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Preface

In the framework of Research Training Group GRK 2462 “Processes in Natural and Techni-
cal Particle-Fluid-Systems” (PintPFS), funded by the German Research Foundation (DFG),
researchers from the fields of civil engineering, mechanical engineering, process engineering,
and materials sciences investigate natural and technical Particle-Fluid-Systems (PFS) in an
interdisciplinary approach.

As PFES are ubiquitous in everyday life and relevant for many processes in industry, pharmacy,
and food production, they represent a highly interesting field of research with potential for
promising and useful discoveries in many aspects.

GRK 2462 is formed by eight professors from Hamburg University of Technology leading the
PhD research projects of eight junior scientists. In this international conference, the Research
Training Group brings together all associated scientists and external guest scientists to present
and discuss research results of the first 3 year period. While the junior scientists give insights into
their research work at TUHH, the international guest scientists will present on the corresponding
state of the art in their related fields of research.

These proceedings have been compiled based on different topics presented in the framework of
the conference. They are supposed to preserve the findings for their future scientific and practical
use and to share them with the research community.

We are looking forward to the numerous precious contributions, presentations and constructive
discussions.

Sincerely yours,

Jirgen Grabe and Marius Milatz

Hamburg, 26'" of August 2022






Investigation of unsaturated granular soil behaviour by means of
in situ CT experiments

Marius Milatz

Abstract: In this contribution, the non-destructive imaging technique of computed tomog-
raphy (CT) is applied in geomechanics research on unsaturated granular soils, such as
sands, to study the soil behaviour by means of so-called in situ CT experiments, i. e., ex-
periments run inside a CT scanning environment. With the help of dedicated miniaturised
experimental set-ups applied in CT scanning systems, spatial and temporal data during ge-
omechanical experiments can be acquired and analysed to obtain qualitative and quantita-
tive insights on the grain or pore scale. In this contribution, different experimental set-ups,
their application, and selected results of the current research are presented and discussed.

1 Introduction

In unsaturated granular soils under natural conditions, generally three phases are present: the
solid or grain phase (soil), the liquid phase (water), and the gas phase (air). Due to the physical
phenomenon of capillarity, driven by interfacial tension, the liquid phase tends to minimise its
surface when in contact with the solid and gas phase. This leads to the presence of water clusters
and liquid bridges inside the pore space of granular soils in the unsaturated state, i. €., when the
pore space is partially filled with water as the wetting fluid and air as the non-wetting fluid. In
the unsaturated state, capillary pressure builds up inside the pore water and affects the effective
stress state of the soil skeleton leading to an increase in shear strength and soil stiffness. Fur-
thermore, the coexistence of air and water in the pore space influences the hydraulic permea-
bility of unsaturated soil with regard to water and air flow. The build-up of capillary pressure
pe, also known as matric suction s, can be related to degree of saturation Sy, defined as the ratio
of water volume per pore volume, yielding a so-called water retention curve (WRC) which is
typically measured experimentally. The WRC is an important macroscopic relationship as it
can be applied to model shear strength and hydraulic conductivity in the unsaturated state (Fred-
lund & Rahardjo, 1993). The WRC is typically a hysteretic relationship, yielding different suc-
tion responses for drainage and imbibition of a soil. This behaviour is believed to originate from
several phenomena occurring on the pore scale of a soil.

With the development of imaging techniques in the last decades in the field of materials science,
their application in engineering research is also an emerging field. Imaging methods, such as
X-ray CT, generally represent non-destructive techniques to obtain 3D information of speci-



mens that are scanned by means of X-ray radiation. According to the principle of CT, 2D radi-
ographies are acquired from different angles from which 2D specimen cross sections and finally
the whole specimen can be reconstructed in 3D, based on mathematical reconstruction algo-
rithms. Image contrast is achieved because X-ray photons are attenuated when passing through
matter. As the magnitude of X-ray attenuation depends on the density of the scanned materials,
a density contrast is achieved in X-ray tomographies, allowing to segment, i. e., differentiate
between different material phases present in the scanned specimen.

Besides laboratory X-ray sources, where typically X-ray tubes create polychromatic X-ray
beams, also synchrotron radiation, consisting of X-ray photons with a very high brilliance or
flux, can be applied for imaging (Wildenschild and Sheppard, 2013). Furthermore, neutrons
can be used for CT imaging, yielding a complementary contrast when interacting with matter
as compared to X-rays. Due to the high attenuation of neutrons when passing through water,
their application in imaging of geomaterials is very useful (Tengattini et al., 2021).

In this constribution, we focus on the application of X-ray CT imaging to study processes with
relevance to geomechanics research in unsaturated granular soils. For this purpose, so-called in
situ CT imaging experiments are applied which generally include the repeated temporal scan-
ning of soil specimens submitted to a physical process to be studied, e. g., mechanical loading
or fluid flow. This allows to capture and analyse temporal processes in three dimensions which
is known as “4D imaging” (with the time being the 4" dimension). Different custom-built ex-
perimental set-ups have been designed and applied in CT imaging experiments with a geome-
chanics background. The obtained multiphase data are analysed to obtain insights into the phys-
ical behaviour of unsaturated granular soils from a pore scale perspective. An overview of se-
lected developed experiments and analysis techniques as well as of experimental findings on
the pore scale will be given.

In the presented experiments, two model soils, Hamburg Sand and glass beads (Milatz et al.,
2021) are studied. While Hamburg Sand represents a medium coarse to coarse grained model
sand used in the soil mechanics lab at TUHH, the polydisperse mixture of soda-lime glass beads
mimics the grain size distribution of Hamburg Sand, representing a model soil with nearly per-
fectly rounded spherical grains.

2 Insitu CT experiments

In this section, different customised and miniaturised experimental set-ups for in situ CT ex-
periments on unsaturated granular soils are presented along with information about the selected
hardware and functionality of each individual set-up.

2.1 Uniaxial compression testing

In order to study the shear behaviour of unsaturated granular materials with parallel CT imag-
ing, the miniaturised uniaxial compression apparatus presented in Milatz (2019) has been ap-
plied at Laboratoire 3SR at Univ. Grenoble Alpes. With the help of the X-ray tomograph de-
scribed in Viggiani et al. (2015), a sequence of CT images was taken during sequential uniaxial
compression steps on cylindrical Hamburg Sand and glass bead specimens.



The miniaturised uniaxial compression device consists of a stepper motor to drive down a load-
ing plate vertically and compress a granular specimen placed on a bottom plate as shown in
Figure 1. The compressive force for shearing the specimen is measured by a miniature load cell
underneath the bottom loading plate. The hardware is driven by a Raspberry Pi single-board
computer and described in detail in Milatz (2019) and Milatz et al. (2021).

Stepper motor Stepper motor driver Analog-to-digital converter

Loading plate
Sand specimen
Acrylic cell

Miniature load cell

Base pedestal

Load cell measuring Raspberry Pi single-board computer
amplifier

Figure 1: Miniaturised uniaxial compression set-up, named the “UNSAT-Pi”, consisting of a
stepper motor for displacement controlled loading, a loadcell in the base pedestal and a Rasp-
berry Pi single-board computer for experimental control and data acquisition from Milatz
et al. (2021).

In an experimental campaign reported in detail in Milatz et al. (2021), 3D images have been
acquired in between different displacement controlled uniaxial compression steps on unsatu-
rated Hamburg Sand and glass bead specimens under variation of their fixed initial degree of
saturation Sro. The resulting CT data at a voxel size of 11 um have been segmented, i. e., sepa-
rated into the three present phases, solid, water, and air. Afterwards, further image analysis
steps have been applied, e. g., to study the evolution of water clusters or interfacial areas during
shearing with focus on the evolution of such “capillary state variables” characterising the ca-
pillary action inside the soil.

2.2 Water retention experiments

A miniaturised flow cell set-up to investigate the transient water retention behaviour of granular
soils by means of in situ CT imaging on the pore scale has been designed and applied in different
imaging environments. The set-up, named the “UNSAT-Pi 2”, basically consists of a syringe
pump and a set of pressure sensors as well as a Raspberry Pi single-board computer to control
the pump and to log pore water pressure data in a connected flow cell. Unlike conventional
experiments, the WRC of the granular material inside the flow cell is measured based on a
prescribed temporal change of degree of saturation at a constant flow rate of pore water. The
resulting response of matric suction is measured by means of a sensor system taking readings
of negative water pressure inside the specimen. The whole set-up is small enough to operate on
the rotation stage of a CT scanning system.



Besides a water retention experiment run at Laboratoire 3SR in Grenoble, using the local labor-
atory X-ray CT system, on which we focus in this contribution, different experiments have been
run at the Institut Laue-Langevin (ILL) in Grenoble using combined X-ray and neutron tomog-
raphy (Milatz et al., 2019) and at the German Synchrotron Radiation Facility (Deutsches El-
ektronen-Synchrotron, DESY) in Hamburg, where synchrotron-based X-ray CT with propaga-
tion-based phase contrast was applied to study cyclic drainage and imbibition on the pore scale
of different granular materials.

The flow cell apparatus with its technical components applied at Laboratoire 3SR is shown in
Figure 2. The single-board computer was placed on the floor of the leaden scanning chamber
and was connected to the hardware on the rotation stage by means of a flexible cable which
could coil during the motion of the rotation stage. The hardware and software layouts are de-
scribed in further detail in Milatz (2020) and Milatz et al. (2022).

B nside Cylindri- e

"
X-ray source | Sand specimen

Syringe pump ‘

with 1 ml-sy-

ringe
N

Figure 2: Miniaturised flow cell apparatus “UNSAT-Pi 2” for the automated measurement of
transient water retention curves of granular media, consisting of the flow cell, a syringe pump,
driven by a stepper motor as well as a set of pore water pressure sensors for suction measure-
ment. The actuator of the syringe pump is driven by a Raspberry Pi single-board computer
which also logs the response of matric suction upon changing degree of saturation.

In the transient in situ water retention experiments with CT imaging, the macroscopic WRC is
tracked over time, while 3D tomography data at a voxel size of 10 um are acquired at different
degrees of saturation. During CT imaging, the applied outflow or inflow of pore water is halted
while suction is continuously logged. This combined measurement and imaging procedure al-
lows to study the phase distribution as well as the evolution of capillary state variables, such as
fluid clusters, interfacial areas, contact angles, and radii of curvature, on different hydraulic
paths in an effort to better understand the hysteresis phenomenon of the macroscopic water
retention curve and its relationship to pore scale processes (Milatz et al., 2022).

The contact angles 0 and radii of curvature R have been measured manually based on different
2D slices captured after all hydraulic steps. Where possible, the measurements have been taken
for the same menisci at the same pore throats and are sorted by drainage and imbibition events.
While contact angles represent the wettability of solids, the radii of curvature are related to
capillary pressure or suction inside the soil.



The amount of measured local contact angles allows to statistically evaluate the wetting prop-
erties of the tested sand. Furthermore, the measured radii of curvature can be applied to compute
a theoretical capillary pressure or matric suction s based on the Young-Laplace equation

1 1

s = y(R—1+R—2). (1)

For the calculation of s, the interfacial tension of water y = 0.07275 N/m at 20 °C has been
assumed. Furthermore, the calculation assumes 2D conditions with s depending only on the
first principal radius of curvature Ry measured in 2D. The second principal radius of curvature
has been assumed to be Rz = oo.

3 Selected results

The analysis of multiphase CT data acquired in in situ CT experiments allows to investigate the
influence of capillarity on the hydro-mechanical behaviour of granular materials. In the follow-
ing, selected results from miniaturised uniaxial compression tests and water retention tests are
presented and discussed.

3.1 Uniaxial compression of unsaturated granular soils

The phase-segmented CT data acquired during uniaxial compression of unsaturated Hamburg
Sand and glass bead specimens at given initial degrees of saturation Sy and initial void ratios
eo is analysed to obtain pore or grain scale insights into the capillary (inter)action during uni-
axial compression and shearing. The reconstructed and segmented CT volumes of a Hamburg
Sand and glass bead specimen at different axial strains during uniaxial compression are shown
in Figure 3.

Figure 4 shows the macroscopic results of axial stress o1 and volumetric strain ey vs. axial strain
€1 for a series of uniaxial compression tests on Hamburg Sand and glass bead specimens at
different initial degrees of saturation. During CT imaging, the loading was halted, leading to a
relaxation of stress in some cases. Although the effect of initial degrees of saturation on the
measured axial stress of the tested specimens is not clear, it is visible that a higher uniaxial
compressive strength is measured for the Hamburg Sand as compared to the glass beads. An
interesting finding is the trend of increasing dilatancy (negative &y) with decreasing degree of
saturation, measured for both materials. Normally, the volumetric strain is not measured in a
uniaxial compression test. Here, the volumetric strain is derived from the evolution of the
voxelised specimen volume in the CT data sets. The increasing tendency to dilatancy with de-
creasing degree of saturation evidences the bonding effect of water clusters and liquid bridges
and the corresponding increased transfer of capillary forces at elevated degrees of saturation
holding the grain skeleton together.



£=0.025 £=10.051 £=0.076 £=0.101 £=0.126 £=0.152

£=10.000 £=0.026 £=0.051 £=0.077 £=0.103 £=0.129 £=0.154

Figure 3: Phase-segmented 3D image sequences of Hamburg Sand (Sro = 0.212, eo = 0.631)
and glass beads (Sro = 0.325, eo = 0.567) at different axial strain levels & during uniaxial com-
pression (yellow: solid phase, blue: water, air not shown) from Milatz et al. (2021).

2 T T T T -0.15
5‘_; ? -0.1
3 E
g -5 005
= g
= o
< S 0

. . . 0.05 . . . .
004 006 008 01 012 0.14 0.16 0 002 004 006 008 01 012 0.4 016
Axial strain & |- Axial strain |-

—e— Sand. test 1, €= 0.631, Sr0 =0.212 —e— Glass beads, test I, €= 0.567, Sro =0.325
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Figure 4: Macroscopic results of uniaxial compression tests with parallel CT imaging on
Hamburg Sand and glass beads at different initial degrees of saturation Sro: Axial stress o1
(left) and volumetric strain ey (right) vs. axial strain €.

The analysis of segmented CT data opens the door to study changes of microscopic capillary
structures causing capillary cohesion, such as water clusters and capillary bridges, in order to
assess the impact of shearing. Based on the evolution of labelled water clusters in different
volume size domains, it can be shown that the shearing leads to a degradation of larger into
smaller water clusters. Figure 5 shows a visualisation of water clusters in the different domains
(a) to (f) at different strain increments in a Hamburg Sand specimen, illustrating the fracturing
of initially large water clusters into smaller ones during shearing. This behaviour is also ob-
served for the glass beads. While volume size domain (a) contains all clusters, groups (b) to (f)



include clusters of reducing volume sizes. They contain the largest clusters in group (b), assem-
blies of liquid bridges of different complexity in groups (c) and (d), rather single capillary
bridges in group (e) and the smallest detected water clusters in group (f) which represent frag-
ments of capillary bridges, but which might also be influenced by image noise. The results show
that the capillary action, leading to increased shear strength of a soil in its unsaturated state due
to a contribution of capillary pressure to effective stress, might be changed as the shearing leads
to a change in capillary structures which bond individual soil grains together.

(@)

(©)

(e)

®
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Figure 5: Evolution of individual water clusters in different water volume size domains (Vw)
during uniaxial compression of an unsaturated Hamburg Sand specimen (Syo = 0.212, g0 =
0.631) at different axial strains £ from Milatz et al. (2021). Individual water clusters are la-
belled with a distinct colour. (a) All clusters, (b) Vw> 1.0664 mm?, (c) 0.026185 mm? < Vy, <
1.0664 mm3, (d) 0.023567 mm3 < Vy, <0.026185 mm?, (¢) 0.0026185 mm?* <V <
0.005237 mm3, (f) Vw < 0.0026185 mm3.

3.2 Water retention behaviour of unsaturated granular soils

The macroscopic water retention curve, measured in an in situ CT experiment with 19 hydraulic
steps and 20 CT scans on a Hamburg Sand specimen (eo = 0.65), is illustrated in Figure 6.
Breaks for CT imaging, in which matric suction was logged with flow halted, are plotted in
black. Focussing on the hysteresis of the WRC, different hydraulic paths are followed: After
primary drainage, the pore water is re-imbibed into the specimen causing a main imbibition
path. After main imbibition, further cyclic drainage and imbibition scanning paths with a de-
creasing range of degree of saturation are applied. The measured WRC shows the typical hys-
teretic behaviour with different elliptical drainage and imbibition scanning paths in between the
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bounding primary drainage and main imbibition paths. Unlike imbibition paths, during drain-
age, the measured matric suction shows oscillations, especially upon air entry on the primary
drainage path. By looking at the multiphase CT data in Figure 7, it is revealed that an air finger
is breaking into the pore space upon primary drainage, leading to temporal reduction of matric
suction. The reason for other oscillations of matric suction on primary drainage paths is proba-
bly related to the phenomenon of the so-called “Haines Jumps” (Haines, 1930), caused by sud-
den air entry events in larger pores upon their drainage.

1.0

Initial logging step
Hydraulic step 1
Hydraulic step 2
Hydraulic step 3
Hydraulic step 4
Hydraulic step 5
Hydraulic step 6
Hydraulic step 7
Hydraulic step 8
Hydraulic step 9
Hydraulic step 10
Hydraulic step 11
Hydraulic step 12
Hydraulic step 13
Hydraulic step 14
—— Hydraulic step 15
—— Hydraulic step 16
0.2 —— Hydraulic step 17
—— Hydraulic step 18
—— Hydraulic step 19
—— Final logging step
—— CT scan

0.8

0.6

0.4

Degree of saturation Sy [-]

0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Matric suction s [kPa]

Figure 6: Measured macroscopic WRC for a specimen of Hamburg Sand with different drain-
age and imbibition paths and stops for CT imaging from Milatz et al. (2022). CT imaging
steps are plotted in black colour. Hydraulic history is highlighted by a varying line colour

from cold (blue) to warm (red).

Step 0, Sr =1.00 Step 1, Sr =0.86 Step 2, Sr =0.76 Step 3, Sr =0.58 Step 4, Sr =0.39 Step 5, 5, =0.30

Figure 7: Reconstructed and phase-segmented 3D image sequence of the air phase in a sub-
volume of (800x800x1145 px) in the initial state and after five hydraulic steps on the primary
drainage path from a transient water retention experiment on Hamburg Sand with CT imaging

from Milatz et al. (2022).
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Besides an analysis of the water and air clusters reported in Milatz et al. (2022), a closer look
at the evolution of capillary state variables, such as the specific, i. e., volume-based, interfacial
areas between the non-wetting gas phase and wetting liquid phase (spec. air-water interfacial
area) a™ and between the solid phase and wetting liquid phase (spec. solid-water interfacial
area) a*" is of high interest, as those quantities might be used for the modelling of effective
stress in unsaturated granular soils. Based on the large amount of data at different hydraulic
steps, the interfacial areas can be extracted as described in Milatz et al. (2022) and plotted vs.
degree of saturation and macroscopic matric suction as shown in Figure 8 for all applied hy-
draulic steps based on the corresponding CT data sets.
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Figure 8: Specific air-water interfacial area a™ (top row) and specific solid-water interfacial

area a® (bottom row) plotted vs. subvolume-averaged degree of saturation (left) and macro-

scopic matric suction measured before and after a CT scan (right) from a transient water re-
tention experiment on Hamburg Sand with CT imaging from Milatz et al. (2022).

Interestingly, characteristic relationships for the specific interfacial areas plotted vs. degree of
saturation and matric suction, similar to the WRC, are obtained. The interfacial areas are meas-
ured in a centred cubic subvolume with an edge length of 800 px (8 mm). The interfacial areas
show pronounced hysteresis when plotted vs. matric suction and follow clear trends: While the
solid-water interfacial area follows a monotonic curve logically starting at a® = 0 for Sy = 0 and
a value which should theoretically correspond to the specific solid surface area of the granular
material for Sy = 1, the air-water interfacial area a™ follows a non-linear trend, apparently with
a peak for some intermediate degree of saturation close to Sy~ 0.4.

Figure 9 shows the results of contact angle and radii of curvature measurements based on 182
measurements on drainage paths and 141 measurements on imbibition paths.
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Figure 9: Left: Histogram of measured contact angles 6. Right: Capillary pressure pc from
macroscopic suction measurements before and after a CT scan (dashed lines) vs. calculated
capillary pressure based on measured 2D radii of curvature (lone markers and their mean,
plotted as black line) for all hydraulic steps during a transient water retention experiment on
Hamburg Sand with CT imaging from Milatz et al. (2022).

