores into small pores can be seen by comparing
images horizontally (left to right): large pores dry out first,
while the small pores stay saturated with liquid. The gas
phase invades the depth of the aggregate, and fractal

FIG. 11. Evolution of liquid distribution during drying at saturation (a), (c)

S¼ 35% and (b), (d) S¼ 20% (dark gray: solid, light gray: water, black: air).

FIG. 8. Relative frequency of coordination number for networks: (a)

without elimination of short pores and (b) pore lengths shorter than

20% of particle radius are merged.

FIG. 9. Pore length distributions for networks: (a) without elimination

of short pores and (b) pore lengths shorter than threshold value of 20%

of particle radius are merged.

FIG. 10. A 3D irregular pore network generated by Voronoi tessellation,

cell elimination, and node-merging (cylindrical pores are presented by

lines).
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patterns of drying front presented with emerging liquid
clusters of various sizes are recognized in the vertical
cross-sections (Figs. 11c and 11d).

According to the slice images, total saturation is calcu-
lated by

SðtÞ ¼ V‘ðtÞ
Vc � Vs

ð4Þ

where Vc is the volume of the container, and V‘ and Vs

denote liquid and solid volumes, respectively. These are
calculated by voxel size times voxel number of each phase.
Within the limits of experimental set-up concerning con-
stant drying conditions and drying time determination, a
first drying period with a constant drying rate is observed
in Fig. 12.

Three-dimensional rendering images showing the
evolution of liquid distributions for overall saturations of
35%, 30%, and 20% are given in Fig. 13 (only the center
of the sample is depicted). On the one hand, it is noticed that
near the open side small liquid clusters are separated
from the main liquid cluster, which on the other hand is still
spanning the main region of the packing until the last
experimental recording (S¼ 20%). These phenomena are
typical for an invasion percolation process.

The pertinent question now is whether such behavior
found in the experiment can also be described by a pore
network approximation of pore space and the related dry-
ing algorithm. To address this, a pore network drying
simulation has been performed.

Simulation Results and Discussion

The simulation results obtained by the non-viscous dry-
ing algorithm are presented in Fig. 14. At the very begin-
ning of drying, the partially saturated pores are all

located at the aggregate surface and the main liquid cluster
is connected to the opening surface (Fig. 14a). Break-
through is happening when gas penetrates into the depth
of the network along the wall where pores have larger radii
(Fig. 14b). The main liquid cluster is still connected to the
network surface for a while, pumping the liquid to the sur-
face from inner pores by capillary flow, and the gas cluster
grows within the aggregate (Fig. 14c). In the progress of
drying, disconnected clusters form and only the liquid
clusters near the open side can evaporate and contribute
to the drying rate while the gas phase around the clusters
deep in the aggregate is saturated with vapor. Therefore,
all surface pores dry out due to the disconnection of liquid
and drying front recedes into the aggregates (Fig. 14d),
which is identified as the receding front period (RFP) by
Le Bray and Prat.[13]

A quantitative comparison between experimental and
simulation results made by evolution of the averaged
slice saturation profiles along the vertical direction is shown
in Fig. 15 for experimental data (a) and simulation results (b).

Experimental averaged saturation of horizontal planes
at time t with given vertical coordinate z is calculated by

Sðz; tÞ ¼ A‘ðz; tÞ
Ac � AsðzÞ

ð5Þ

where A‘ and As denote, respectively, the liquid and solid
phase area and are calculated from the size and number
of pixels associated to each phase. Ac is the cross-section
area of the cylindrical container.

Saturation profiles for the pore network simulation have
been obtained by discretizing the vertical direction of the

FIG. 12. Overall saturation as a function of time for the particle aggre-

gate shown in Fig. 10.

FIG. 13. Evolution of spatial liquid phase distributions during drying at

saturation S¼ 35% (a) with solid and liquid phase and (b) only liquid

phase; (c) S¼ 30% and (d) S¼ 20%.

FIG. 14. Theoretical evolution of liquid distribution in pore network

during drying. Top face is open to dry; only empty pores (white lines)

and partially saturated pores (black lines) are plotted.
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network and computing the average saturation for pores
associated to each such interval.

In both experiment and simulation, the averaged slice-
saturation profiles have been plotted at the same total satura-
tions. Relatively good agreement can be found in the first dry-
ing period. After the first drying period, the experimental
saturation profiles show a significant gradient (Fig. 15a),
whereas the simulated profiles may be considered as
gradient-free. In the experiment, the saturation near the sam-
ple surface (at position z=H¼ 0.2) stays almost constant while
themain packing is losing liquid in both experiment and simu-
lation; the sample surface remains partially wet down to an
overall saturation of around 0.2. This is because the drying
front is pinned in smaller pores for a significant period, while
the water is continually removed from the depth of the pack-
ing by capillary pumping to the surface, where it evaporates.

The discrepancy between experimental and simulation
results may have several reasons, which will have to be
investigated in more detailed future work:

1. The pore spaces, which are used to describe and compare
liquid saturations at a local and a global scale, are not

identical. The cylindrical pores in the simulation do, on
the one hand, not account for the wedge-shaped pore
fractions near the inter-particle contacts; on the other
hand, they do have some overlap at the nodal points of
the network. Therefore, the description of pore space is
approximate and the influence on saturation compu-
tation is not clear.