Despite a certain spread of data in Figure 9, the measured contact angles show evidence for
contact angle hysteresis with the mean drainage contact angle Omeand = 46.478° being lower
than the mean imbibition contact angle Omean,i = 50.307°. Contact angle hysteresis is one reason
for the occurrence of hysteresis in the WRC of soils.

Based on the measured radii of curvature and Equation 1, the theoretical calculated mean ca-
pillary pressure is close to the capillary pressure measured by a pressure transducer on the mac-
roscopic level. This highlights, that macroscopic capillary pressure or matric suction is highly
linked to the evolution of capillary menisci and their average curvature inside the soil.

4 Summary and outlook

In this contribution, the potential of in situ CT imaging experiments for the investigation of
capillary effects on the grain or pore scale has been highlighted. The two presented examples
of a miniaturised uniaxial compression apparatus and a miniaturised flow cell show that micro-
scopic processes during mechanical loading or fluid flow in unsaturated granular soils can be
effectively studied by means of CT imaging and quantitative image analysis. Although custom-
ised mini set-ups need to be designed, tested and thoroughly adapted to CT imaging environ-
ments, their application yields many benefits as compared to conventional testing methods be-
cause volumetric insights into the phase distribution, including information on homogeneity of
soil properties as well as boundary effects, can be obtained.

The analysis of capillary state variables based on CT data, such as fluid clusters, interfacial
areas, contact angles and radii of curvature, allows to better understand the macroscopic shear
behaviour and water retention behaviour. Based on the presented results, a degradation of water
clusters during uniaxial compression as well as evidence for the strengthening of the grain skel-
eton due to capillary cohesion was discovered. Furthermore, different pore scale insights into
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microscopic capillary and flow processes, leading to the macroscopic hysteretic water retention
curve, could be obtained.

In the future, further in situ CT imaging experiments with soil mechanical background are de-
sirable to study different loading scenarios, e. g., direct shearing, or physical phenomena, such
as flow-rate dependent effects in the WRC. In order to achieve a better temporal and spatial
imaging resolution, better CT scanners or different imaging techniques, such as synchrotron-
based CT imaging could be applied. Further experimental findings related to the research pre-
sented in this contribution will be published in Milatz (2022).
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Complex multiscale solid-fluid interactions in drying porous
media

Nima Shokri and Salome M.S. Shokri-Kuehni

Abstract: Drying of porous materials is relevant to many industrial and environmental
applications ranging from the production of solid particulates, porous building materials,
and pharmaceutical products to a wide range of engineering and hydrological processes
including drying of paints, wastewater treatment, salt crystallization, soil water evapora-
tion, land-atmosphere interactions, and soil salinization (Scherer 1990; Chauvet et el.
2009; Shokri et el. 2012; Lehmann 2019; Qazi et el. 2019; Hassani et al. 2020; Hassani et
al. 2021). Many of the scientific and technical challenges related to accurate characteriza-
tion of these processes under different boundary conditions hinge on understanding and
controlling processes that involve complex solid-fluid interactions in porous media. This
work discusses transport mechanisms influencing drying of porous materials and places a
particular emphasize on how pore-scale physics and processes control the responses ob-
served at the macro-scale.

The fundamental principles of drying of porous media filled with pure liquid are relatively well-
understood. It includes a constant drying rate period supported by capillary-induced liquid flow
from wet zones towards the vaporization plane supplying the evaporative demand. When the
upward capillary forces are balanced by the downward viscosity and gravity forces, the constant
rate period ends which is followed by a falling rate period limited by the diffusive transport
inside porous media. However, when the evaporating liquid contains some mobile elements in
the suspension (e.g. ions, polymers, colloidal particles, etc.), which is the case in many indus-
trial and environmental applications such as wastewater treatment, production of pharmaceuti-
cal products, cements or drying of paints and soil containing soluble salts, the description of the
drying process will be more challenging. This is due to the transport and deposition of the mo-
bile elements along the solid surface as a result of advective liquid transport and preferential
evaporation at the contact line between the liquid, air and solid interface (see Shokri-Kuehni et
al. 2020 for more details). In such cases, advection tends to transport the ions or colloidal par-
ticles toward the vaporization plane via capillary induced liquid flow. This results in increasing
concentration close to the vaporization plane. At the same time, diffusion tends to spread the
ions or colloidal particles homogenously throughout the space (Figure 1a).
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Figure 1. (a) Competition between advective and diffusive transport during evaporation from
porous media. (b) Distribution of solute concentration close to the surface of coarse- and fine-
textured sands (left and right, respectively) 6 hours after the onset of the evaporation experi-
ments. The sand packs were initially saturated by salt solution containing 5% calcium iodide
(by weight). The color map represents the solute concentration percentage, such that the
closer to red, the higher the concentration. The images were recorded using synchrotron X-
ray microtomography (adapted from Shokri-Kuehni et al. 2018). (c) NaCl precipitation pat-
terns (white color) at the surface of sand during evaporation together with the corresponding
temperature distribution at the surface recorded by a thermal camera (FLIR T650sc, FLIR
Systems, Inc.). The color map indicates temperature in degrees centigrade. The closer to yel-
low (brighter color), the higher the temperature (adapted from Shokri-Kuehni et al. 2020).

The resulting competition between advection and diffusion, quantified by the dimensionless
Peclet number, determines the dynamics and distribution of the ions or colloidal particles in
porous media which is significantly influenced by the solid-fluid interaction (Huinink et al.
2002; Guglielmini et al. 2008). We used state-of-the-art experimental and theoretical tools in-
cluding synchrotron X-ray microtomography (Figure 1b), thermal imaging (Figure 1c), neutron
radiography, pore- and continuum-scale modelling (Jambhekar et al. 2016; Dashtian et al. 2018)
to extend the physical understanding required to characterize solid-fluid interactions in drying
porous media under different boundary conditions. Our results illustrate the importance of pore-
scale processes influenced by the characteristics of particles and evaporating fluids on the mac-
roscopic responses observed during evaporation from porous media. Moreover, we show that
preferential nature of the evaporation process results in preferential ion transport and deposition
in drying porous media saturated with saline solution (Veran-Zissoires et al 2012). This leads
to preferential salt crystallization when the ion concentration exceeds the solubility limit (De-
sarnaud et al. 2015). How exactly the structure and morphology of the crystalized element in-
fluences the subsequent water evaporation dynamics and the effective properties of porous me-
dia (e.g. porosity and permeability) is not fully understood (Shokri-Kuehni et al 2022). Our
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results highlight the need for additional research to delineate such effects. Without such
knowledge, description of the drying process from porous media containing mobile elements
would rely on some adjusting parameters which could potentially mask the true physics con-
trolling the process.
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Investigations for the development of a new test method to
prevent the alkali-silica reaction

Gyde Hartmut, Frank Schmidt-Dohl

Abstract: A damaging alkali-silica reaction (ASR) takes place within concrete and results
in the formation of alkali-silicate gel, which may damage the concrete structure by
expansion. The most beneficial approach to avoid an ASR are preventive measures. Besides
changing the components of the concrete mixture in quantity and characteristics, a further
preventive measure is the use of non-reactive or weakly reactive aggregates. In the Institute
of Materials, Physics and Chemistry of Buildings at Hamburg University of Technology
(TUHH), a new test method to identify alkali-reactive aggregates is being worked on: an
accelerated dissolution experiment that mimics the alkaline character of the concrete pore
solution. In this paper we present analytical results and show possibilities to use this new
method as an indicator for the reactivity of an aggregate.

1 Introduction

1.1 Mechanism and conditions of the ASR

The alkali-silica reaction (ASR) is a significant damage that occurs in concrete structures. The
symptoms of the ASR are surface pop-outs, appearance of reaction-induced gel on the concrete
structure, and cracking that can lead to compromised stability of the structure. [1, 2]. ASR takes
place in the pore solution of concrete, which is a composite, made of cement, aggregates, water
and potential admixtures. These main constituents of the concrete itself are usually the source
of the precondition for a damaging ASR: the presence of water, a sufficient concentration of
alkaline reagents and reactive aggregates [1, 3].

While an ASR, reactive SiO> from the aggregate is dissolved by a nucleophilic attack of
hydroxide ions. It reacts with alkali ions to an alkali-silicate gel [4]. This gel expands due to
water and calcium absorption into the pore space of the concrete. The continuous swelling
pressure of the gel increases until the tensile strength of the concrete is exceeded and the
concrete cracks [5].

The water is contained in the concrete as a pore fluid within the pore space. The hydroxide and
alkali ions enter the pore space as the hydration of the clinker progresses, during the reaction
of cement with water. The alkalis successively go into solution and react with portlandite to
form easily soluble alkali hydroxides (NaOH and KOH) [5]. In addition, further sources of
alkalis can be the aggregates, chemical admixtures, supplementary cementing materials, like
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fly ash, silica fume or natural pozzolans as well as external sources [1, 6]. The reactivity of the
aggregate depends on its crystal structure. A reactive aggregate in regard to an ASR holds
amorph, disordered or poorly crystallized silica with large surface for reaction [1]. There are
fast-reacting aggregates, like opal and chalcedony. They may cause damage in just a few month
or years, even when they only occur in amounts less than 1 M.% of the aggregate [2].
Aggregates, like strained quartz, lead to a slow/late ASR. In this case it takes several years for
a visible damage to occur and a higher quantity of the reactive material is required [1, 6].

The exclusion of aggregates containing reactive minerals for concrete production has been
shown to be the most efficient way to avoid ASR [6].There are several similar national testing
methods to identify reactive aggregates. The basic test methods are petrographic investigation,
methods based on reaction-dependent expansion of a standardized sample made of concrete or
mortar, different chemical methods and long-time testing [7-9].

In petrographic studies, the larger parts of the aggregate known to be alkali-reactive are sorted
out by hand [9-11]. This investigation is essential but requires individual testing and much
experience. Furthermore, it is not able to give a quantitative rating about the alkali-reactivity.

The most common test procedure - the concrete prism test and the mortar bar test - are based
on expansion of the specimen. There are different versions of these test procedures worldwide.
What they have in common is the examination of standardized prisms made of concrete or
mortar according to a locally given recipe. The specimens are stored under defined conditions,
and after a standardized period, the expansion of the prisms is measured. It serves as a
classification for the reactivity of the aggregate used. The storage conditions influence the
storage time, which ranges between two weeks [12] and 12 months [13, 14]. The specimens are
stored in 100% relative humidity (rH) [15] or in 1 M alkaline solution (NaOH or KOH) [16],
and the storage temperature differs from 38°C [12] to 80°C [14], which was even withdrawn
2018. The drawbacks of these test methods are a long implementation time, and the requirement
of specifically prepared test specimens. Manual preparation of the test specimen can introduce
potential systematic errors in the test procedure. Furthermore, the mortar bar test shows some
differences to the results of other established test methods.

Chemical methods are used to examine fractured, supposedly fast-reacting aggregates regarding
their alkali reactivity. To evaluate, the aggregate is first stored in hot alkaline solution (NaOH)
for a specified duration. Concentration and temperature of the alkaline solution and the duration
of storage vary according to the test procedure. Reactivity is determined by the loss of mass of
the material [9] or by the concentration of dissolved SiO» determined from the filtrate of the
solution and sodium oxide remaining in the solution [17]. These chemical test methods are just
applicable for some aggregates; the material must first be examined petrographically. The
preparation of the material and further post-treatment of the aggregate, such as elemental
analyses, increase the cost and effort of these tests.

For the classification of an aggregate, using just a single test method is rarely sufficient. An
aggregate that has been assessed as reactive is usually tested an additional time using another
test procedure before it is finally deemed to be alkali reactive. The national adaptations and
sequence of the test procedures are specified in the respective standards. The time required to
finally assess the material in terms of reactivity, the need for several test procedures,
standardized specimens and petrographic examinations of the material show that there remains
a demand for optimization with regard to the identification of alkali-reactive aggregates.
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Furthermore, there is a lack of test procedures with which the alkali reactivity of the material
can be determined in the short term, as in the case of an incoming goods inspection, and with
which the degree of reactivity can be estimated.

The variety of test methods, the complexity of the standardized test procedure, and the lack of
an international, consistent testing method are a sign of the need for an optimized testing
method. The limits of the present test methods are the long wait for reliable results, the
reliability of some results, the non-applicability to unknown or slow/late aggregates, the need
for manual produced test specimen, and the missing possibility for precisely measuring the
susceptibility of the aggregate to ASR.

1.2 ldea and aims of this study

The objective of this research at Hamburg University of Technology (TUHH) is to develop a
fast and reliable test method for categorizing aggregates with respect to their alkali reactivity.
This test method is based on dissolution experiments, like in ASTM C289-07 [17] but using a
new approach. This approach involves the storage of ground aggregate in hot alkaline solution.
During storage, chemical and physical parameters are measured continuously, and changes of
these parameters are intended to provide information about the alkali reactivity of the material.
By using 1 M potassium hydroxide (KOH) as a solution, the aggregate is also exposed to an
alkaline environment comparable to the pore solution and an oversupply of alkali hydroxides.
Grinding the aggregate for maximum surface area and the constant experimental temperature
of 60°C accelerate the dissolution process of the material. The parameters recorded are pH-
value, redox potential, and electrical conductivity.

Initial tests have already been carried out with aggregates of known alkali reactivity. The
reactivity of the aggregates was determined by round robin test bases on [9]. It was found that
the changes in time of the chemical and physical parameters are reliable and show characteristic
points, such as extreme values. These characteristic points further reflect an influence of the
type and quantity of the tested material. The aim of these investigations is to identify and isolate
the influence of the alkali reactivity of the material in the temporal development of the
parameters and thus to derive limit values for the assessment of further aggregates.

The recorded parameters are intended to visualize various processes of aggregate dissolution.
The measurement of electrical conductivity provides information about the variation of
mobility and distribution of charged particles and the resistivity of the solution. The pH
represents the activity of hydroxide and hydroxonium ions in the solution and was therefore
selected as a parameter. The redox potential was chosen because it detects changes in species
that do not affect the pH-value or electrical conductivity.

This contribution presents investigations of the pH-minimum of two opaline sandstones with
different but known alkali reactivity. Investigations of the effect on electrical conductivity and
redox potential and further aggregates will be reported in future paper.

In this contribution, we will concentrate on first general results, the analysis of the percentage change
of the electrical conductivity, and the reduction of the redox potential after addition of the sample.
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1.3 Aggregate dissolution at high ph

The pH reflects the activity of hydroxide and hydroxonoium ions in the solution, which in turn
is considerably involved in the dissolution process of the aggregate. A damaging ASR first
requires the formation of alkali-silicate gel within the aggregates. This gel expands due to
absorption of water and is leading to damage after exceeding the maximum tensile stress of the
concrete [5]. For the formation of the gel, reactive SiO> from the aggregate, which is dissolved
by an attack of hydroxide ions from the pore solution reacts with the alkalis pre the pore solution

[4].

Generally, in alkaline solutions, such as the pore fluid, hydroxide ions first deprotonate the
silanol groups (Si-OH) on the surface of the solid. This process decreases the concentration of
hydroxide ions in the solution - thus the pH and leads to a predominantly negatively charged
surface (Si-O") of the solid [4, 18]. The alkali cations of the solution counterbalance the negative
surface of the silica solid. The charge equilibrium allows the hydroxide ions to approach even
the siloxane bonds of the solid. Moreover, the siloxane bonds of the solid silica are attacked by
the hydroxide ions, releasing silicic acid into the solution. This reduces the concentration of
hydroxide ions and thus, the pH of the solution as well [18]. The released silicates can be
dissolved as mono-silicic acid (H4SiO4) or as oligomers (SinOc(OH), with 2a + b = 4n) [4].
Mono-silicic acid is a weak acid with the ionization constants K; = 10%® and Kz =10124 [19].
Therefore, in highly alkaline solutions, such as the pore solution, the mono-silicic acid
deprotonates to its anion (SiO(OH)s)* and its dianion (SiO2(OH)2)%, consuming hydroxide
ions, which increases the ph [19, 20]. Since the equilibrium concentration of the dissolved
silicon depends on the amount of mono-silicic acid in the solution, the formation of the anions
results in further solution of the solid [4].

Mono-silicic acid and its anions condensate to polysilicic acids, which releases hydroxide ions
and the pH of the solution increases [21, 22]. The dissolution rates for crystalline and
amorphous silica leads to the assumption that they follow the same reaction pathway, though
the dissolution rate of amorphous silica is higher [23]. A lower silica concentration in the
solution also leads to slower polymerization of the mono-acid [24]. The new test method uses
the different dissolution and condensation behaviors of the individual aggregate species
affected by its alkali reactivity shown in the pH.
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2 Methods and Material

2.1 Experimental setup

/A—/:\\ji The new test method was first precisely described in

IL \\\\\\ Osterhus and Schmidt-Dohl [25]. The experimental setup

UL ol Jeo N\ consists of a test container where reaction Kinetics and
5 O\ chemical parameters are directly measured, seen in figure

2N — , 1. The experimental container (1) and its lid (2) are made

7 of Polytetrafluoroethylene (PTFE). To keep the contact
between the KOH solution and air to a minimum, the
electrodes (8) and the temperature sensor (10) are attached
- to the lid of the experimental container (3) and the
‘ container itself is also sealed. A further inlet is closable
with a PTFE screw (4) for adding the aggregate.
Sedimentation of the aggregate is prevented by a magnetic
stirrer (5) located at the bottom of the PTFE container.
During the experiment, the whole container is heated in a bath with a circulation thermostat (7).
In previous research, dissolution experiments with silicate aggregate have been conducted
either at much higher temperatures, in lower pH-values, or with a different ratio of dissolving
hydroxide ions to soluble silicate aggregate. The approach of dissolving ground aggregate with
an excess of alkalis in basic solution at 60°C and deriving the alkali reactivity of the material
with the resulting change in chemical and physical parameters has not been attempted to date.
Therefore, there are no comparative values in the literature regarding the change of the
parameters so far.

|
[l

hot water

Figure 1. experimental setup

2.2 Specimen and test preparation

To increase the surface of the specimen, the aggregates are ground to powder. The 1 M
potassium hydroxide solution is made by mixing 56.11 g KOH-platelets with 1 | of distilled
water. All electrodes are tested and calibrated before every experiment. The pH electrode is
subjected to a four-point-calibration (pH 4, 7, 10 and 13). Upon reaching constant initial
conditions of all the measured parameters, the aggregate is added and after 48 hours, the
experiment is terminated.

2.3 Evaluation of measured data

The pH, redox potential, temperature, and electrical conductivity are recorded every 30 seconds
by the software of the multi-parameter analyzer (C3060 by Consort). The time of adding the
aggregate is set as point zero for all measurements. Characteristic points in the data (such as
steady states and minima) are identified with Microsoft excel. The calculation of mean, standard
deviation, variance, and further statistical analyses of these characteristic points are calculated
by R [26].
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2.4 Material

The chemical composition of the aggregates was determined by X-ray fluorescence
spectroscopy with the RFA Horiba XGT-7200 spectrometer. Results were analyzed using the
fundamental parameter method and the “NIST1881s” reference standard. The specific surface
was determined according to BET using N2-sorption with a Micromeritics Accelerated Surface
Area and Porosimetry System 2010 (ASAAP 2010). Particle size distribution was measured
with a laser diffraction system (Mastersizer 3000 by Malvern). Reference data of an inert
aggregate was generated with quartz powder (QP) from “MILLISIL” [27] by Osterhus and
Schmidt-Dohl [25, 28].

The investigated aggregate is opaline sandstone, which is classified by [9] as a fast-reacting
aggregate and quartz powder was used as a reference of a non-reactive aggregate. Two different
opaline sandstones (OSSN, OSSH) were studied, characterized, petrographically analyzed and
their alkali reactivity was determined as part of a research report by Franke [29]. OSSH has a
true density of 1.69 g/cm? without considering the pore space and OSSN a density of 1.48 g/cm?®
[29]. According to the concrete prism test, OSSH was found to be reactive with respect to [9].
The strain of the prism made with OSSH already exceeded the limit value of £ > 0.6 mm/m
after 14 days. Using OSSN as an aggregate also lead to strains, but after more than 250 days, it
was only 0.257 mm/m, which is well within the acceptable range. Consequently, OSSN was
classified as non-reactive according to [9]. However, nearly dissolved opal grains were
observed with the microscope in the specimens of both aggregates after the storage period.
Accordingly, a reaction also took place in the OSSN classified as non-reactive, which, though,
was too small to cause damage. The results of the chemical and physical properties of the
aggregates are summarized in table 1. SiO; is the main component in both aggregates. Specific
surface of both is similar and ranges between 41 and 51 m?/g. The numbers of the experiments
with equal boundary conditions for OSSN, OSSH, and the quartz powder which are the basis
for this paper’s investigations are listed in table 2. The sample quantities vary between 3 g and
12 g. Thus, an oversupply of potassium hydroxide is guaranteed, and a sufficient amount of
aggregate is available to cause significant changes in the measurement parameters.

Table 1. Characterization of the siliceous materials

True

BET Density D1o Dso | Doo SiO2 Fe:O K20
[m?/g] | [g/cm?] [um] [%] [%] [%]
OSSN 51.56 1.48 2.79 | 8.63 | 26.6| 83.14 3.8 2.6
1
OSSH 41.42 1.69 3.71 |24.66|111.| 86.93 2.8 2.19
3
QP 0.9 2.65 10.0 |16.00| 42.8 99 0.05 -
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Table 2. Numbers of experiments with equal boundary conditions

30 5¢ 8¢ 10g | 12¢

OSSN 8 14 | 4 10 [ 8
OSSH - 6 8 12 -
QP - - - 4 -

3 Results and discussion

3.1 Results

The change of the pH-value over the course of the dissolution process can be divided into four
sections, as shown in figure 2 for 5 g of OSSN.

12.81 Section A \IBI _Section[C_ Section D
126

12.4

pHmiIn [-]

12.0

12.1 12.2 123 12.4 125 12.6
pHO[]

Aggregate ¢ FLINT ¢« GW +« MS + 0SS

Figure 3: pHmin as a function of pHo; All Experiments

The first section, section A shows the pH, pHo before adding the aggregate. pHo is constant and
depends just on the experimental temperature and the possible measurement inaccuracy while
producing the KOH-solution. The mean value over all experiments is pH 12.45. After adding
the aggregate at time point zero, the pH-value drops in section B to a significant and global
minimum, pHmin and increases again in section C until it reaches in section D a constant value
again. The pH in section D equals pHo from the first steady state and does not change
significantly until the end of the experiment. The values of the minimum and steady states and
the form of the sections depend on the quantity and nature of the aggregate. Regarding the inert
quartz powder, the pH-values remain constant throughout the different sections regardless of
the amount of the added aggregate [28]. In this paper, investigations of pHmin are
presented.When plotting the pHmin against the pHo, a clear linear relationship between the two
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variables can be seen. This relationship is even more noticeable when considering the values of
all 330 previous tests, as shown in figure 3.

In addition of opaline sandstone (OSS, purple), figure 3 also contains data from experiments
with flintstones (FLINT, red), graywackes (GW, green), and microsilica (MS, blue) of varying
reactivity. The additional data serve only to illustrate the linear relationship between pho and
phmin. Their further detailed analysis will be performed in future papers. Despite differences in
reactivity, sample types, and sample amounts, a linear relationship between pHo and pHmin, as
well as two clustering groups, are clearly evident. The pH of the experiments with flintstone
and graywacke cluster around one line with a small spread. The pH of microsilica and opaline
sandstone are scattered more widely along a different straight line. In comparison, the pH-
minima of the experiments with flintstone and graywacke are always larger at the same pHo
than in the case of microsilica and opaline sandstone.

In order to quantify and evaluate the influence of pHo on the pHmin, a linear regression model,
with y = Bo + B1x was fitted to the data. For this purpose, pHo was first assumed to be the only
predictor (x) on the pH-minimum (y). The model was fitted for each aggregate separately. The
intercepts (Bo), gradients (B1) and residuals (R?) calculated by the regressions are shown in table
3. The adjusted residuals (R?) of the models range from 0.81 to 0.92. Accordingly, 81% to 92%
of the respective data could be represented by these models.

Table 3: Parameters of the linear regression of all sample types as a function of pHo

Intercept o | Gradient 1 R?
Opaline Sandstone 0.713 0.921 0.812
Microsilica -0.261 0.998 0.920
Flintstone 0.136 0.987 0.884
Graywacke 0.877 0.927 0.863

The assumption that pHo is the only predictor of pHmin would mean that the expression of the
pHmin Was independent of the type and amount of sample. This assumption can already be
disproved only by looking at figure 3, in which a sorting with respect to sample type is clearly
visible.

Another influence on the pHmin Over the course of the dissolution process of the material is the
reactive surface area because the dissolution reaction takes place on the surface of the particle.
The surface area of the ground aggregate was determined by BET measurement. The measured
surface area as a function of mass is shown in table 1. Since the reactive surface area is
proportionate to the sample amount and further simplifications regarding the geometry of the
individual particles would have to be made when considering the surface as a predictor, only
the sample quantity is considered an additional factor influencing the pH-minimum.
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In figure 4 the pH-minima are plotted again with respect to pHo. Within the two accumulation
areas, a general classification can be seen with respect to sample amount. This sorting is more
evident in the lower accumulation area, which contains the minima of opal sandstone and
microsilica. The ph-minima of the dissolution experiments with a larger sample quantity result
in a lower minimum. Accordingly, the sample quantity seems to have a proportionate effect on
the pH-minimum. In the upper cluster, the individual data is less widely scattered, which makes
the sorting with respect to sample quantity less apparent, but the same tendency is noticeable.
This reinforces the assumption that, in addition to pHo and type of the aggregate, the amount of
the aggregate also has a significant influence on the pHmin.

12.50 » >~ aam
2 ‘,m-c# ] -
£1225 g |
T

i I-

12.00

123 12.4 125 126 127
pHO []

Aggregate ® FLINT ¢ GW A MS M 0SS Amount [g] M9 12® 305 8

Figure 4: pHmin as a function of pHo and sample amount; All Experiments

Since the sorting with respect to sample quantity is more pronounced in the lower cluster, an
influence of sample quantity on the pH-minima, in addition to pho, was first investigated based
on opaline sandstone. The linear regression considering both influencing variables as predictors
resulted in a larger adjusted residual for the opal sandstones, as can be seen in table 4. With the
model considering only pHo, about 85% of the data points can be explained. After extending
the model to include the sample amount as an explanatory variable, R? increases to 0.881 and
0.895. Accordingly, the model that takes into account both influencing variables gives a better
computational approach to the distribution of the data.

Table 4: Linear regression for opaline sandstone as a function of pHo and the sample amount

Intercept fo | Gradient B1 | Gradient 32 R?
bHo "0.256 0.997 - 0.856
OSSN F5H, + sample 0.0378 0.984 20,011 0.881
Amount
bHo 1.383 0.865 - 0.856
OSSH T, + sample 0.454 0.949 20,014 0.895
Amount
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The consideration of an influencing variable by linear regression requires a linear relationship
between the dependent and independent variables. This relationship is only conditionally given
between the sample quantity and the pH-minimum. Although an increased sample amount
implies a larger reaction area and thus more reactants that can be dissolved, dissolution rate is
largely determined by the concentration of mono-silicic acid contained in the solution. Once
this concentration reaches its pH- and temperature-dependent equilibrium with the
environment, no further aggregate will be dissolved despite sufficient sample quantity.
Accordingly, the pHmin does not decrease indefinitely despite a larger sample amount. For
simplicity, it is therefore assumed that the sample amount considered here is below this
dissolution limit and that a change in the sample amount has a linear effect on the dissolution
rate and thus also a linear effect on the conversion of the hydroxide ions and the pHmin.

The influence of the sample quantity on the pHmin Was considered as a function of the different
reactive opal sandstones. For this purpose, the linear regression model with pHo and sample
amount as predictors was reduced by one independent variable. For pHo, the mean pH-value at
the time of sample addition over all previous experiments was used (pH 12.45). The regression
model is thus reduced by one dimension, yielding a straight-line equation for each aggregate
with sample quantity as the independent variable and phmin as the dependent variable.

Comparing the two straight-lines in figure 5, the pHmin of OSSN, the less reactive opal
sandstone consistently reaches higher pH-minima and has a lower slope than the regression line
of OSSH. Thus, the less reactive material results in a consistently less pronounced pH-minimum
and, the change in sample amount has a less significant effect on the pH-minimum than
compared to the more reactive opaline sandstone.

12.4 OSSN: phmin(x) = 12.29 - 0.011*x/
OSSH: phmin(x) = 12.27 - 0.014*x
12.3
=
€122
T
o
12.1
12.0

4 8 12
Sample amount [g]

Aggregate [-] ¢ OSSH_Reg # OSSN_Reg

Figure 5: pHmin as a function of the sample amount
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4  Summary, Conclusion, Outlook

4.1 Summary

A new test method for the detection of ASR aggregates by dissolution experiments was
presented. The method is similar to the existing chemical testing but uses a different evaluation
system to identify alkali-reactive aggregates. Instead of the use of elemental analyses or mass
loss, the chemical changes of the solution medium are recorded and evaluated. This new
approach could be used as an incoming-goods control for aggregates. It is based on accelerated
dissolution experiments of the aggregates in alkaline solution, with an oversupply of alkali
hydroxides.

During the dissolution of the aggregates pH-value, redox potential and electrical conductivity
are measured. The first general outcome the predictability of the time courses of the individual
physical and chemical parameters. In this paper, a minimum in pH-value was investigated.
Investigations of the effects on conductivity and redox potentials will be reported in future
papers.

First, the general course of the pH-value was presented. After adding the aggregate, the pH-
value decreases to a global minimum, pHmin and then increases again to the initial value, pHo.
Further investigations were referred to pHmin. A linear relationship was observed between pHmin
and pHo. This ratio was found to be linear regardless of sample type and amount. However, the
strength of the influence of pho on pHmin shows clear dependencies on sample type and sample
amount.

The influence of sample quantity was investigated using opaline stones with different
reactivities. A linear regression model with the sample amount and pHo as predictors yielded
residuals of around 0.9. Using this regression model, the pH-minima were calculated as a
function of sample amount. To determine the straight lines, the mean value over all experiments
was used in the regression model for pHo.

It was found that the pH minima of the less reactive opaline sandstone, OSSN were always
higher than those of the more reactive one, OSSH.

4.2 Conclusion and Outlook

The pH-value at the time of sample addition generally has a strong influence on pHmin.
Nevertheless, influences of sample amount, sample type and reactivity of the aggregate can also
be identified. In the case of opaline sandstone, the change in the pH minimum as a function of
the sample amount made it possible to draw conclusions about the reactivity of the aggregate.
These results are the first indications that different alkali reactivity could be mapped with this
new test method. The important task for the future is to find a valid connection of the results
with mortar bar tests and the concrete prism test and to extend the investigated materials.
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New findings on alkali-silica-reaction of concrete

Andreas Leemann

1 Extended abstract

Alkali-silica-reaction (ASR) is one of concrete's most important deterioration mechanisms,
leading to substantial damage to structures worldwide. Any structure like dams, bridges or tun-
nels can be affected.

The reaction starts with the dissolution of unstable SiO. present in aggregates by the highly
alkaline pore solution of the concrete (pH 13.0-13.5). The subsequent formation of ASR prod-
ucts in concrete aggregates leads to stress generation. As a result, expansion and cracking of
the concrete may occur. Typically, such cracks are formed years or even decades after the af-
fected structures were built. Three prerequisites have to be present for ASR to occur:

(i) sufficient alkalinity of the pore solution (alkalis provided by the cement)
(ii) reactive minerals in the concrete aggregates
(iii) sufficient availability of moisture

Although the phenomenon is in the focus of research for decades, many open questions remain.
One major reason for this situation is the difficulty of studying the development reaction and
analyzing the products formed. Despite their significant effect on deformation and crack for-
mation of concrete, the volumes of ASR products formed are relatively small. As a result, the
reaction sequence is difficult to follow, particularly in the stage before initial cracking occurs.
At this stage, the size of ASR products is in the micrometre to sub-micrometre range. Secondly,
the typical methods to characterize bulk samples of hydrates are usually not applicable, as the
amounts extractable from aggregates are in the range of a few micrograms at best. However,
detailed knowledge of the sequence of reaction and an in-depth characterisation of the ASR
products are the basis for improving the understanding of ASR and the mechanism leading to
expansion and stress generation.

The back-scattering contrast of the ASR products in the scanning electron microscope (SEM)
is nearly identical to the one of silicates like quartz. As the initial products formed before ag-
gregate cracking develop as thin layers between adjacent mineral grains in concrete aggregate
particles, they are challenging to detect. A coherent view of reaction development is impossible.
A novel approach uses Cs as a tracer (Leemann et al. 2019). CsNOz can be added to the mixing



34

water of concrete. As an earth alkali, it is bound in the ASR products. Due to its higher atomic
number compared to Si, Na, K, Caand O, it significantly enhances back-scattering contrast and
makes ASR products easily recognisable in the SEM (Figure 1). As such, it allows us following
the sequence of reactions. With a resolution down to the sub-micrometre scale it provides a
complete view of the reaction. However, the challenge of determining these initial products'
chemical composition remains. The initial product volume is too small to be analysed with
energy-dispersive X-ray spectroscopy (EDS) in a SEM. Within the framework of the collabo-
rative project of several institutes (Leemann et al., 2021), a different way of analysis was de-
veloped.

Lamellas were cut with a focused ion beam (FIB) perpendicular to two adjacent quartz grains
and subsequently analysed in a transmission electron microscope (TEM) (Boehm-Courjault et
al., 2017; Boehm-Courjault et al., 2020). Apart from determining the composition of the initial
products, this method additionally allows analyzing whether they are amorphous or crystalline
by using selected area electron diffraction.

Figure 1: Cs-containing ASR product between adjacent quartz grains in an ASR-affected con-
crete [1]. SEM-image in the back-scattering mode.

In the second stage of the reaction, concrete aggregates crack, and a part of the ASR products
extrudes into the cement paste. A given time point in this process can be observed in samples
studied in SEM. However, how such crack systems develop and how the ASR products are
extruded has not been possible to observe in a sequence. Here, the approach of using Cs as a
tracer has been used again but now in X-ray micro-tomography (XMT) (Shakoorioskooie et al.,
2021). Furthermore, BaSO4 was added to the concrete allowing a reliable segmentation between
concrete aggregates and cement paste. The resulting tomograms allow following ASR in a 4D-
view.

In the reaction's second stage, analysing the elemental composition of the ASR products using
SEM and EDS is straightforward. However, analysing their structure remains challenging be-
cause the volumes formed are still too small to use conventional bulk analysis. A combination
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of Raman microscopy, powder-X-ray diffraction (XRD) in capillaries and synchrotron-based
XRD has increased knowledge of these products (Leemann et al., 2020; Geng et al., 2020; Geng
et al., 2021 ). The amorphous product consist of Q? (chains of SiO> tetrahedra with two linked
oxygen) and Q3-sites (layers of SiO; tetrahedra with three linked oxygen). Several different
crystalline ASR products formed are distinguishable by their d-spacing of 10.8, 12.3 and 13.4
A. None of them is swellable, as their analysis of different moisture conditions relevant for
concrete has shown. As such, one of the major hypotheses for ASR-induced expansion, swell-
ing of crystalline ASR products due to water uptake, was proven to be wrong.

Despite these advancements in ASR, important questions regarding the mechanism generating
expansion are not answered yet. It is clear from microstructural observations that the stress is
generated within the aggregates rather than in the cement paste. In principle, possible reasons
for stress generation by ASR products can be divided into swelling by water imbibition of the
amorphous ASR products, osmotic swelling, crystallisation pressure and mass accumulation in
the aggregate or any combination thereof.
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Numerical investigation of the breakage and crash absorbing behavior of
granular materials in ship collisions

Sonja Rotter, Christian Woitzik, Siireyya Tasdemir, Maksym Dosta, Alexander Diister

Abstract: The collision safety of ships can be improved by filling their double hull with
a granular material. To this end, expanded glass granules are investigated numerically
using the discrete element method to study their fracture behavior implemening models
that can represent this behavior in a satisfying way. The use of a bonded-particle model
allows the simulation of non-spherical particles and fracturing. However, special attention
must be paid to the model used in terms of its failure behavior. In order to test different
models, simulations with single and multiple particles are performed and compared with
the corresponding experiments. The single particle experiment, i.e. a uniaxial pressure
test, is used to identify parameters of different bond models. Subsequently, a bulk test and
a uniaxial compression test are performed to investigate the interaction between multiple
particles, and to determine the friction and the influence of their interaction on their fracture
behavior.

1 Introduction

In the course of economic globalization and the resulting increase in maritime traffic, the number
of ships on our seas is growing. Despite the use of modern navigation assistants like radar and
Automatic Identification Systems (AILS) there are still ship collisions due to human error or
system failures. Some of these collisions have severe consequences for the crew and ecosystem.
For this reason, ship collision safety is a widely studied area. Most research projects try to further
improve the construction of the double hull (Ehlers et al., 2012; Ringsberg et al., 2013) which was
introduced first to oil tankers in 1996 by the International Maritime Organization (IMO) (IMO,
2022). In (Yamada et al., 2008) the construction and material of the bulbous bow are modified in
such a way that it folds or breaks during an impact to minimize the damage on the opponents hull.
One of the most recent ideas of increasing the collision safety of double hull ships is to fill the
void between the outer and inner hull with a crushable granular material (Schéttelndreyer, 2015;
Woitzik et al., 2016). The general idea of this approach is twofold: On the one hand the impact
load is transferred from the outer to the inner hull, allowing the whole structure to take up the
force. On the other hand the brekage of the granules helps to dissipate energy. Various materials
were investigated for this purpose, resulting in the selection of expanded glass particles thanks
to their energy dissipation capabilities and chemical properties (Woitzik et al., 2017; Woitzik
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et al., 2018; Woitzik et al., 2020). The granular material was investigated in several experiments,
including uniaxial pressure tests (Woitzik et al., 2020), friction tests, and uniaxial compression
tests (Chaudry et al., 2016). These experiments where numerically studied in (Chaudry et al.,
2017) with the discrete element method (DEM) (Cundall et al., 1979). The used DEM approach
is based on a parent-child simulation strategy, in which the parent particle breaks into several
child particles (Chaudry et al., 2017). Here we focus on a different approach for the numerical
investigation of the granular material. The applied DEM algorithm includes a bonded-particle
method which allows the simulation of nonspherical, breakable particles. The particle is modeled
as an agglomerate of small primary particles connected by solid, massless beams (Potyondy
et al., 2004).

The paper is structured as follows: In Section 2 the specific requirements for the granules are
summarized and the chosen particles are presented. Section 3 describes the applied DEM as well
as the bonded-particle model followed by an investigation of the simulation properties and their
influence on the results of a uniaxial pressure test presented in Section 4. Section 5 discusses
the simulation of experiments in which multiple particles are involved like a bulk and a uniaxial
compression test. The paper is concluded in Section 6 which also gives a short outlook on future
work.

2 Expanded glass granules

After thorough investigations of different materials including clay and expanded glass, the latter
was found to be better suited for the given purpose as a crah-absorber in a ships double hull. One
of the examined glass granules in (Woitzik et al., 2020) is Poraver ® expanded glass. Poraver ®
is already being used successfully in many fields e.g. as a building material, filter material, in the
automotive industries as well as aviation and marine technologies (Poraver, 2022). Poraver ©
meets all requirements to be used in a ships double hull. These requirements include nontoxicity
and environmental friendliness since the material is likely to spill in the event of a collision
and should not harm the ecosystem. Moreover it has to be incombustible, hydrophobic, light-
weighted in order to not decrease the payload of the ship nor harm the stability or safety in the
event of a fire. Since the ship has to be maintained regularly the material has to be pumpable to
be able to investigate the inside of the double hull. A more detailed list of all requirements and
the reasons behind them can be found in (Schéttelndreyer, 2015).

Due to the manufacturing process, the Poraver ® particles have very different shapes and
porosities. These differences can be seen in Figure 1, where the inner part of a particle is shown
as well as a couple of particles to illustrate the shape and size variety. All of this has a great
influence on the breakage behavior of the Poraver ® particles and thus the material parameters
like Young’s modulus and breakage strength. To reduce the scatter of the material parameters the
grains have been divided into three diameter fractions (Woitzik et al., 2017). The grain size range
used for the experiments is 2-4 mm, resulting in the diameter fractions listed in Table 1. The
table also shows the average material parameters determined from uniaxial compression tests
and their standard deviations. The experimental results used to generate the material parameters



Table 1: Diameter and material parameters of Poraver ® particles [18]
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Fraction Diameter Cr. force Cr. stress Cr. strain E-Modulus
[mm] [mm] [N] [MPa] [%] [MPa]

Tests
[-]

2.0-2.5 2.16+£0.15 14.81+£5.19 4.05+£1.45 16.49+4.12 564.264+260.60
2.5-3.125 2.68+0.18 17.88+£545 3.19+£0.99 16.01+£4.98 453.79£158.65
3.125-4.0 3.28+0.22 21.62£6.82 2.59+0.87 14.66+£4.91 364.84+127.85

94
102
106

are shown in Figure 2 as stress-strain curves for a diameter of 2.5-3.125 mm. These curves
clearly indicate the huge scatter of the test results. Taking these differences into account for the
numerical investigation is quite challenging and will be discussed in detail in Section 4.