2. The approximate nature of the network model goes
further: annular liquid films around the particle-particle
contact points are not accounted for in the mass transfer
description. In reality, they can maintain long-distance
liquid connections between liquid pores that would
otherwise be separated; this has been nicely proven by
Scheel et al.[37] The effect of this neglected phenomenon
on the emptying sequence of pores is not evident.

3. Finally, the network model neglects gravity, which is
well known to have a stabilizing effect on the drying
front[5] and might (partly) explain the gradient in experi-
mental saturation profiles.

Despite the differences between experimental and simu-
lated drying behavior, the major characteristic is captured
by the network model, namely the capillary effect, which—
at the micro scale—leads to a one-by-one emptying of
pores with decreasing size and—at the macro scale—results
in liquid removal from the depth of the packing and a pro-
nounced first drying period.

CONCLUSIONS

In this work, X-ray microtomography and image analysis
have been utilized to extract the microstructure of a particle
packing for generating a 3D irregular pore network and to
investigate the evolution of liquid distribution during drying
at the pore scale. The reconstructed solid phase images were
segmented into individual particles and used to extract cen-
ter coordinates and radii of glass beads in a cylindrical pack-
ing. Based on this geometric data, a first irregular pore
network with interconnected cylindrical pores representing
the void space of the aggregate was constructed by Voronoi
tessellation. The pore lengths are the lengths of the Voronoi
edges and the pore radii have been computed from the dis-
tance between neighboring particles. Performing a cell elim-
ination and node-merging algorithm, the structural features
of the pore space in the real aggregate, such as spatial corre-
lations in the distribution of pore length and coordination
number of the network, are captured more accurately.

The pore network drying algorithm from literature has
been applied to the new irregular networks, and simulation
results have been shown as liquid phase distributions. The
evolution of liquid distribution profiles of experiment and
simulation provide an opportunity to investigate the
dynamic processes such as capillary phenomena, drying
front widening, and film effects in complex porous micro-
structures during drying. Major drying phenomena caused

FIG. 15. Evolution of liquid profiles in z direction (horizontally aver-

aged saturation) during drying: (a) experimental data, (b) pore network

simulation results. (H represents the overall height of the packing.)
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by capillary effects can already by captured by the basic
network model, but the assessment of the pore network
model is still at its beginning. In a next step, gravity will
be included to see whether the gradient in experimental
saturation profiles can be described.

A more advanced model extension should address the
film effects. In the bead packing, their description seems
to necessitate a different approach than used for the corner
films in etched micromodels.[8,9] In the particle packing,
films exist at particle contacts as annular objects, which
cannot be described as part of the (cylindrical) pores of
the network, but form independent entities. Besides their
ability to link separate liquid-pore clusters, they may also
exist as isolated binary liquid bridges. (For a nice illus-
tration, see the work of Scheel et al.[37])

In our approach, the particle packing is seen as a better
representative of real porous media than etched micro
models. Indeed, many real porous materials are built from
primary particles by processes such as gelation, sintering,
or agglomeration.

For better comparison between measured and simulated
drying behavior, the experimental set-up shall also be
improved: the micro tomographic device will host a supply
line for preheated dry air and a sensor for recording tem-
perature to have controlled drying conditions. Further-
more, data processing will be enhanced: the cylindrical
pores of the network model will be identified as sets of
experimental voxels. Then, the filling state of these
theoretical pores can be evaluated from the experiment
and directly compared to the pore network simulation.

Improved experiments and data processing are expected
to contribute significantly to the improvement of the exist-
ing pore network drying models through incorporating
pore-level effects such as film flows.

NOMENCLATURE

A area m2

E beam energy eV
H height of packing m
I intensity W �m�2

L edge length m
P projection -
S saturation -
V volume m3

Z atomic number -
d thickness m
t time s
v vertex coordinates -
z distance to network surface m

Greek letters

l linear attenuation coefficient -
q density kgm�3

Subscripts and superscripts

g gas
c container
i, ij indices of node, pore
l liquid (water)
s solid
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théorie des forms quadratiques. J. Reine. Angew. Math. 1908, 133,

97–198.

35. Kharaghani, A.; Metzger, T.; Tsotsas, E. An irregular pore network

model for convective drying and resulting damage of particle aggre-

gates. Chemical Engineering Science 2012, 75, 267–278.

36. Jerauld, G.R.; Salter, S.J. The effect of pore-structure on hysteresis in

relative permeability and capillary pressure: Pore level modeling.

Transport in Porous Media 1990, 5, 103–151.

37. Scheel, M.; Seemann, R.; Brinkmann, M.; Michiel, M. Di.; Sheppard,

A.; Herminghaus, S. Liquid distribution and cohesion in wet granular

assemblies beyond the capillary bridge regime. Journal of Physics:

Condensed Matter 2008, 20, 494236–7.

PORE NETWORK DRYING MODEL FOR PARTICLE AGGREGATES 1809

D
ow

nl
oa

de
d 

by
 [

O
tto

-V
on

-G
ue

ri
ck

e-
U

ni
ve

rs
ita

et
 M

ag
de

bu
rg

] 
at

 0
1:

11
 0

4 
D

ec
em

be
r 

20
12

 