(a) Inner structure (b) Form and diameter variation

Figure 1: Porosity and form of Poraver ® particles

3 Numerical method

The ability of simulating the breakage of particles is of great importance in the described
application as crash absorber in a ships double hull, since the energy dissipated in the crushing
process plays a key role. For this reason, the discrete element method is used, as it offers
the possibility to simulate single particles. In combination with a bonded-particle model, the
porous material of the expanded glass particles can be optimally taken into account. The utilized
simulation tool and the underlying models will be introduced in the following sections.

3.1 Simulation tool

For all computations shown in Section 4 and 5 the open source framework MUSEN (MUlItiscale
Simulation ENvironment) (Dosta et al., 2020) is used. MUSEN is based on a soft-sphere DEM
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Figure 2: Scattering of uniaxial pressure test results

approach (Zhu et al., 2007) simulating the dynamic behavior of discrete quasi rigid bodies
(Wriggers et al., 2020). To compute the interaction between these bodies, their neighborly
relations have to be detected. This is done with Verlet lists (Verlet, 1967) in combination with
a linked-cell algorithm (Quentrec et al., 1973) in order to reduce computational time, since
this is one of the most expensive parts of DEM simulations. Thus detected contacts lead to
forces between the particles and particles and walls which are calculated with a contact model.
MUSEN provides a number of different contact formulations (Dosta et al., 2020) including the
Hertz-Mindlin model (Deresiewicz et al., 1952) which is the most suitable one for describing the
occurring contact forces in the performed simulations. The resulting contact forces combined
with the forces coming from the bonds and all acting volume forces lead to particle movements,
which are calculated using Newton’s laws of motion. These equations are integrated with an
explicit scheme based on the leapfrog algorithm (Young, 2013). In this way, momentum is
propagated through the field of particles.



3.2 Bonded-particle model

The simulation of non-spherical objects with DEM becomes possible by combining it with a
bonded-particle method. With this method particles are simulated as agglomerates consisting
of primary particles connected by solid bonds. These bonds are either introduced as a couple
of springs or beams connecting two particles (Xizhong et al., 2022). In this work the bonds
are modeled as beams and the bond forces are computed with a linear elastic model proposed
by (Potyondy et al., 2004). In each time step, an increment of these forces in normal AF,,
and tangential AF';,, direction as well as increments of torsional AM,,, and bending AM,,
moments are calculated. To obtain the increments of forces and moments the relative translational
and rotational velocities v,; and w,.; together with the simulation time step At are used. To
enable the breakage of the bond a fracture criterion is introduced. If the normal or tangential
strength of the bond is exceeded by the current stress in the bond it is removed from the simulation
leaving the two adjacent particles unconnected and thus leading to a crack in the agglomerate.
For an in depth explanation of this bond model, hereafter called Model 1, see (Potyondy et al.,
2004). In addition a second bond model, which will be referred to as Model 2, is used for the
simulations which takes the micro cracking of the particles into account. This model is based
on a plastic approach limited by a yield condition together with a stress reduction algorithm
modeling the energy dissipation which occurs due to the micro cracks (Kraus et al., 2021). How
the bond model influences the breakage of the agglomerate and thus the results of the simulation,
is shown in the following section.

4 Single particle simulations

Uniaxial compression tests were carried out to investigate the fracture behavior of Poraver ®. For
this test, individual grains are compressed between two metal plates using a uniaxial compression
tester Texture Analyser TA.XTPlus see Figure 3a. The simulation setup depicted in Figure 3b
contains an agglomerate consisting of 361 primary particles connected by 2159 bonds between
two metal plates. The initial simulations are performed with the material parameters derived from
the experiments, see Table 1, a particle diameter of 2.16 mm for the agglomerate and 0.25 mm
for the primary particles, and a porosity of 44 %.
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(a) Experimental setup (b) Simulation setup

Figure 3: Uniaxial pressure test setups

To obtain the best possible comparison of the influence of the bond model on the simulation, the
same agglomerate is calculated with both models. The stress-strain curves derived from these
simulations are shown in Figure 4a compared to the average experimental results from (Woitzik
et al., 2017). In addition to stress, fracture ratio of the number of remaining bonds is also plotted
against strain. Where 0 means that no bond is broken, while 1 means that all bonds are broken.
Both stress-strain curves are well off the average experimental results, especially for the first
few percent of strain. However, looking at the gradient of the simulation results, the green curve
illustrating the results determined with Model 2 is quite similar to the experimental average. In
addition, the breaking bonds are better distributed over the strain for Model 2, resulting in less
abrupt drops in the number of remaining bonds. The breaking patterns depicted in Figure 4b for
Model 1 at the top and Model 2 at the bottom both show reasonable results compared to Figure
2. Since the results of Model 2 are overall more promising, this model will be applied for further
investigations.

4.1 Influence of geometric simulation parameters

Based on the simulation setup described in Section 4, three geometrical simulation parameters and
their influence on the stress-strain behavior of the agglomerate are investigated. The parameters
considered are the porosity of the agglomerate, the diameter of the primary particles, and the
shape of the agglomerate.

The porosity describes the volume fraction of the analytical geometry that is not filled with
primary particles. In the cases discussed here, the analytical volume is a sphere with the diameter
of the grain to be represented. Since the primary particles are also spheres, the porosity has a
limit at which the overlap of these particles is too large, leading to tensions between the primary
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Figure 4: Simulation results

particles and thus destruction of the agglomerate at the very beginning of the simulation. This
early breakage can be seen in Figure 5a illustrated in light green. The remaining curves show
he influence of an increasing porosity and thus more space between the primary particles. The

higher the porosity, the lower the slope of the curve and thus the stiffness and crushing stress.

However, the breakage strain increases with porosity. The main influence can be seen only after
two percent of strain, so that the Young’s modulus stays equal. It can also be seen that porosity
at about 40 % to 45 % leads to a similar gradient to the average experimental results.

The influence of the primary particle diameter on the result of the simulation is not significant,
see Figure 5b. It is noticeable here, especially at the beginning of the simulation, that the upper
plate moves downward without any increase in stress for particle diameters above 0.4 mm. This
indicates that the particles in the analytical volume are placed in such a way that the primary
particles do not touch the upper plate at the start of the simulation. If the stress-strain curve were
adjusted for this effect, it would be visible that larger primary particles result in a somewhat
stiffer agglomerate. Primary particle diameters of 0.3 mm and less lead to the best results and the
stress-strain curves for these particle sizes also overlap.

Since the Poraver ® granules are not exactly spherical but rather elliptical, the agglomerates are
slightly flattened at the top and bottom. Since the particles automatically position themselves on
their flattened side when placed under the texture analyzer, this approach results in a realistic
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Figure 5: Influence of microstructure and shape of agglomerate on its mechanical behavior

particle shape. To flatten the particles, the top and bottom plate remain 2.16 mm apart, while
the radius of the analytical volume is increased in small increments from 1.08 mm yielding a
sphere, to 1.18 mm leading to a more oval shape. The analytical volume is filled with primary
particles, with the restriction that they cannot be generated inside the plates. The resulting
stress-strain curves are depicted in Figure Sc, showing a great influence on the initial slope and
thus on the Young’s modulus of the agglomerate. Due to the flattening, more primary particles



connect to the top plate right at the beginning of the simulation, leading to a stiffer response.
The gradient of the remaining part of the simulation seams to be independent of this. The
crushing stress of all simulations is also similar but the crushing strain decreases slightly for
flatter agglomerates. In summary, a flattened agglomerate leads to a stress-strain curve similar to
the averaged experimental results.

4.2 Influence of material parameters

Keeping these findings in mind the influence of the material parameters are investigated for
a slightly flattened agglomerate with a porosity of 43.6 % and a primary particle diameter of
0.25 mm. In order to achieve a thorough understanding of the material parameters influence on the
breakage of the agglomerates five parameters, namely the Young’s modulus and breakage strength
of primary particle and bond and the bonds yield strength are varied ten times. This gives the
opportunity to also investigate how the material parameters correlate with each other. A detailed
study can be found in (Tasdemier, 2022). The main findings of this work are that the influence
of the crushing strength of bonds and primary particles on the breakage of the agglomerate is
negligible. However, the Young’s modulus of the bond has an effect on the crushing strength
and strain as can be seen in Figure 6a showing a selection of the most significant stress-strain
curves from the parameter variation. Up to a Young’s modulus of 800 MPa the crushing strength
increases to again decrease if the Young’s modulus is raised further. Nevertheless, the bonds
Young’s modulus has no significant influence on the agglomerates Young’s modulus which is
evident from the initial slope of the stress-strain curves. In contrast to this the primary particles
Young’s modulus has a visible influence on the agglomerates initial stiffness. This is also reflected
in the coefficient of variation of Young’s modulus of 8.287 MPa and 72.258 MPa respectively.
The bonds yield strength, which is one of the leading parameters in the applied bond model,
also has no significant influence on the agglomerate breakage unless it is smaller than 1 MPa,
see Figure 6¢, which leads to a visible reduction in the crushing stress. From these findings a
selection of parameters was conducted leading to a nearly perfect stress-strain curve as shown in
Figure 7 with a bonds Young’s modulus of 500 MPa and yield strength of 2 MPa and a primary
particles Young’s modulus of 600 MPa. This result shows the ability of simulating a single
particle test to a satisfactory extend giving the opportunity to use these agglomerates in more
complex multi particle simulations.

S Multi particle simulations

The objective of this work is to investigate particles for use in ship double hulls in large quantities.
Besides the analysis of single particles, it is also important to study the interaction of the particles
with different tests.
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Figure 6: Influence of material parameters on the breakage of the agglomerate

5.1 Bulk test

In order to gain a better understanding of the friction values used in the simulations a bulk test
as depicted in Figure 8a has been carried out with a pouring velocity of 20 mm/s. The sliding
friction coefficient has been set to 0.87 with regard to experiments from (Woitzik et al., 2020)
and the rolling friction coefficient is varied from 0.06 to 0.8 leading to the resulting cone heights
presented in Table 2 and illustrated in Figure 8b. The average cone height derived from the bulk
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Figure 7: Stress-strain curve of a simulation with selected parameters, a bonds Young’s modulus
of 500 MPa, yield strength of 2 MPa and a primary particles Young’s modulus of 600 MPa

tests is 18.3 mm indicating a rolling friction of 0.16 for further simulations.

Table 2: Bulk test simulation results (20 mm/s)

Sliding friction Rolling friction Cone height [mm] Cone diameter [mm)]

0.87 0.8 21.3 43
0.87 0.6 21 44
0.87 0.4 18.8 46
0.87 0.2 18.7 47
0.87 0.1 17.3 48
0.87 0.08 16.9 48
0.87 0.06 16.1 48

5.2 Uniaxial compression test

Since the interaction of particles under pressure is of interest due to the given purpose, a uniaxial
compression test was performed as shown in Figure 9a. For this a steel cylinder with a diameter

of 50 mm was filled with Poraver ® particles and compressed with a steady velocity of 1 mm/s.

To allow for an optimal simulation setup, the number of particles used in the experiment and
their weight were determined. The simulation was then set up with the same number of 1394
agglomerates distributed over all three diameter fractions, resulting in a weight of 7.1 g. The
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(a) Test setup (b) Bulk test simulation result for a rolling friction coefficient of 0.16

Figure 8: Bulk test

agglomerates were introduced in the cylinder and slowly settled, taking gravity into account,
resulting in a loose package that represents the experimental conditions. After the experimental
initial conditions have been reproduced, the actual crushing of the particles follows. This last
step was performed twice with the two bond models introduced, resulting in the stress-strain
curves illustrated in Figure 9b. A major influence of the bond model on the simulation results
can be seen right at the beginning of the simulation. Model 2 leads to a stiffer behavior of the
agglomerates for the first 10 % of strain and is overtaken by the results of Model 1, which shows
an increasing stiffness as the strain progresses. Thus, Model 2 leads to a better, but not yet fully
satisfactory, description of the crushing behavior of a number of interacting particles. This stress
development computed with Model 1 is consistent with the results from the uniaxial pressure
test, where the stress-strain curve is much steeper than the one obtained with Model 2. However,
since the results from the uniaxial compression test are the foundation of the subsequent work,
some effort will be put into finding more suitable simulation settings to ensure an even better
result.

6 Conclusion and outlook

In this paper the influence of a newly developed bonded-particle model on the outcome of single-
and multi-particle simulations with the brittle glass granule Poraver ® is presented. The use
of a bonded-particle model in a DEM approach allows the simulation of crushing particles in
a simple and stable way. The results of Section 4 show the significant influence of two bond
models on the simulation of breaking agglomerates, leading to the conclusion that a model
accounting for the microcracking of the particles is more suitable for simulating their fracture
behavior. In addition, the influence of porosity, primary particle diameter and agglomerate shape
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Figure 9: Simulation results for uniaxial compression of bulk material

is presented with the results, that a porosity of about 40 % to 50 % in combination with a slightly
flattened agglomerate consisting of primary particles with a diameter of 0.3 mm or less gives the
best geometric setup. For an agglomerate generated considering these findings, the influence
of various material parameters is investigated. The result of this investigation shows that the
Young’s modulus of the bond and the primary particles have the most significant influence on the
agglomerates breakage. An increase of the bonds Young’s modulus leads to an increase of the
agglomerates crushing strength and strain, while the initial stiffness is not affected. An increase
of the primary particles Young’s modulus, on the other hand, leads to an increase in the Young’s
modulus of the agglomerates and thus the initial stiffness and the crushing strength, while the
crushing strain decreases. Taking these findings into account, an agglomerate is derived whose
properties are very similar to the average experimental results. Following these single particle
tests, multi particle simulations were performed, i.e., a bulk test and a uniaxial compression
test. The bulk test, performed to better understand the frictional behavior of Poraver ® particles,
results in a rolling friction of 0.16. As with the single particle test, simulation of a uniaxial
compression test with 1394 particles using both bond models leads to the conclusion that Model
2 is much better at representing the fracture behavior of Poraver ®. The results of the uniaxial
compression test are promising, but there is still room for improvement. For example, future
work should investigate the interaction of the agglomerates in more detail to provide the best
possible basis for DEM-FEM coupling approaches.
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Virtual elements and their use as deformable particles in DEM

Peter Wriggers, Alfredo Gay Neto, Blaz Hudobivnik, Tiago Fernandes Moherdaui

1 Introduction

The Discrete Element Method (DEM) is a computational strategy to address the mechanics
of granular media, first published in (Cundall et al., 1979). The method has similarities with
molecular dynamics. The modelling of a system of particles includes several challenges. Usually,
the main one consists of handling the contact interactions between particles: (i) they tend to be
numerous and require computational tools to be solved, and (ii) they usually involve complex
interface rules (laws), such as the Hertzian contact, see (Johnson, 1987), when concerning
spherical or super ellipsoid particles, see e.g.: (Luding, 2008), (Wellmann et al., 2012).

DEM numerical implementations include distinct shapes of particles, such as spheres, super
ellipsoids, polyhedra, see e.g. (Nassauer et al., 2013), or NURBS-based shapes, see e.g. (Andrade
et al., 2012). The shape of the particles is very important to capture phenomena such as particle
interlocking, playing a crucial role in some applications of granular media. The present work
proposes a novel methodology to consider particle flexibility in the DEM context. Each particle is
represented as a general flexible polyhedron, using a continuum description. The Virtual Element
Method (VEM) is applied to construct a particle with only a single-element which can assume
a complex shape and is able to represent the overall particle flexibility. Each vertex has three
displacement degrees of freedom. We discuss the effects of the so-called stabilization parameters
of the VEM formulation, both in overall stiffness and natural frequencies of the particle, and
their expected influences in practical DEM model solution. By the herein proposed approach, the
flexibility of an assembly of polyhedra-based particles is well approximated. Contact between
particles is modeled by the technique presented in (Gay Neto et al., 2022).

2 Continuum description of particles
In this section we define quantities and fields for a given particle. All concepts herein discussed
are part of nonlinear continuum mechanics, for details see e.g. (Wriggers, 2006).

A particle is a continuum region in the 3D Euclidean space. We define a point in the initial
(reference) configuration of the particle using the position vector X within the region B. The
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deformed configuration of the particle is represented the mapping between the position vectors
in reference and deformed configuration x = ¢ (X ,t) , where o maps the position vectors.

The displacement field is defined by w(X ,t), such that & = X + u. The deformation process
is described locally by the deformation gradient F' = g—; = Vx together with the Jacobian
Jr = det F. The material time-derivatives of displacements are denoted by the velocity (X ,t)
and the acceleration (X t).

Loading of a particle only occurs through the body force b defined on B. Traction loads are
not considered on 0B;. Contact between particles is addressed as a pointwise action, as will be
described later. Since particles move freely in space, Dirichlet boundary conditions do not have
to be specified.

The differential equations of motion for a given flexible particle B3 can be written in the weak
form given by

/P:5FdV—/b-5udv+/p0u-5udv:0, (1)
B B B

where P is the First Piola-Kirchhoff stress tensor, and 6 F' = Vdu is the gradient of the virtual
displacement field du.

We assume that the constitutive behaviour of a particle is hyperelastic. Among many possible
hyperelastic material models, we propose a Neo-Hookean form, see (Wriggers, 2006),

Ui(F) = g (J;§ tr(FTF) — 3) + g (Jr% — 1 — 2log(Jr)) )
with the first Piola-Kirchhoff stress o
P = 5F 3)

3 Discretization

The numerical solution of the DEM-VEM system needs two ingredients: a temporal and a spatial
discretization.

We adopt an implicit method as time-integration scheme. This has usually higher computational
cost per time-step than an explicit method, but is unconditionally stable. Our choice is the
Newmark Method, see e.g. (Wriggers, 2008), in which approximations for time-dependent
quantities are dependent on the adopted time-step At and on the history data.

For the spatial discretization we employ the VEM, due to its generality when dealing with
polyhedral elements of arbitrary-shape. This permits to use only one virtual element per particle.
The virtual element method was first published in 2013 and its basic principles were presented in
(Beirdo da Veiga et al., 2013). A first formulation for nonlinear elastic and inelastic problems
can be found in (Beirdo da Veiga et al., 2015). For elastic problems, formulations regarding



compressible and incompressible cases for finite deformations were discussed in (Hudobivnik
et al., 2019). Elastodynamics were explored in (Park et al., 2019) using explicit time integration,
and with implicit time integration in (Cihan et al., 2021). One example of the state-of-the-
art regarding mechanics applications is the use of mixed formulations to treat incompressible
dynamic elastoplastic analysis in three dimensions in (Cihan et al., 2021).

Let pg be the chosen degrees of freedom (DOF) for a single element . The weak form for F is
given by 0Wg(pg). The ansatz of the VEM for the displacement field is w;, which is unknown
within the element, but known only at the edges. However, a projected displacement field wy;
can be constructed based on the ansatz function Npj(X). Generally the E™ element contribution
to the wek from 6Wg(pg) can be split into two parts

5WE(pE) = (5W}§°n(un) + 5W§ta(uh — UH). (4)

The first is the so-called consistency part 65", a function only of w;, which alone yields rank
deficient stiffness and mass matrices. The second term is the stability part §WW5?, needed to
restore the rank of the formulation

In the present work a linear ansatz is used for the discretization. This is a simple and convenient
choice to approximate fields within polyhedra:

ug = ANy with Ny = (1,X,Y,2). (5)

The matrix A contains a set with twelve unknown parameters and defines together with the
monomials in matrix N a complete polynomial. The goal now is to compute a map that links
A to the nodal degrees of freedom pg of the virtual element.

The computation of A is based on the requirement that the gradient of (w;, — wyy) is orthogonal
to the gradient of u,, see e.g. (Beirdo da Veiga et al., 2013). This yields

Q

Since both Vu,, and Vuy; are constant at the element level, (6b) can be simplified and yields
with the divergence theorem

0N

where N = (Nx Ny Nyz) is the outward unit normal to the element reference boundary surface.
From this form all components of A can be computed in terms of the nodal unknown py that are
linked to XY and Z. For the constant terms the condition

Zunm) = Zuh(xi) (8)

is explored, where n, is the number of vertices of the element and u;,(X;) is a vector of nodal
displacements at node i: u;,(X;) = (Pg)ic(3i-2,3i-1,3i) - With this, the matrix A in (5) is
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determined as a function of the vertex displacements pg, . Hence the displacement uy; is now
a function of the vertex displacements: u; = A(pg)Np . By inserting this result into the
stress divergence term of the weak form, the consistency part (3) of the virtual element can be
computed.

3.1 Stabilization

Since the consistency part W™ (uy) alone yields rank deficient stiffness and mass matrices,
a stabilization needs to be introduced. This can be done in the form of an additional energy,
as proposed in (Wriggers et al., 2017), based on the work in finite element methods by (Krysl,
2015) as follows

In this work, the sub-mesh stabilisation introduced in (Hudobivnik et al., 2019) for three-
dimensional virtual elements is employed.

The tangent matrix and mass matrix is then given by

_ 00Wgi(pr) and My = 9Wga(Pr)

Kz
F opE opge

. (10)

In summary, the full element residual Ry and its consistent linearization Ky are given by

Reg = Rgi — Rge + Rpq

(11)
KE = KEi + OqME.

The beauty of VEM is that arbitrary shaped polyhedral particles can be approximated by only
one element. A single-element-per-particle approach can represent the particle flexibility well for
a complex particle-geometry, while retaining low computational cost required for a simulation
with a large number of particles.

4 Contact model

Contact contributions between the particles have to be introduced. Here we follow the ideas and
the formulation proposed in (Gay Neto et al., 2022) for rigid particles. Adaptations have been
introduced to handle flexible virtual elements by using the barrier method. The reader can refer
to (Gay Neto et al., 2022) for further details and implementation strategies.



Top surface

Bottom surface

Figure 1: Proposed scenario for studying the sqeezing of a single particle

5 Global time stepping scheme

For the solution of a system of particles in the time-domain we have to start with initial conditions
for all particles, which comprises positions of all vertices and their initial velocities. This is
referred to as the reference configuration of the system, associated with a zero strain within all
particles. Note that in a barrier contact strategy penetration between particles is not permitted in
the initial configuration. The simulation in the time domain relies on a step-wise solution for
given time-step At.

The choice of the nodal unknowns pg that relate to the solution can be the total displacement
pgl following a total Lagrangian description. Alternatively, incremental displacements Apﬁj1
can be used as nodal unknowns, composing the total displacement in p}' = pt, + Ap4.
Due to the use of the software structure of the platform Giraffe (Gay Neto, 2020) the updated

Lagrangian description is employed.

6 Numerical examples

Two examples are considered in order to demonstrate the performance of the proposed method.
The numerical simulations are performed with Giraffe (Gay Neto, 2020).The residual and
tangent contributions stemming from VEM as well as the contact models were generated using
the AceGen tool (Korelc et al., 2016).

6.1 Compression of a single particle

The behaviour of the new flexible particles is investigated in by means of this example, par-
ticularly with respect to: (i) influence of the stiffness stabilization and (ii) comparison with a
refined-mesh solution to judge the flexibility of a single virtual element used as a particle. A
flexible particle is positioned between two rigid flat surfaces, named "top" and "bottom", as
depicted in Fig. 1.
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The bottom surface is fixed, while the top surface is moved downwards with a prescribed dis-
placement. Contact between the particle and both surfaces is considered during the deformation.
To verify the results of the single virtual element particle, they were compared with a reference
model employing the commercial FEM software Abaqus. The same physical scenario was
considered, but a well-refined mesh with 4000 quadratic elements was employed for each particle
using the hyperelastic material model described in (2).

Figures 2 shows a force versus strain plot. Here all values f3; of the stabilization have the same
tendency, but smaller (; lead to smaller stiffness. The reference solution results in an even less
stiff behaviour. The particle is not so flexible due to the few degrees of freedome.Nevertheless
the single particle models provides the expected mechanical behavior, even with the limitations
and characteristics of coarse surface meshes.

6.2 Particle pack under compression

This example investigates the behaviour of a pack of particles in a box under compression.
To establish the particle shapes, a uniform Voronoi-type mesh was generated, in which every
element has a unique shape with varying number of nodes and faces. Each element was then,
transformed into a particle shape. The mesh was generated with Neper. An initial packing of
515 particles was established by a simulation of the free-fall of the particle set into a box. The
box has a square bottom with side length of 8 mm, located at height = = 0. For the process
of filling the particles were assumed to be rigid bodies, using the formulation from (Gay Neto
et al., 2022). In a next step particle flexibility was introduced by releasing the particles to initiate
re-positioning and re-orientation, due to flexibility effects and the actual interface law described
next.

Next, the pack is compressed by a "lid" surface above the pack. The lid is prescribed as a series
of vertical displacements, such that a desirable strain level sequence can be produced as in a
displacement-controlled experiment.

Force [N]

700¢

600¢

500¢ — Bi=0.25

400+t — Bi=0.10

300¢ Bi=0.50
— reference

200¢
100
0

: ' ' : — strain (%)
0 10 20 30 40 50

Figure 2: Icosahedron with edge length 0.02 m. Contact activation threshold g, = 3.023E-4 m.
Results considering distinct values for 3; and a reference refined FEM result



The vertical motion of the lid, in z direction positionis ranges from z = 7 mm to z = 4.9 mm
within the loading and unloading in the time span of 0.8 s . As the initial pack peak is located
at approximately z = 6 mm, one expects a maximum compressive strain of €. =18.33%, when
the lid achieves the maximum compression. During the prescribed displacement time-series of
the lid motion the vertical reaction force is evaluated. Fig. 5 depicts a plot of this reaction force
versus thecompressive strain in the pack. The Newmark coefficients adopted in this simulation
are = 0.3 and v = 0.6, which induce numerical damping while the particles touch each other
and the boundary surfaces. The time-step is adaptively changed during the model evolution and
needs very small values during reordering phases of the particles.

The simulation is split into four time-periods. The resulting force versus strain plot is depicted in
Fig. 5:

* Loading 1: from time 0.0 s - 0.2 s. The first compression of the pack of particles is
characterized by many geometrical re-arrangements of particles, as the lid pushes the pack
downwards.

* Unloading 1: from time 0.2 s - 0.4 s. After achieving a maximum compressive strain of
€. =18.33%, the pack is released and recovers only a small part (elastic) of the initial
prescribed strain. The permanent (inelastic) strain stems from the rearrangements in
grains geometry and friction forces, during the first compression. The unloading 1 is
characterized by a smooth force versus strain behavior.

* Loading 2: from time 0.4 s - 0.6 s. The second compression of the pack of particles is
not characterized by many re-arrangements of particles, instead, follows a smoother force
versus strain behavior, close to the previous unloading stage. However, it does not achieve

(b)

Figure 3: Pack configuration after the box filling and initial accommodation of particles (a)
isometric view (b) lateral view
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Figure 4: Pack configuration when deformed at the level of 18.33% of compressive strain (a)
isometric view (b) lateral view

the same force level as in the previous compression stage, due to the inelastic, frictional
state related to the loading 1 and unloading 1 phases.

* Unloading 2: from time 0.6 s - 0.8 s. After achieving again a maximum compressive strain
of €. =18.33%, the pack is released and follows a path very close to the loading 2 path
in the Fig. 5 which means that no further internal frictional sliding between the particles

occurs.
Comp. force [N]

12¢

10 — Loading 1
8 — Unloading 1
6 Loading 2
41 — Unloading 2
2
0 * Comp. strain (%)

0 5 10 15 20

Figure 5: Force vs. strain plot for the various stages of the simulation of example 6.2

This example demonstrates that the proposed model is capable of recovering the expected
physical behavior for a compressive test of a pack of particles, including important and complex
effects such as the geometrical accommodation of particles, the elasticity effects of the particles
and the contact interaction forces in normal and tangential direction.
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Molecular Dynamic studies of liquid / solid interfaces in aqueous
and ionic liquid systems

Johannes Gading, Gabriele Tocci, Juan Sanchez, Patrick Huber, Robert Meil3ner

Abstract: In this project, the structural and dynamic properties of various liquid/solid
interfaces are investigated using computer-aided molecular dynamics simulations. These
methods will be used to investigate on the atomic / molecular scale how different substrates
affect the resulting interactions with liquids. The substrates vary in their basic chemical
composition as well as in their surface structure. Both aqueous systems and systems
consisting of ionic liquids are being investigated. With regard to the aqueous systems,
serious differences are observed in the structure of the water molecules in the first water
contact layer, with partly significant effects on the dynamical water behaviour depending
on the substrate. For ionic liquids, the so-called "quasi superionic state", which describes a
cancellation of the coulombic order in nanometer pores, has been discovered. In addition,
the effect of polarisable surfaces on the dynamic behaviour was investigated.

1 Introduction

In today's world there is an almost indefinite number of systems described as so-called particle-
fluid systems. They occur in almost all areas, be it in water-saturated soils, in porous rock for-
mations as well as in the oceans and e.g. in the capillaries of plants. Besides these natural sys-
tems, and to a large extent inspired by them, many technical processes also fall within the scope
of particle-fluid interactions. Almost all industrial syntheses and transformation processes that
take place in any step at the solid/liquid phase boundary or are influenced there, can belong to
this category. The main technical applications are, for example, the solid/liquid catalysts of the
chemical industry, as well as all energy storage systems that work with a (partly) liquid elec-
trolyte. In addition, many energy conversion processes take place at a solid/liquid interface. Be
it the conventional membrane technology for energy generation or decarbonization using the
osmotic effect or the energy generation by means of diffusio-osomotic processes, which have
gained in importance in recent years.

To a large extent, these processes are significantly influenced by the prevailing solid-liquid
interactions and the interactions within the respective phase. For example, maximizing the ac-
cessible surface area of a catalyst or electrode can improve the efficiency of synthesis or the
stored energy density by several orders of magnitude. This will lead to higher process yields in
an economic sense and to lower energy consumption, which is favourable in a ecological sense.
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In order to push technical progress in existing fields, as well as to establish new processes,
whether by either driving efficiency improvements or by completely new developments based
on discovered relationships, a precise understanding of these particle-fluid systems is essential.
Due to their broad nature, a number of different length scales are crucial for these processes,
starting from the macro scale of a few centimetres down to the atomic scale for adsorption of
an atom on a catalyst particle. To cover these scales, a wide variety of methods are utilized to
study these systems.

In the scope of project A6 of the PintPFS computer-aided molecular dynamic studies are used
to investigate different systems of solid/liquid interfaces in order to archive fundamental in-
sights into the structure as well as the dynamics of these particle-fluid interactions. The use of
molecular dynamic studies allows the simulation and observation of solid/liquid interfaces in
the nano- and subnanometer range. On this scale, the effects of small chemical changes — e.qg.
by altering functional groups, structural material properties on an atomic scale as well as mo-
lecular charge shifts and altered interactions at the surface — on the resulting interactions with
the liquid can be investigated. To characterize the results, statistical methods are used to clas-
sify the structures on the molecular/atomic level and to study relationships between structural
features and resulting dynamic behaviour.

1.1 Structure and dynamics of the water contact layer on metallic and two-
dimensional materials

Systems involving a water-solid interface emerge as very general systems, which nevertheless
have a wide relevance for natural as well as technical particle-fluid systems. Since the medium
water occurs both in nature and in a multitude of technical processes — whether as a carrier
medium, reaction medium or as a contaminant — there are always efforts to gain a deeper insight,
despite many years of successful research (Bjorneholm et al., 2016; Farnesi Camellone,
Negreiros Ribeiro, Szabové, Tateyama, & Fabris, 2016; Huang, Cheng, Binks, & Yang, 2015;
Peng, Guo, Ma, & Jiang, 2022; Tocci, Bilichenko, Joly, & lannuzzi, 2020; Zhang et al., 2019).
On the one hand, this is due to the improvement of the simulation methods used and the
computer infrastructure, and on the other hand, it is due to new discoveries in this field in
general.

To study some of the most interesting and actual systems containing water/solid interfaces, four
different materials are considered on the solid side. With Graphene and Molybdenium-
disulphides (MoS.), two representatives of the so-called two-dimensional materials, are
examined; additionally, various gold and platinum surfaces, already widely used metallic
components in various chemical and electrochemical processes, are considered.

Graphene in particular has been the subject of increased interest within the materials science
community in recent years. In the beginning, it stood out due to its promising mechanical
properties, including high tensile strength and elasticity, as a reinforcing material for composite
materials. However, its electrical properties in particular, which make it an exceptionally good
conductor material -- with high chemical stability at the same time -- have repeatedly pushed
the material into the field of electrochemistry (Stoller, Park, Zhu, An, & Ruoff, 2008; Worsley
etal., 2010). Due to its metallic behaviour, it can be used there as a conductor, electrode material
or sensor (Soldano, Mahmood, & Dujardin, 2010). In addition, the generation of energy from
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the mixing of salt and fresh water by means of a diffusion-osmotic process inside carbon
nanomaterials is a promising new field of application (Liu, Chen, Xu, & Wang, 2018).

The increased interest in thin-layered Molybdenium-disulphide (MoS.) also results from this
field of energy generation. In initial theoretical investigations, MoS: single layer nanopores
used as osmotic generators exhibit a power density of 10° watts per square meter produced from
a salt gradient (Feng et al., 2016). Other promising applications together with Graphene are the
desalination or purification of water flows using nanoporous structures. In addition, its chemical
stability and high melting point make it a promising material for catalysts (Mao, Wang, Zheng,
& Deng, 2018).

As already mentioned, both materials belong to the so-called two-dimensional materials. Two-
dimensional materials consist of very thin layers. The layers have a thickness between one atom
(Graphene) or one molecule (MoSz). The structure thus only spans along the surface in two
dimensions. In this case, both Graphene and Molybdeniuim-disulphide have a hexagonal
arrangement, as shown in Figure 1. However, while Graphene has a completely planar structure
consists of sp2-hybridised carbon atoms, a MoS; single-layer structure has a stepped topology.

Graphene MoS2 Au/Pt(111) Au/Pt(100)

Figure 1: Snapshots of the investigated surface materials of Graphene, MoS», Gold/Platin
(111) and Gold/Platin (100). First row: Top view on the surface structures. Second row: 45°
angle view on the surface structures. Colors of the elements: C - grey; S - yellow, Mo - teal,

Au - gold; Pt - silver.

In addition to the two-dimensional materials, four metallic surfaces consisting of Gold (Au) and
Platinum (Pt) are also investigated. Both surface orientations under consideration [(111) and
(100)] differ in their topology. These metals have been widely used in the chemical industry for
some time, e.g. as catalyst surfaces, electrically conductive coating material or as complete
electrode material (Boudart, Aldag, Benson, Dougharty, & Girvin Harkins, 1966; Farnesi
Camellone et al., 2016; Marangon, Di Lecce, Brett, Shearing, & Hassoun, 2022; Villa et al.,
2016). Since the surfaces result from different cuts along the crystal lattice, they have different
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surface structures, as can be seen in Figure 1. While the Au/Pt(111) surfaces show a hexagonal
arrangement, similar to that of Graphene and MoS,, the Au/Pt(100) surfaces result in a
rectangular arrangement of the surface atoms, as seen in Figure 1.

In order to provide the largest possible specific surface area for the processes, mainly porous
structures of the materials are used in catalysis and as electrodes. Due to the high computational
requirements for large systems, slit pore like geometries are often utilized in molecular
dynamics simulations to model small pore systems in the porous solids.

Within these slit-like structures water forms a layered arrangement. Due to the increased
interactions between the liquid (in this case water) and the solid material near the surface, the
so-called water contact layer is formed. This water contact layer, or liquid contact layer, forms
at almost every liquid / solid interface. The contact layer consists of a layer with increased
density at a distance of approx. 0.3 nm from the solid surface.

0.0 0.5 1?0 ljS 2?0 2?5 3:0 35
z (nm)
Figure 2: (left) Snapshot of a MoS: slit-pore confinement. (right) Water density profile in the
respective MoS; slit-pore. Layer — I: Contact layer, Layer — I1: Bulk-like layer

Colours: Sulphur - yellow; Molybdenum - teal; Oxygen - red; Hydrogen - white.

As can be seen from the density profile in Figure 2, the first compact water contact layer [cf.
Layer — | Fig. 2 (left)] on a MoS; substrate has a density corresponding to four up to five times
the usual water bulk density. In the direction of the bulk phase, the first contact layer is separated
by a pronounced density minimum. The exact structure of the water contact layer depends
strongly on the material of the underlying substrate. On the one hand, the absolute strength of
the interactions is decisive for the extent to which the water attaches to the surface; on the other
hand, the topology, i.e. the geometric surface composition, also influences the structure of the
formed water contact layer.
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Figure 3 shows the water density
profiles on the individual
substrate materials. It can be seen
that the materials alone have a
very different effect on the
density within the first contact
layer. In the case of Graphene, for
example, the first contact layer
only shows an increase in density
to three to four times the bulk
value, whereas on the gold
surfaces, for example, it increases
by more than seven times. The
distinction between the contact
layer and the subsequent diffuse
or bulk layer also changes with
the substrate material. In the case
of a substrate made of Graphene
the density decreases by only
20 % in the transition region. On
a Gold substrate however, the
Oxygen atoms are almost
completely displaced in this
region with just some occurring

In addition to the general formation of the dense contact layer near the surface, there are also
different influences on the structure and arrangement of the water molecules within these
contact layers by the substrate material.
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Figure 4: Snapshots of the water ordering in the first contact layer on a Graphene, MoS2

Au(111) and Au(100) substrate.

Colours: Oxygen — red; Hydrogen — white, Carbon — grey, Sulphur — bright yellow,

Molybdenum — teal, Gold — yellow.

Figure 4 shows a snapshot of the water molecules within the water contact layer on the
respective surfaces. While the increase in density within the water contact layer from Graphene
via MoS; to Gold can be seen by eye, influences on the exact structure or arrangement of the
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water molecules are rather difficult to recognize. Only for the Au(100) surface a relatively
pronounced pattern in the water arrangement can be recognized, in which the molecules are
predominantly adsorbed to the surface in a rectangular arrangement. Within the rectangular
arrangement the water molecules strive to align the hydrogen atoms mainly along the surface
dimensions in an alternating pattern to allow for a hydrogen bridge network that is as inherently
closed as possible.

Apart from the Au(100) surface, the other substrates also show influences on the structure
within the water contact layer, but they differ greatly in their manifestations.

In order to further investigate the influences and the resulting structure on all surfaces, they are
measured and analysed in the current project using correlation functions. Subsequently, links
between these static properties and the dynamic behaviour will be investigated. The results are
used to determine the extent, to which the particular structures of the water contact layer and
various material behaviour such as wettability, adsorption strength and dynamic transport
properties e.g. the friction coefficient and the general water diffusion within the contact layer
are influenced by each other. As this project is currently the subject of ongoing research and is
about to be published as a preprint, these insights are to be regarded as a preview.

1.2 lonic Liquids in confined Graphene structures, influence of geometric
confinement and polarization

In addition to the water-containing systems, the so-

0 called lonic Liquids currently represent a new class
I o R~e A R

R—0—5—0 N N of promising materials. lonic Liquids, also called
I _ “Room Temperature Ionic Liquids” (RTILs),
0 describe salts whose melting temperature is less than
100 °C, often even below the general room

0] 0]
\\S/NLS\// anions in lonic Liquids have sterically very

demanding molecular structures, in combination
with pronounced charge delocalization within the
whole or large parts of the molecule (Rodriguez-
Fernandez, Varela, Schroder, & Lago, 2022;
Shimizu, Bernardes, & Lopes, 2014). These two

/09 R\ﬁ R properties are the main reasons for the relatively low
H5C i—o melting temperatures of lonic Liquids, as even a
AN small amount of thermal energy is sufficient to

overcome the lattice energy. The physicochemical
properties of lonic Liquids can be influenced and
adjusted over a wide range by various combinations
and variations of the anion-cation pairs. Some of the
most common used cation and anion pairs are shown
in Figure 5.

temperature. Like ordinary salts, they are formed
‘ X from pairs of anions and cations. The cations and
@
|
R

Figure 5: Selection of some of the most
common cation and anion pairs of lonic
Liquids.
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Due to these possibilities to adjustment specific properties, lonic Liquids are also called
"designer solvents". Because of their low vapor pressure, lonic Liquids are particularly suitable
as non-volatile solvents in a variety of chemical processes, e.g. in catalysis, aerogel production
or in the pharmaceutical industry (Aaltonen & Jauhiainen, 2009; Dai, Zhang, Huang, & Lei,
2017; Ding, Radosz, & Shen, 2005; H.-P. Zhu, Yang, Tang, & He, 2003; S. Zhu et al., 2006).
They are also a promising electrolyte in battery systems and so-called supercapacitors
(Balducci, Bardi, Caporali, Mastragostino, & Soavi, 2004; Brandt, Pohlmann, Varzi, Balducci,
& Passerini, 2013; Frackowiak, Lota, & Pernak, 2005; Lewandowski, Olejniczak, Galinski, &
Stepniak, 2010).

Ouagilae

Figure 6: Schematic representation of a supercapacitor with an lonic Liquid infused carbonous
electrodes. Colours materials: Carbon - grey; Cations - blue; Anions — red. Colours charges:
positive charge — red, negative charge — blue.

Due to their thermal and chemical stability, they can cover larger potential ranges than ordinary
electrolytes and prevent flammability of energy storage systems. Both in catalysis and in battery
systems, but especially in supercapacitors, the lonic Liquids come into contact with highly
porous carbon structures, which are a widely used electrode material. The ionic liquid diffuses
into the small pore spaces of the porous electrode structure (cf. Figure 6) to accumulate on the
surface depending on the charged state.

The pore sizes are often in the nano- to subnanometer range and thus correspond to the same
order of magnitude as the size of the ionic liquid molecules.

In order to optimize the porous structure on the solid side, e.g. by adapting the pore diameter to
the respective ionic liquid, or to make general statements about the use of different lonic Liquids
depending on the application, precise modelling of
the materials used in these systems is essential.

Due to the complex structure and the relatively
variable charge distribution within the molecules of
lonic Liquids, the explicit integration of atomic
polarization is considered to play a significant role in
the accurate description by developed force fields
(Bedrov et al., 2019).

Within the scope of this project, a fully polarisable
force field for the explicit ionic liquid 1-butylpyridinium [BuPy] + [Tf2N] was reparametrized
according to experimental values to accurately

Figure 7: Snapshot of a carbon slit  describe the system in terms of dynamic properties
pore confinement infused by an lonic  such as self-diffusion as well as structural properties
Liquid. such as density (Busch et al., 2020). With the



72

reparametrized force field, different slit pore systems are studied in order to investigate the
general influence of the confinement on the dynamic behaviour of the lonic Liquid and to show
to what extent a polarisable description of the surfaces is necessary for an accurate modelling.
Figure 7 shows a snapshot of one of the used slit pore models.
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Figure 8: Density profiles of the lonic liquid in three different slit pore confinements with a
diameter of 4.09 nm, 2.36 nm and 1.65 nm. The overall liquid density is shown in black,
cation and anion number densities are shown in blue and red, respectively.

The density profiles in Figure 8 show very clearly the layered arrangement of the liquid within
the pore already described in subproject I. The contact layer (Layer — 1) has a slightly increased
density, followed by a diffuse layer (Layer — I1) until the bulk density is reached in the bulk-
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Figure 9: (a-c) Ratio of the cation
(blue) and anion (red) coordination
number in the diffuse layer (Layer — 1)
in all three confinements. (d) Schematic
representation of the coulombic
ordering and of the (e) “quasi
superionic state”.

like layer (Layer — I1I).

Since lonic Liquids are molten salts, the individual
molecules are present with certain partial charges.
Due to these charges and the distinct molecular
sizes, an alternating arrangement of anions and
cations takes place within the pore. As in this case,
this already happens for neutrally charged cells, i.e.
surfaces that are neutral charged in themselves.
With increasing restriction due to a decreasing pore
diameter, this arrangement now changes to the
effect that initially the bulk-like area disappears and
the first contact layers are only separated from each
other by two diffuse layers that merge into each
other. With a further decreasing confinement
diameter, the diffuse layers start to overlap resulting
in the formation of a merged layer. From the density
profile of the smallest confinement in Figure 8 it can
be seen that there is no stoichiometric number of
cations and anions in this newly formed layer [cf.
Layer — 2 in Fig. 8 (left)]. To further illuminate the
effect of this rearrangement for an ion, the closest
neighbourhood was analysed. Thus, Figure 9 shows
the ratio of neighbouring cations and anions the first

hydrate shell of a cation in the diffuse layers (Layer — Il) for each confinement. In the general
case, i.e. in pores as well as in the bulk phase, the arrangement of the ions follows the so-called
Coulombic order. The coulombic order is based on the charge. Thus, the first hydrate shell
consists mainly of counterions to balance the charge of the respective ion [cf. Figure 9 (d)]. A



73

dissolution of the Coulombic order was already observed by S. Kondrat with the "superionic
state” (Groda, Dudka, Kornyshev, Oshanin, & Kondrat, 2021; Kondrat, Georgi, Fedorov, &
Kornyshev, 2011). However, the "superionic state” described by S. Kondrat was only observed
for pore diameters in the sub-nanometer range and mainly takes place by screening mirror
charges in the surface. In the current study a "quasi superionic state™ was observed for pore
diameters around 1.65 nm, in which the Coulombic order is influenced in such a way, that the
number of neighbouring ions of the same type increases [17.8 % - 27.7 %, see Figure 9 (a - )].
Since this condition could be observed using both polarisable surfaces and non-polarisable
surfaces, it is, in contrast to the previously observed "superionic state”, a pure effect of
geometric confinement and is not caused by induced mirror charges (Futamura et al., 2017;
Gading, Tocci, Busch, Huber, & Meifner, 2022).

In contrast to the structural properties, which are not greatly influenced by a possible surface
polarization at these pore diameters, there are partly significant influences with regard to the
dynamic behaviour of the confined ionic liquid.

i -8
1.5 -&- CaFlon /:::,-B 1.81
oy -~ Anion oot
» ,,;.’::/ s 1.61
e 1.0 L.z =
= 2 g 1.41
n =t =~
2 ””” 8. 12‘
Z0.51 Q
Q 1.0 —
0.8 \.
0.0— T ; T x :
1.65 2.36 4.09 1.65 2.36 4.09
d (nm) d (nm)

Figure 10: Diffusion coefficient of the cation (blue) and anion (red) confined in different slit
pore structures with diameter d. (Right) Increase of the diffusion coefficient between
polarisable and non-polarisable surfaces.

In general, the diffusion rate decreases significantly with decreasing pore diameter due to the
increasing restriction of the ionic mobility by the pore walls. The diffusion of cations and anions
decreases by more than 90 % when the pore diameter decreases from 4.09 nm to 1.65 nm [cf.
Figure 10 (left)]. This can be mainly attributed to the increasing steric hindrance of the ions by
the surfaces and by the condensed ions. Additionally, the proportion of ions interacting with
the surface increases steadily with decreasing pore diameter. As a result, more ions experience
the increased interaction with the surface and, consequently, they are also more frequently
encountered in the compacted contact layer, which has a lower diffusion due to the increased
density. In the subsequent consideration of a surface polarization, the effect on the dynamic
behaviour of the lonic Liquids therefore increases with decreasing pore diameter. Figure 10
(right) shows the ratio of the diffusion coefficients within the pores with polarisable surfaces to
those with non-polarisable surfaces. Here, the mobility of the ionic liquid almost doubles when
the surface polarization is considered. Since, based on autocorrelation measurements, the
friction coefficients between the lonic Liquid and the surface do not decrease significantly when
polarisable surfaces are considered, the increase in diffusion is due to a decrease in ion-ion
interaction. Due to the induced dipoles in the surface, shown in Figure 11, the charges of the
individual ions are more strongly screened, especially in the first contact layer, so that the
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strength of the fixation by Coulombic interactions with the surrounding counter ions decreases
— this results in a decrease in viscosity and increased mobility of the ions in the contact layer.

In summary, in this project a fully
polarisable all-atom force field for the lonic
Liquid [BuPy] + [Tf2N] has been
reparameterised to agree very precisely with
experimental  results. Using the
reparametrized force field, it was shown that
especially for pore diameters from 1.65 nm
an explicit integration of the polarisable
description of the surfaces shows significant
effects on the dynamic behaviour of the
confined lonic Liquid. In addition to the
general effects of the geometric restriction,

Figure 11: Schematic representation of the a previous|y unknown phenomenon was

induced dipoles in the substrate by an [BuPy]  observed with the “quasi superionic state".
cation. The colors in the substrate represent the  Furthermore, the strength of the surface-

charges felt by the molecule: red — positive,  jnduced dipoles was investigated in the

blue — negative. published study, as well as their behaviour
with changes in the pore diameter and their

propagation within the surface structure.
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Optimizing liquid-solid slip in nanofluidic systems

Laurent Joly

Abstract: Nanofluidic systems, e.g. natural nanoporous materials or engineered nanochan-
nels made from new 2D materials, could provide alternative solutions to critical societal
challenges such as water desalination or energy harvesting. At the nanoscale, surface ef-
fects become crucial; in particular, liquid-solid slip arising from low liquid-solid friction
can boost the performance of nanofluidic systems. In that context, | will illustrate with
some recent work how molecular dynamics simulations can help understand the molecular
mechanisms of liquid-solid friction, and optimize liquid-solid slip. First, | will briefly dis-
cuss some recent progress regarding the molecular modeling of interfacial slip and friction
(Oga et al, 2021), and show how ab initio molecular dynamics can provide a new insight
into the structural and dynamical origin of liquid-solid friction (Tocci et al, 2020). Then, |
will discuss a challenge related to nanofluidic systems for electricity production: optimal
performance indeed requires charged and slipping surfaces, while these two properties are
contradictory. Here we have shown that the charge-friction relationship strongly depends
on how the surface charge is generated, and identified promising candidates for optimal
charge-friction coupling (Xie et al, 2020). Finally, | will show that water slip can be boosted
when the liquid is "supercooled”, and investigate the origin of this unexpected effect (Her-
rero et al, 2020).
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XDEM Simulation of Frozen Particle Fluid System subjected to

shearing

Tsz Tung Chan, Stefan Heinrich, Jirgen Grabe

Abstract: This paper aims to resolve the difficulties in the numerical analysis of the me-
chanical behaviour of frozen particle fluid system (PFS) under shearing conditions. Tools
used for the numerical analysis are the extension of the mesh-free discrete element method
(DEM) and bonded particle method (BPM). A new solid bond model considering creep is
developed and integrated into the simulation framework (MUSEN). In this paper, shear
tests have been committed to validating the developed solid bond model's capability and
further calibrating the solid bond's material model. During the experiment, particle types
and loading speed are alternated to cover the broadest possible range of interest. Material
parameters will remain the same as the calibrated value used in the previous paper, in which
only the tangential strength is alternated. Simulation performed using the newly developed
solid bond model provides a good agreement compared to the experiment result.

1 Introduction

Frozen particle fluid system (PFS) is vastly investigated in academic and industrial fields, such
as frozen agglomerate or frozen soil. The properties are crucial in different areas, including
building projects in the arctic region, agglomeration of food particles under freezing tempera-
ture, cryogenic grinding, permafrost and avalanches. Regarding natural science, frozen soils
have been investigated since the 19th century. The building project was developed closer to the
arctic region, and artificial ground freezing (AGF) was introduced for construction and mining
projects (Arenson, Springman, and Sego 2007). Apart from fields related to terrestrial projects,
understanding frozen PFS is also crucial in understanding the mechanical behaviour of icy as-
teroids in the solar system, which is critical to the future deep space mission (Weertman 1983).

For technical particles, freezing was widely used in the food and powder industries, such as
freeze drying or cryogenic grinding for temperature-sensitive material. Understanding the fro-
zen PFS mechanical properties and developing simulation models for such usage is crucial for
exploring such techniques in industry and natural fields.

A considerable portion of frozen PFS is constructed by ice, which has existed on earth for cen-
turies, with numerous research regarding ice. Mechanical properties of ice were well developed
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throughout different scopes, such as viscoelastic properties (Jellinek and Brill 1956), creep be-
haviour (Glen 1955), mechanical properties of polycrystalline ice and columnar-grained ice
(Goodman et al., 1981; Gold, 1972), temperature effects on creep behaviour (Mellor and Testa
1969), surface properties effect on adhesion performance (Hassan, Lee, and Lim 2010). The
artificial neural network has been trialled to predict ice mechanical behaviour regarding differ-
ent strain rates, types and temperatures presented in the most recent work (Kellner et al., 2019).

In addition, simulation tools were applied for investigating ice mechanical behaviour, such as
the interaction between ship structure with broken ice by the elastic ice model (Wang et al.
2020), the finite element model (FEM) used for the high dynamic behaviour of ice(Pernas-
Sanchez et al. 2012) or discrete element method (DEM) used for interaction between a conical
system with sea ice in the Arctic region (Long, Liu, and Ji 2021).

Apart from the bond material alone, the composite of frozen PFS has been investigated for
centuries due to different applications related to frozen soils. Many available works of literature
have explored rheology on frozen soil. The field of frozen soil has been investigated for dec-
ades—Iliterature regarding permafrost dates back to the 17th century (Yershov 2004). Addition-
ally, artificial ground freezing (AGF) was introduced in the 18th century. Numerous examples
of AGF are used in the construction industry to resolve different geotechnical engineering prob-
lems (Harris 1995). With another experiment regarding frozen soil in the other boundary con-
ditions, understanding of frozen soil has vastly enriched (Arenson, Springman, and Sego 2007).

Particle-based Discrete element method (DEM) is a numerical model for understanding the
particle dynamic by the interaction of each discrete element, which was introduced by Cundall
and Strack (1979)(Cundall and Strack 1979). Bonded particle method (BPM) is an extension of
the discrete element method (xXDEM) (Dosta et al. 2016), in which either a solid or liquid bond
connects the primary particle. Both BPM and DEM have been applied for tackling different
mechanical problems, including damage progress of concrete or high-performance concrete
(Rybcezynski et al., 2020; Beckmann et al., 2012), cemented sand (Obermayr et al., 2013), rock
mechanics (Ouyang, Yang, and Chen 2017) or mechanical behaviour of biopolymer aerogel
(Dosta, Jarolin, and Gurikov 2019).

In the previous paper (T.T.Chan, S. Heinrich, J. Grabe, M. Dosta, submitted), the solid bond
material parameter was calibrated according to numerous uniaxial compression tests, including
Young's modulus, Poisson's ratio, and Normal strength regarding different particle surface
properties and strain rates. In this paper, the shear test is aimed to be performed. The material
parameter can be further calibrated with the shear test, and the bond model can also be validated.

This paper is separated into two main sections. In the first section, the experiment performed
in-house details were presented, including the appliance, specimen preparation method, proce-
dure, and result. Furthermore, the numerical approach is demonstrated. The model couples the
strain-dependent and time-dependent creep behaviour to formulate the viscoelastic behaviour
of ice coupled in the DEM framework. Simulation and experiment result comparisons were
presented in this part for model validation. Finally, the conclusion is given in the last section.
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2 Experimental setup

To prevent specimen failure due to thermal failure rather than mechanical failure, a climate
chamber built with 3D printed parts, a computer radiator and radial fans were developed. The
radiator is connected with the cryogenic unit (IKA Temperature Control, RC2 basic, lowest
temperature: -20°C). In this experiment, the climate chamber is aimed to maintain the ambient
temperature at around -10°C. The climate chamber is coupled with TA.XT plus texture analyzer
(Stable Micro System Ltd., Surrey, United Kingdom, force resolution: 0.1g, displacement res-
olution: 0.0021mm, lowest compression speed: 0.01mm/s).

Nonetheless, a special clamp has to be developed for the shear test. The metal punch consists
of two main parts: the shear clamp and the shear punch. Two straight sliver steel columns guided
the shear punch during the force applying process. Metal punch applied force onto the shear
punch with constant speed, marked by the blue arrow. Force response is then measured accord-
ingly. To ensure the barrier-free specimen loading process, the specimen holder part had a
slightly bigger diameter than the specimen. The inner diameter of the specimen holding part
was 10.5mm. Such can ensure no obstacle during the specimen loading process. The CAD de-
sign of the climate chamber coupled with the special clamp and the setup of the shearing clamp
is presented in Figure 1.

Sliding door

Shear punch

Side panel

Computer radiator

Shear clamp

Radial fan

Figure 1: Left: CAD design of climate chamber coupled with a shear clamp; Right: Shear
clamp setup

2.1 Specimen preparation

Specimen preparation is crucial for the experiment data's accuracy since undesired defects in-
fluence the spread of data. Nevertheless, specimen prepared by incorrect method leads to en-
tirely different mechanical responses.

Different particles were considered to cover the broadest range of interests for the frozen PFS
specimen. Silicon mould with 10mm diameter and a height to diameter ratio of around 1.8 is
created for the specimen preparation. Table 1 shows the particle choice, ranging from different



surface properties and sizes. The diameter of the technical particle ranged from 1.6 to 2.1 mm,
with the quartz sand particle around 0.5 mm.

Table 1: choice of particles

Choice of Particle Soft Hard Natural
Smooth surface Polyethene Glass bead -
Rough surface - Alpha alumina Quartz sand

First, particles were poured into the mould to prepare the Frozen PFS specimen. Deionized
water was then injected from the bottom of the mould and passed to the degassing chamber to
ensure no gas bubbles in the agglomerates. PFS specimens were frozen overnight in a normal
refrigerator (-18°C). A sample of Frozen PFS with glass beads is presented in Figure 2

Figure 2: Frozen PFS with constructed by Glass bead

2.2 Experiment parameter

Only the shear speed was alternated in the experiment, as ice is a typical material review of
massive creep behaviour. The shear punch is driven in 0.02mm/s and 0.2mm/s. The sheer speed
Is chosen according to the experiment performed previously.

2.3 Experiment result

2.3.1 Mechanical behaviour of Frozen PFS under shearing

According to the literature, four types of mechanical behaviour can be observed in the Frozen
PFS under uniaxial compression: brittle behaviour, brittle behaviour with failure after yield,
ductile behaviour with strain hardening, and ductile behaviour with strain softening. However,
such cannot be applied to the frozen PFS under shearing. Most PFS experienced brittle failure,
in which the failure of the specimen happens abruptly. There may be a slight difference in the
failure point, which the specimen experience yielding just before failure. Figure 3 shows the
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stress-strain curve of some representative experiments for PFS with sand and alpha-alumina
primary particles under high shearing speed (HS) and low shearing speed (LS).

One distinct difference occurs in the Frozen PFS constructed by alpha alumina under low-speed
shearing, in which there is no brittle failure happened during the shearing process. The failure
process was vastly lengthened, which showed strain hardening and strain softening after spe-
cific points. It might be related to the distinct surface properties of Alpha-alumina. The alpha
alumina has porous surface properties, allowing a diffused structure to form between the bond
material (ice) and particle surface. Under the slow shearing, the bond material is elongated till
failure. However, the shearing block provided a massive contact patch with the specimen—the
broken bonds attached to the particle reform bond with the adjacent bond. In terms, the internal
structure is regenerated under the shearing process. Such can be explained that after the highest
force, the force-displacement curve provided a slight wavy pattern, and no apparent failure was
reviewed.

200

150 -

Force (N)
o
o

| / Aluminiumoxide PFS, HS
50 —— Aluminiumoxide PFS, LS
—(Glass PFS, HS
——(Glass PFS, LS
0 - w' '
0 1 2 3

Distance (mm)
Figure 3: Representative force-distance curve of frozen PFS under shearing (LS: low speed,
0.02mms’*; HS: high speed, 0.2mms™)

The overview of the shearing failure force and distance is listed in Figure 4. Shear speed influ-
enced the breakage force slightly. A lower force was required to achieve breakage with the
higher shear speed. However, such a phenomenon cannot be reviewed in frozen PFS con-
structed by sand particles. In contrast, the breakage distance provided a slightly deviated out-
come. Frozen PFS constructed by polymer particles provided a slight higher breakage distance
under higher shear speed. However, other frozen PFS provided slightly higher breakage dis-
tance under lower shear speed. In particular, alpha-alumina PFS gave a much higher breakage
distance at low shear speed than at high shearing speed. It can be correlated to the previous
assumption that the alpha-alumina PFS bonds were regenerating under the slow shearing pro-
gress.
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Figure 4: Average breakage force and breakage distance of different PFS (Left: Breakage
force; right: Breakage distance)

Apart from the mechanical parameter, an overview of mechanical behaviour is presented for a
clearer picture.

Table 2: Mechanical response overview concerning shearing speed and types of particle
Smooth particle Rough particle Natural particle

Low shearing speed Brittle failure Ductile behaviour with | Brittle failure just after
strain hardening fol- | yield point

lowed by strain soften-
ing

High shear speed Brittle failure Brittle failure just after | Brittle failure
yield point

Under shearing, particle surface properties imposed the most distinctive influence on the frozen
PFS's mechanical behaviour.

3 xDEM approach

GPU-accelerated DEM Framework MUSEN is used to describe the behaviour of Frozen PFS,
in which bonded particle model (BPM) is also available (Dosta and Skorych 2020). In BPM,
the particles interact with other non-contacting particles according to different bond character-
istics. In addition, the bond can be generated with overlap, extra dimension and material. Bonds
can be created (sintering, wet bond) or destroyed (breakage) during simulation.

Agglomerate is generated with two consecutive steps. Pack particles are developed in a logical
volume (pseudo space) according to the force-bias algorithm (Moscifiski et al. 1989). All par-
ticles are randomly generated in the pseudo space, with the algorithm's centre position and ra-
dius known. The sphere position changes according to the 'Force' acted on each interacted
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particle in every iteration. The force on each pair of particles is proportional to the overlap area.
Generation is completed when the maximum overlap is lower than the target value. To complete
the agglomerate, particles are connected with solid bonds. The generation is governed by the
maximum and minimum distance between the surface of spheres. If the requirement is fulfilled,
bonds are generated between particles. In addition, bonds can be generated with overlapping.

3.1 The solid bond model approach

The most important effect being considered is the strain-rate dependent behaviour. A new solid
bond model considering the creep behaviour has been developed. Both the particle-particle and
particle-wall relationships are calculated according to the Hertz-Mindlin model. The normal
force is calculated according to Hertzian theory (Tsuji, Tanaka, and Ishida 1992), and the tan-
gential force is calculated according to Mindlin's theory. (Mindlin and Deresiewicz 1953). The
detailed equation can refer to the literature, which particle young's modulus, Poisson ratio, fric-
tion coefficient and rolling friction are the necessary data for calculation (Spettl et al., 2015;
Maksym Dosta, Matthias Weber, VVolker Schmidt, 2019).

This paper is mainly focusing on the bond behaviour in the tangential direction. The bond force
calculation is described briefly here. As mentioned, ice is a typical creep material, and power
law is used to describe the creep behaviour of ice. The power law defines the creep strain rate
., according to two parameters and the current stress. The two parameters A and m, can be
adjusted according to temperature and material.

Er =A™ 1)
Strain in the normal direction &, , is calculated with the bond initial length L; and current
length L.:

e _ L.—1, (2)
n,to — LI

The normal strain consists of two distinct parts, the elastic part ¢, ., and the permanent de-
formed part. The creep strain represents the permanently deformed strain &, ,:

Ento = Enel T Enyer (3)
Bond normal stress is calculated by :

op=E Enel (4)
E denotes the bond's Young's modulus.

Temperature change during simulation is not considered to maintain the model's simplicity.
Permanent strain change due to creep after every consecutive time step is calculated by:

Ener(t +A0) = £,,0,(8) + At A (0, (D)™ (5)
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By coupling the previous equations together, the normal bond force can be calculated according
to:

Fap (t+ At) = E Ay (&nc0 = Ener(t + AD)) (6)

which A, is the cross-section area of the bond.

For the simplicity of the mode, the same creep behaviour and creep parameter as the normal
direction is used for the creep behaviour in the tangential direction. To calculate the tangential

bond force, tangential bond deformation ci must be calculated. Bond tangential deformation is
calculated according to the relative motion in the previous timestep:

S (t + At) = T 5,(t) + Vrer At ()

T is the rotation matrix to consider the motion of connected particles, and v, ,; is the relative
velocity at the contact point in the tangential direction.

The tangential stress o; can be calculated with the tangential deformation:

A ®)
T 2 (+v)
v denotes the Poisson's ratio. During the calculation of tangential strain, relative rotation of the
bond compared to the previous timestep has to be considered. The deformation, according to

creep, has to align with the new direction of the bond. In terms, the creep deformation must
multiply with the bond's unit vector 7;:

E(t +At) = &(t) + e (D) T 9)

The bond's vector can calculate the unit vector of the bond 5t(t) and bond's length |5t(t)|:

0 (10)
2

t =Tz
|6t(t)|

By combining all the equations mentioned previously, the tangential bond force can be calcu-

lated by:

P 8,(t + Ab) E p (11)
tb — L, 2 -(1+v) ?

One of the crucial features of BPM is mimicking the agglomerates' breakage behaviour. To
achieve such a purpose, bonds can be broken during simulation. By comparing the bond'’s nor-
mal and tangential stress with the bond's normal a,,,, and tangential strength 7,,,,,. The exist-
ence of the bond during simulation can be considered. Apart from comparing the bond normal
and tangential strength, bond breakage due to strain is also considered due to the creep behav-
iour of the bond material.
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Fap  Mup Ry (12)
E It Z Omax
Fip MRy (13)
Ab ] —_ max

gn,to = gn,max (14)

R, is the bond radius, 1\71),1,,, and 1\71)“, are the bending and torsional moments of the bond, re-
spectively, I is the moment of inertia, and J is the polar (torsional) moment of inertia of the
bond's cross-section.

The previous literature proposes an algorithm for determining the bond's normal strength ac-
cording to strain rate (Petrovic 2003). However, coupling the relationship into the solid bond
model proved unreasonable, as the bond strength fluctuated massively during the simulation.
The bond normal and tangential strength alternation due to strain rate and particle surface prop-
erties is compensated by changing the bond material modelling parameter.

3.2 Simulation setup

As mentioned, the agglomerate has been generated, with the particle diameter tailored to the
particle used in the experiment. Upper pressing geometry moves 200 times as the experiment
compression speed to reduce the total time required for simulation. The creep parameter and
restitution coefficient have been tuned accordingly. For the technical particle, the spherical par-
ticle is used for representing the particles. However, the spherical particle is used for the natural
particle to maintain the simulation, as contact detection occupies a significant amount of calcu-
lation power in DEM simulation. Determining the collision of the spherical particle is easy by
calculating whether the centre distance is larger or smaller than the combined radius (Descantes,
Tricoire, and Richard, 2019).

The particle-particle and particle-wall relationships were alternated (Gu, Zhang, and Huang,
2020). Agglomerate setup is presented in Table 3.

Table 3: agglomerate setup of different PFS

Technical particle PFS Natural particle PFS

Particle diameter (mm): 1.65-1.8 Particle diameter (mm): 0.5
Bond diameter (mm): 1.0 Bond diameter (mm): 0.3

No. of particles: ~230 No. of particles: ~11200
No. of bonds: ~1100 No. of bonds: ~66000
Porosity: 0.44 Porosity: 0.42
Particle-wall friction: 0.1 Particle-wall friction: 0.5
Particle-particle friction: 0.05 Particle-particle friction: 0.45
Restitution coefficient: 0.1 Restitution coefficient: 0.7
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The bond material parameters were calibrated according to the uniaxial compression test per-
formed in the previous paper. Young's modulus and Poisson's ratio have been kept unchanged
throughout all the simulations. Young's modulus is set as 350 MPa, tailored according to the
in-house uniaxial compression experiment. The Poisson's ratio is set as 0.31 (Petrovic 2003).
Simulation performed here have a different tangential and normal strength value, further tailor-
ing the bond material parameter under different strain rates and concerning different particle
surface properties.

Table 4: Material modelling for bonds under different circumstances

Primary particles Polyethene Glass Alpha-alumina Natural sand

Normal strengths

High shear speed [MPa] 35 4.2 20 20
low shear speed [MPa] 6 2.7 20 20
Tangential strengths

high shear speed [MPa] 1.3 0.8 22 2.6
low shear speed [MPa] 2.2 15 1 6.9
Creep parameter A [-] 0.1 0.1 0.3 0.1
Creep factor m [-] 0.1 0.1 0.16 0.1

At least five individual simulations have been performed for every single combination. The
reason is to compensate for the internal structure difference of the agglomerates. The agglom-
erates were placed into the clamp randomly. The difference in the internal structure differed,
which led to a slight difference in the failure profile, further changing the breakage distance and
force. Numerous simulation with internal structure generated randomly is performed to com-
pensate for the effect of the randomness of the internal structure during the experiment.

3.3 Simulation and experiment result comparison

The simulation data showed a promising result without the alternation of Young's modulus and
Poisson's ratio. In most cases, the simulation has achieved a very close value to the experiment
result. However, in Glass PFS under low shear speed, the simulation has an even higher devia-
tion than the experiment result. This may be related to the number of simulations performed is
not enough. In this case, more simulations must be committed to gathering more data to rule
out improper cases.

In the breakage distance, a higher deviation can be reviewed. This can be related to the clamp
used in the experiment. The inner diameter of the shear clamp is slightly bigger than the speci-
men's diameter. Under the shear motion, the specimen is tilted somewhat and then subjected to
pure shearing force. However, due to the specimen preparation process, the length of the spec-
imen cannot be ensured to be identical across every specimen. Due to the uncertainty, the tilted
angle cannot be assured, which leads to differences in the breakage distance.
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In the alpha-alumina PFS, the simulation result significantly deviated from the experiment re-
sult. It was related to the assumption made in the previous part, as the bond was regenerated
during the shear progress. However, due to the nature of the bond model, such a phenomenon
is not considered. Leading the internal structure in the simulation is not a close representation
of the agglomerate under experiment conditions.
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Figure 5: Comparison of experimental and simulation results

4 Conclusion

Experiments and simulations were performed for frozen PFS and ice in this contribution. Under
the shearing condition, particle surface properties significantly influence the frozen PFS me-
chanical behaviour and parameters.

The extended Discrete Element Method (XDEM), Bonded Particle Model (BPM) is used to
tackle the problem. BPM is available in the in-house developed DEM framework MUSEN. A
new solid bond model considering creep behaviour in normal and tangential directions is de-
veloped and coupled into the framework. Combining the material parameter obtained previ-
ously and the material parameter modelled in this work. The model shows a promising result
in both uniaxial and shearing conditions. The solid bond model can tackle the bond material's
strain rate-dependent behaviour.
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Application of discrete element method to

analyze micromechanics of granular materials

Sergiy Antonyuk

Abstract: The filter cake is a saturated particle packing that formed in the filtration process
due to particle separation from the suspension on a filter medium. The micromechanics of
the filter cake formation (interactions between particles, particles and fluid, and filter me-
dium) must be considered to predict pore clogging, filter cake growth and consolidation
correctly. A precise 3D modeling approach to describe these effects is the resolved 4-way
coupling of the Computational Fluid Dynamics with the Discrete Element Method (CFD-
DEM). This work focuses on the development and validation of a CFD-DEM model, which
can accurately predict filter cake formation during solid-liquid separation.

1 Introducion

Many industrial applications use cake filtration for the separation of solid particles from liquids
by a porous filter medium on which a filter cake is formed [1]. The packing structure and po-
rosity of the filter cake is a crucial factor affecting the pressure drop or energy effort of filtration
process, influences the product quality and one of the keys to the success of downstream pro-
cesses, such as washing and removing the residual moisture [2]. The filter cake structure is
affected by the particle-particle/filter medium, particle-fluid interactions, the size distribution
of particles and their mechanical and adhesive properties [3-5]. Further, for a filter cake formed
from non-spherical particles, the shape and the orientation of the particles also affect the struc-
ture of the filter cake. In addition to this, the filter cake may undergo consolidation (change in
void fraction) due to the fluid forces [6, 7]. Therefore, a detailed investigation of the filter cake
structure and interactions between filter medium and particles is necessary to determine and
describe specific parameters like the resistances of the filter cake and the filter medium. For the
description of these micro processes, the numerical multiphase flow simulation can be applied.

2 Numerical approaches for modeling of filter cake formation

Different numerical approaches can be used for the simulation of filter cake formation. The
interactions between particles and the fluid can be considered entirely or just in parts. The 1-
way coupling methods focus on the fluid flow influencing the particles, while particle move-
ment does not affect the fluid flow field. The 2-way coupling methods also include the impact



96

of the moving particle on the fluid flow. At low particle concentrations in suspensions with very
stiff, non-adhesive and ideal spherical particles, the filtration process can be simulated by the
Computational Fluid Dynamics (CFD) using models of the porous structure (Euler), two-phase
CFD models (Euler-Euler) and CFD with Lagrangian particle tracking. In our previous work,
the filter cake formation at static filtration [8], fractionation in cross-flow filtration [9] and par-
ticle deposition in the electret nonwovens [10] were studied with Lagrangian particle tracking.
The same method was used by Hosseini and Tafreshi [11] for simulation of the aerosol flow
through nanofiber filter media. The deformation, adhesion, relative movement and reorganiza-
tion of the particles in the filter cake are important mechanisms of the cake formation, which
cannot be predicted by either 1-way coupling or 2-way coupling.

In this context, the Discrete Element Method (DEM) is a powerful method to simulate the mo-
tion and interactions of individual particles in particulate systems under the influence of differ-
ent forces and moments [12, 13]. The forces can include contact, adhesion, drag, buoyancy,
gravity, etc. Thus, the kinematics and dynamics of each individual particle and the entire parti-
cle collective can be obtained, taking into account effects such as particle size distribution,
irregular particle shape, deformation, sticking and breakage of particles.

The coupling of the DEM with the CFD considers the interactions between particles, particles
and filter medium as well as fluid-particle interactions in 4-ways (Figure 1). CFD-DEM coupled
methods can then also be divided into two groups of volume-averaged and resolved simulations.
In the volume-averaged simulations, the CFD-DEM coupling does not fully resolve the fluid
flow around each individual particle. The flow is calculated on the basis of the volume-averaged
Navier-Stokes equations. Since the majority of the numerical studies of fluid-particle flows in
literature were performed with the unresolved coupling, the CFD-DEM is a commonly used
term for the volume-averaged method [14]. Vango et al. [15] gave an overview of unresolved
coupling methods for the solid-liquid packed bed simulations.

CFD DEM
influences Movi i
Flow field ound ) Other ‘
—_ particle particles or i
i filter medium | !
—_——— Interactions !
changes . i

Figure 1: 4-way CFD-DEM coupling. Each interaction is illustrated by an arrow

The unresolved coupling works well if the volume of the grid cells is much larger than the
particle volume. If the volume of a grid cell approaches the particle volume, the cell might be
fully occupied by a particle, which results in numerical problems. The collision behaviour of
the particles can also be affected by viscous forces [16]. The viscous forces can influence the
cake formation [17] and separation process [19]. The numerical studies based on the unresolved
CFD-DEM coupling cannot calculate these forces directly and need therefore an additional
model, which considers the energy dissipation due to surrounding fluid.
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The unresolved CFD-DEM models are not suitable for the direct prediction of the influence of
particle concentration (swarm effect) and need specific correlations for the drag force [17, 18].
However, these complex particle-fluid interactions which also have a strong influence on the
particle contact interactions can be simulated by the resolved coupling of DEM with CFD. In
this approach, the DEM calculates the kinetics and dynamics for each single particle depending
on all relevant forces including the contact interactions between particles and with the filter
medium surface, such as the deformation, adhesion and friction forces. The above-mentioned
drag, buoyancy and viscous forces due to flow are obtained by CFD simulation of the flow and
explicitly considered via coupling in the momentum balance of the DEM.

One of the most accurate 3D modeling approaches to describe the flow is Direct Numerical
Simulation (DNS). For this, the Lattice-Boltzmann Method (LBM) is used as an especially
well-suited numerical scheme to approximate the transient Navier-Stokes equations with mov-
ing boundaries [20, 21]. Rettinger and Rude [23] proposed a new algorithm for the 4-way cou-
pling LBM of suspensions.

In this work, the numerical study of the micro processes between the particles during filter cake
formation is achieved by the resolved coupling between CFD and DEM methods. The experi-
mental investigations complement the simulation results and the numerically calculated filter
resistances represent the experimentally obtained results of the filter cake formation processes.

3 Experimental measurement of the filter curve

3.1 Filtration equation

The cake filtration process (Figure 2) is characterized by the resistances, which can be divided
into the two pressure drops of the filter cake R.-(t) and the filter medium resistance R,,. The
filtration Equation (1) [1] describes the flow velocity vg(t) of the filtrate depending on the total
pressure difference Ap and both resistances:

__M»
- (Re(t) + Ry)
where p is the dynamic viscosity of liquid.
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Figure 2: Representation of resistances in the cake filtration
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The resistance of the filter medium can be divided into the pure filter medium resistance R,
and the interference resistance R,,;, which describes the resistance of the filter medium under
consideration of the first particle layer on the medium, that can block the medium pores [30].

The results of filtration experiments and simulations are evaluated by the filter equation (2) [1]:

t pnc K U
= . + ‘R
Ve 2:-A%2-Ap FlA-Ap M @

where t is the filtration time, V5 is the filtrate volume, r, is the specific filter cake resistance,
K is the filtration constant and A is the filter area.

3.2 Parameters of the filtration experiments

For the validation of the simulation, the filtration experiments were performed. The resistances
of filter cake and medium are measured in accordance with the VDI guideline 2762 [29]. The
experiments are carried out with a laboratory scale pressurized housing at constant pressure
Ap= 1 kPa, which is maintained by a constant liquid level above the filter medium. The used
aqueous suspension contains spherical silica glass particles (Potters-Ballotini) with sizes in the
range of 63-100 um. The filter medium mounted in the pressurized housing is a twill weave
woven wire cloth produced by Haver & Boecker. The parameters of filtration and properties of
the filter medium are listed in Table 1.

Table 1: Parameters of the experiment

Property Unit Value
mesh size dp,e pm 32
wire diameter dg pm 28
filter area A cm? 20
pressure difference Ap Pa 1000
particle density pp kg-m 2200
particle size median/modal values x50 3 /Xmod 3 pm 82.2/82.7

4 Simulation model and parameters

The calculated numerical model is based on resolved CFD-DEM coupling. DNS calculates the
fluid flow directly by solving the Navier-Stokes equations (NSE). The used Lattice-Boltzmann
method (LBM) allows computation of the laminar fluid flow for low Reynolds numbers or even
higher Reynolds numbers if the lattice dimensions are small enough to resolve the turbulent
movement of the fluid. The first subsection outlines the principles of the CFD method. DEM is
used to calculate the movement of the particles and will be explained in the second section. The
third section describes the method for the coupling of the fluid flow with the particle movement
and the calculation of interactions. The model was implemented in the in-house developed soft-
ware DNSIab [31] that is used for the simulation of filtration processes [32], [8], [10], [33].
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4.1 Fluid flow calculation with CFD

The CFD calculations are carried out by the LBM, meaning that the equations for conservation
of mass (3) and momentum (4) in the fluid phase corresponding to the transient Navier-Stokes
equations are approximated using the D3Q15 discretization scheme and velocity boundary con-
ditions applied at the particle boundaries [24, 25]:

ap _
E'l‘V'(p'U)—O ?3)
4]
p(a—j+(v-V)v)=f—Vp+uAv 4)

where v is the velocity vector, f describes the volume forces like gravitation force, and Vp is
the pressure gradient, (v - V)v represents the Navier term (inertial effects) and udv is the
Stokes term (viscous effects). p, v and p depend on the position in the flow domain x € Q and
the time ¢.

4.2. Particle dynamics calculation with DEM

The movement of each single particle and its interactions with other particles and filter media
are calculated with the DEM by solving Newton’s second law given as:

dvi f g
J

with particle mass m;, contact force F;; between particle i and particle or filter medium j, fluid-

particle interaction force Fl.f and gravitational force F?. In the present study, contact forces act-
ing between particles as well as particles and filter medium surface are calculated using the
well-known Hertz-Mindlin model [26-28].

4.3 The resolved CFD-DEM coupling

The resolved coupling between the LBM for CFD and the DEM method is based on the transfer
of momentum from the particles to the fluid and the fluid volume displacement due to particle
motion. Figure 3 (left) illustrates the particle moving in the direction of the arrow in a time step.
Then, in this rigid lattice structure, former fluid nodes (white) become particle nodes and former
particle nodes become fluid nodes (blue). Pressure and velocity values are interpolated from
surrounding fluid nodes when new fluid nodes arise from particle movement.

The resistance force on the particles is described by an integration of shear and pressure forces
over the particle surface. The fluid-particle interaction force Fif considered in DEM in Equation

(5) includes the buoyancy force FP (Equation (6)), the shear force F{ (Equation (7) and the
pressure force F; (Equation (8)).
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Figure 3: LBM coupling scheme: (left) Particle movement in one simulation time step with
particle (orange), particle boundary (red) and fluid (white) nodes. New fluid nodes (blue) after
particle movement, surrounding layer of fluid nodes used to compute viscous and pressure
forces which act on the particle; (right) Variables used for shear force calculation

FP=p-Vp-g (6)
S K tangential
Ff =5 | ) dx ™)
an
Fipz—fp-ndx (8)

79}

with the particle volume V.

Figure 3 (right) explains the calculation of F°. The particle moves with velocity v, through the
flow region Q. 9dQ denotes the solid-liquid interface, i.e., the particle surface. A fluid layer
around the particle with thickness d is needed for the evaluation of the local flow velocities and
pressures. x is a point on the particle surface and n the unit vector in the normal direction in
this point. The shear force acting from the fluid on the particle depends on the tangential part
of the relative flow velocity v, = ve(x +d-n) —v,.

4.4 Simulation setup and parameters

For the CFD-DEM simulation of the filter cake formation, a 3D model (Figure 4a) is generated
as a voxel grid, which uses a cubic lattice for the computation. The model has periodic boundary
conditions on the sides and the porous filter medium on the bottom. The microstructure of the
experimentally used filter medium is analyzed with an X-Ray Computed Microtomography
(TomoScope L, Werth Messtechnik GmbH, minimum voxel size of 500 nm). The cross-section
view in Figure 4 (b) shows at the bottom a uCT image and at the top the voxel structure of the
generated woven model for the simulation. It outlines a section of the filter area including 16
woven wires with periodic boundary conditions, representing the real weave structure com-
pletely. The chosen voxel length of 2.5 um leads to a coarsening of both pores and wares.

Analogous to the experiment, the filtration simulation is performed at a constant pressure dif-
ference. The solid particles are randomly distributed in the inflow plane of the container at the
top of the model. The generation rate of particles corresponds to the concentration of 10** m=,
Table 2 summarizes the relevant parameters of the filtration simulation.
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Figure 4: Basic model geometry (a) with filter medium: (b) side view in a sectional plane
through a wire: (top) DNS simulation, (bottom) uCT image, (c) top view of the complete
model wire cloth structure

Table 2: Model parameters of the woven wire cloth filter medium, particles and fluid

Property Unit Value
Model size (L x W x H) pm 320 x 320 = 802
Wire diameter dy, pm 28
Pore size dpyre um 32
Particle density pp kg'm> 2200
55
63
Particle diameter dp of the generated frac- 72
A pm
tions 83
95
109
Particle concentration ¢, m3 101
Pressure difference Ap Pa 1000
Fluid density p kg'm? 1000
Fluid viscosity u Pa-s 0.001
5 Results

5.1 Filtration resistances from experiments

The measure filtration data are described by the filtration curve according to the filtration Equa-
tion (2). The filter resistances (filter medium and specific filter cake resistance) are evaluated
by the slope and y-intercept of the filtration curve. The slope of the graph reveals the experi-
mental specific filter cake resistance of r, g, = 7.7-10° m™2, and the y-intercept of the graph
yields the filter medium resistance to Ry g, = 6.3-10" m™'. Because of the slightly varying
pressure difference in the experiments, the pure filter medium resistance Ry gy, Values are
obtained in the range between 2.1-10° m™" and 3.9-10° m™!
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5.2 Simulation of the filter cake formation

Figure 5 illustrates the instantaneous fluid velocities and particle positions obtained by the nu-
merical computations. In Figure 5 (a) the filter medium model is shown before the particle
generation. In Figure 5 (b) the calculated flow velocities and the initial particle positions are
shown at the beginning of the filtration when the first particles are reaching the filter medium
and the fluid passes through the filter medium. The local flow velocity maxima in the area of
the pores can be seen. Accordingly, the time-dependent filtrate velocity in Figure 6 (a) shows a
maximum before this point of time because of the minimum pressure loss that is determined
only by the filter medium. In Figure 5 (c) it can be seen that some particles are already clogging
the pores of the filter medium, which leads to the increase of the pressure drop and the resulting
decrease of the filtrate volume flow at 3.9 ms in Figure 6 (a). In Figure 5 (d) the further filter
cake formation process at the real time of 98 ms and filter cake height of 0.5 mm is shown.
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Figure 5: CFD-DEM simulation of the filtration process: (a) filter medium model, before the
process starts at t = 0 ms, (b) first closing of pores by particles of suspension at t = 3.9 ms, (c)
particles are retained by the filter medium ¢t = 40 ms, (d) filter cake formation at t = 98 ms
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Figure 6: (a) Time-dependent filtrate velocity and (b) filter curve obtained with CFD-DEM

simulation and described by filter equation in Equation (2)



103

After 98 ms of filtration, the filtrate velocity is nearly constant. Figure 6 (b) represents the
simulation results concerning the time-dependent filtrate volume V in the form of the linear
filter Equation (2). The graph within the first 2 mL of filtrate volume represents the pure fluid
running through the medium. The resulting pure filter media resistance is Ry sim = 3.4-10°
m~L. After the particle-free fluid flow through the filter, the slope of the curve increases and
after 6 mL of filtrate volume becomes linear. When the linear section of the graph begins, the
linear fit represents the specific filter cake resistance. The slope of it according to Equation (2)
leads to the specific filter cake resistance of r g;,, = 7.8-10'° m™2 (Figure 6 b).

5.3 Comparison of simulation and experiment

The results of the simulation describe the beginning of the filtration and filter cake formation.
To compare with the experimental results (significant higher number of particles and higher
filter cakes), the linear fit of the calculated filter curve was extended to the experimentally ob-
tained filtrate volume. The experimentally obtained and calculated filter curves are compared
in Figure 7.
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Figure 7: Comparison of experimentally obtained and calculated filtration curves

The fitted linear slope of the simulated filtration curve shows a good agreement with the exper-
imental data. The specific filter cake resistance obtained with the simulation
Te,sim = 7.8-10'° m™ matches the experimental value of 7, g, = 7.7-10'° m™. The experimen-
tally obtained values of Ry g, Were in the range between 2.1-10° m™ and 3.9-10° m™, which
is in good agreement with the simulation results of Ryq gim, = 3.4-106 m™.
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6 Conclusions

In this work, a numerical model of the cake filtration process was developed based on the re-
solved coupling of CFD and DEM methods. This model describes the interactions between
particles, particles with the filter medium, and particles with the flow due to the use of the
Lattice-Boltzmann Method for solving the Navier-Stokes equations in a fine voxel grid.

The resulting filter medium and filter cake resistances from the cake filtration simulations are
in good agreement with the results obtained by pressurized housing experiments. The simula-
tion was performed only for the beginning of the filtration. This small period of time can hardly
be obtained in experimental investigations, and the numerical investigations allow to resolve
the micro processes between particles, medium and fluid during filter cake formation.

The performed comparison between 3D simulation and experimental investigation demon-
strates a great potential of resolved CFD-DEM coupling for analyzing and optimizing cake
filtration processes.
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Experimental investigation of capillary collapse of partially saturated
granular materials

Nicole Hiisener, Jiirgen Grabe

Abstract: The capillary collapse is an irreversible reduction in volume of partially saturated
soils caused by the provision of water at essentially unchanging total vertical stress. Despite
extensive research, however, the processes involved are still not fully understood and will
therefore be investigated in more detail as part of the project. As a special characteristic of
opencast mining soils, which are particularly at risk of capillary collapse in Germany, the
influence of porous lignite particles will be investigated. For this purpose, the structure of
the lignite particles is also examined at the micro level with the help of scanning electron
microscopy. In addition, by varying the initial water content, the relationship between the
water content near the optimum condition and the collapse potential will be analysed.

1 Introduction

1.1 Partially saturated soil behaviour: capillary cohesion and capillary
collapse

Since the hydraulic and mechanical behaviour of partially saturated soils is significantly influ-
enced by capillary effects, they behave differently than in a dry or water-saturated state. Through
friction, the capillary pressure in unsaturated soils can lead to an increase in shear strength inde-
pendent of external loads, which contributes significantly to the cohesion of the grain structure.
Since this so-called capillary cohesion results from matric suction, it disappears in both dry and
saturated conditions and is therefore also referred to as ,,apparent cohesion“. In the case of an
increasing degree of saturation, there is a risk of loss of stability due to the increasing dissolution
of the capillary bridges, especially in the case of loosely bedded soils. This is often associated
with a sudden rearrangement of the grain structure, which is also referred to as capillary collapse
and, under the appropriate conditions, can lead to sometimes very large settlements of a soil,
which are also known as sagging.

In addition to the reduction or loss of capillary cohesion, other factors such as the dissolution
of solid bridges and cementation, e.g. in the form of crystallised salts, can also be involved
in the collapse process. These can additionally stabilise the grain structure via the formation
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of cohesive aggregates. Upon contact with water, however, these bonds gradually dissolve, a
multitude of freely moving particles instead of aggregates is formed and the contact surfaces
change. The velocity of the collapse process depends largely on the nature of the bonds. In the
case where the cohesion of the grain structure is based only on capillary forces, the collapse
occurs immediately, whereas, in the case of chemical cementation, the addition of water leads to
delayed collapse settlements. However, in sandy soils, solid bonds usually play only a minor role
(Al-Rawas, 2000; Grimmer, 2006).

1.2 Soils at risk and influencing factors

Collapsible soils can occur both naturally and as a result of human activities and are found
worldwide, especially in arid and semi-arid regions. As collapsible soils are a major geotechnical
and civil engineering problem, geotechnical engineers are confronted with multiple challenges
when dealing with this type of soil (Al-Obaidi, 2014). Capillary collapse is a complex process
that is influenced by a variety of soil physical and external boundary conditions. In general,
however, some basic conditions must be met for a soil to be at risk of capillary collapse.

External influencing factors include the initial water content and history of water content changes,
the degree of compaction or bulk density, as well as external loading and stress history. The main
factor responsible for capillary collapse is the presence of a metastable, inadequately compacted
soil structure that could be subjected to further compaction in the case of water ingress. Any
initial compaction reduces the volume of air-filled macropores and thus reduces the collapse
potential. The potential settlements are therefore lower the higher the initial bulk density is.
External loads lead to a compaction of the soil and thus also reduce the collapse potential. The
degree of compaction of the soil at a given load is also influenced by the water content. A higher
initial water content leads to a significant reduction of the collapse potential, as does repeated
saturation. The largest settlements therefore occur at the first ingress of water and, in the case of
sands, usually develop within a few minutes (WozZniak, 2015; Al-Rawas, 2000; Grimmer, 2006).
Particularly worth mentioning in this context are partially saturated, loosely bedded, sandy soils,
in which the stabilising capillary bridges allow larger void ratios than the maximum void ratio
emax determined experimentally on dry soils in its loosest state (Milatz et al., 2021).

In addition to the external factors, there are is a number of soil physical parameters that control
the type of soil and its susceptibility to capillary collapse. Besides the type of bonding already
described, these include factors such as the spatial arrangement and size of the grains and pores,
the uniformity coefficient as well as the grain shape and water permeability. In general, the
risk of capillary collapse increases with decreasing uniformity coefficient and grain diameter
as well as increasing sphericity/circularity coefficient (WoZniak, 2015; Grimmer, 2006). While
there is partly contradictory information in the literature on some other factors such as wetting
rate, other factors such as the influence of irrigation direction (from above/below) have been
insufficiently studied so far. In summary, however, it can be said that partially saturated soils
with a low water content or degree of saturation and a metastable, loose bedding are particularly
at risk of capillary collapse. These include in particular aeolian, colluvial and alluvial deposits,
loess soils and residual soils, but also loose fills (Al-Rawas, 2000).
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1.3 Special risk of capillary collapse of opencast mine dump soils

Opencast mine dump soils are a special case among engineered fills, which are essentially uncon-
trolled overburden fills from opencast mining. The lignite mining process destroys the original,
natural structure of the soil and different soils are randomly mixed together. In consequence,
dump soils are lithologically diversified and have a highly porous, unstable structure and unstable
physical-mechanical properties. In addition, the soil can be subjected to various alterations and
transformations as a result of external influences. For example, dump soils almost always contain
residual particles of the extracted raw materials, such as lignite, which come into contact with
air for the first time in the course of the extraction process. This can trigger chemical and/or
biological transformation processes that can significantly change the structure and properties of
the soil and the pore water as well as the hydraulic-mechanical behaviour of the soil. Compared
to the already relatively well-understood collapse settlements of natural soils and construction
fills, opencast mine dump soils have been insufficiently studied so far (Wozniak, 2015). For
example, it is still unclear how the lignite particles contained in opencast mine dump soils affect
collapse behaviour.

In general, opencast mine dump soils are only exposed to low external loads due to the sparse
building development, which means that the technically conditioned loose bedding remains
preserved in most cases. Although the bulk density increases with depth due to the soil’s weight,
the upper layers remain at high risk of capillary collapse. During ongoing opencast mining
operations, large-scale lowering of the groundwater level down to great depths is required. This
results in another risk factor after closure, as a particularly large re-rise of the groundwater level
is to be expected then, which is very problematic with regard to capillary collapse. Capillary
collapse is also conceivable as a result of water infiltration from above, e.g. due to rainfall events
or agricultural use, as the case study presented by Hou et al. (2019) impressively shows using
the example of a loess soil.

2 Materials and methods

2.1 Tested materials

The investigated soil is a dump soil from the Lusatia region, which is derived from the overburden
of opencast lignite mining. In order to ensure the representativeness of the investigated soil
specimens in small-scale computed tomography experiments, all particles with a diameter larger
than or equal to 2 mm were removed by sieving. The grain size distributions of the natural
opencast mine dump soil as well as the model soil obtained by sieving are shown in Figure 1.
The proportion of lignite particles and their particle size distribution were determined by loss
on ignition. The result was a very low content of only 0.26 wt%. The composition of the total
lignite content from particles of the different grain size fractions can be found in Table 1. It
should be noted that the proportion of fine lignite particles smaller than 0.063 mm could only be
determined by back calculation, which is why their particle size distribution is not known.
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Figure 1: Grain size distribution of the natural, untreated soil (red) and the model soil (blue)

Table 1: Composition of the total lignite content from particles of the different grain size fractions

grain size respective lignite
fraction proportion

[mm] [wt%]
< 0.063 52.41
0.063 <z < 0.125 4.88
0.125 < x < 0.25 12.27
0.25 <z <0.5 15.17
05<z<10 10.05
1.0<x <20 5.22

It was found that the fine lignite particles with a diameter below 0.063 mm account for more
than half of the total lignite content, while the proportion of medium-sized grain diameters of
the lignite particles between 0.125 mm and 1 mm is relatively similar and lies approximately
between 10 and 15 %. Since the influence of lignite particles on the collapse behaviour is still
unknown, a variant without organic components was investigated in addition to the model soil.
The most important properties of the investigated sample variations are summarised in Table 2.

Table 2: Properties of tested materials

Parameter Ps €min €max Amin Armax dso dyo
Unit [g/cm?] [-] [-] [mm] [mm] [mm] [mm]
Opencast mine dump soil 2.607 0517 0.782 0 <8.0 0.4650 0.2175
Model soil 2.609 0472 0.754 0 <2.0 04404 0.2100

Model soil without organics  2.604  0.445 0.716 0 <2.0

In order to investigate whether there are differences between coarse and fine lignite particles in
their influence on the behaviour of the soil, a further soil variation without fine particles and
another variant without fines and lignite, which thus consists solely of sand grains, are also
investigated. Furthermore, a glass bead packing (soda-lime glass Sil.ibeads type S / type Solid,
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manufactured by Sigmund Lindner GmbH, Germany) with a grain size distribution similar to the
model soil is also examined. With the help of the comparative experiments on almost ideally
round glass beads, it is not only possible to draw conclusions about the influence of the grain
shape, but the results obtained will also allow easier validation and (further) development of
numerical models in the future, whose range of application has so far been limited to spherical
particles. However, these additional model soils are not addressed in this paper.

2.2 Laboratory single oedometer tests

A wide range of methods and classification criteria are available for identifying and classifying
soils that may be at risk of capillary collapse (Al-Rawas, 2000; Grimmer, 2006), with many
methods based on oedometer tests. A basic distinction is made between so-called single and
double oedometer tests. The procedure for the more common single oedometer tests is described
in the international standard ASTM D5333-03:2003 and enables a comparison of the collapse
index [, or the collapse potential I, of different soils under standardised boundary conditions.
The soil sample is installed with its natural water content as well as a defined bulk density, loaded
stepwise (load increments: 5 kPa seating stress for 5 minutes, 12, 25, 50, 100 and 200 kPa for one
hour respectively) and then the settlement after saturation in one step is measured after 24 hours.
The collapse index or collapse potential is defined as the relative magnitude of soil collapse
determined at 200 kPa (collapse index) or at any stress level (collapse potential) according to
equation 1. The classification is then carried out based on the limits listed in Table 3 (ASTM
D5333-03:2003).

Table 3: Classification of Collapse Index

I, = { e } 100 [%] (1)

1+ e Degree of specimen collapse  Collapse Index I, [%]
where: Ngne 0
Slight 0.1-2.0
Ae. = change in void ratio due to wetting [-], Moderate 2.1-6.0
eo = initial void ratio at seating stress [-] Moderately severe 6.1-10.0
Severe > 10

A common hypothesis regarding collapsible soils is that soils with a water content below the
optimum (dry of optimum condition), i.e. below the so-called critical degree of saturation, are
collapsible, while soils with a higher water content are assumed to show almost no collapse
settlement when saturated. To examine this hypothesis, the optimum water content of the soil is
first determined using the Proctor test. Then, in an experimental series, three different initial water
contents (one below the determined optimum in the water content range typical for collapsible
soils of less than 10 %, the optimum water content and another above the optimum) will be
investigated.
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2.3 Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) is a versatile measuring instrument for analysing the
surface structure and surface material of solid samples. However, in contrast to conventional
light microscopy, the image formation is not achieved by optical imaging but by point-by-point
object scanning with a finely focused electron beam and the resulting locally triggered interaction
processes (formation of secondary and back-scattered electrons). The emitted secondary and
back-scattered electrons are captured by detectors and converted into an image via the intensity of
the signals. The examination of the samples takes place in a high vacuum (airless space) because
the presence of other materials such as air in the specimen column would also lead to undesired
interactions with the electrons and thus reduce the image quality. To avoid local electrostatic
charges in the specimens, conductive metal layers (e.g. gold) are sometimes vapour-deposited
after prior structure-preserving drying to increase electrical conductivity (Bauch, 2017). Scanning
electron microscopy was used to investigate the microstructure or surface structure of the lignite
particles naturally occurring in opencast mine dump soils.

2.4 X-ray computed tomography (CT)

Numerous studies showed that the microstructure is a key factor in the collapse process (Li
et al., 2016). But for a long time, adequate methods were lacking to investigate the structure and
influence of the microstructure in more detail. However, with the application of newer technolo-
gies such as computed tomography (CT) in geotechnical engineering, it is now possible to gain
increasing insight into the microscopic processes. Computed tomography is a non-destructive
method for the three-dimensional visualization of the internal and external structure of objects,
which was originally developed for medical applications. The principle is based on the material-
and path-length-dependent attenuation of X-rays as they penetrate objects. By superimposing 2D
X-ray images of the sample from different angles, usually by stepwise rotation of the sample,
a 3D image of the object is reconstructed using mathematical algorithms. Absorption-specific
gray-scale images are obtained, which allow different materials to be distinguished based on
their density through different intensities (Bauch, 2017).

With the help of in-situ CT examinations, it is possible not only to capture momentary images,
but also to examine changes in the specimen under changing boundary conditions over the course
of several successive scans. In geotechnical engineering, the use of CT in this way enables the
investigation of soil mechanical and hydraulic processes at grain scale. First CT studies on the
collapse process in sandy soils were carried out by Bruchon et al. (2013), Moscariello, Salager et
al. (2016) and Moscariello, Cuomo et al. (2018). More comprehensive insights into the processes
occurring during capillary collapse at the micro level are given by Bruchon (2014). Metallic
objects within the examined specimen, as they can be contained in soils, for example via metal
oxides in individual sand grains, lead to the formation of star-shaped artefacts in the area of
the metallic object in computed tomography, which significantly impair the image quality. In
order to reduce the risk of such artefacts, all magnetic particles are therefore removed from the
examined soil specimens with the help of a strong magnet before the start of the experiment.
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3 Experimental results

3.1 Laboratory single oedometer tests

Performing the single oedometer tests, it became apparent relatively early on that there was
a large scatter in the results. This can be attributed to several effects that may overlap each
other. Even with the same void ratio and bulk density obtained through the use of defined
sample quantities and volumes, the microstructure created during specimen preparation can
only be controlled to a limited extent, but has a major influence on the collapse behaviour. Also,
different settlements due to the initial seating stress of 5 kPa strongly influence the results, as
the corresponding specimen height serves as a reference for determining the collapse potential.
Despite initially uniform void ratios and bulk densities prior to application of the seating stress,
the bases for determining the collapse potential are therefore often different. Accordingly, it is
recommended to always carry out several tests per investigated scenario in order to estimate the
scatter range and to better assess the associated collapse potential.

Within the scope of this paper, three individual tests were carried out, of which the average
results were analysed. Overall, despite the low lignite content, the lignite-containing soil showed
significantly more pronounced settlement under load than the variation without organic content
for all three water contents investigated (cf. Figure 2). A clear influence of the irrigation direction,
on the other hand, does not seem to be recognisable, since with the exception of the curve of
the model soil when irrigated from below with an initial water content of 16 %, the results for
both irrigation directions are close to each other. Therefore, further investigations seem to be
necessary here.

w0:6% w0:13% w0:16%
applied vertical stress [kPa] applied vertical stress [kPa] applied vertical stress [kPa]
OO 50 100 150 200 250 OQ 50 100 150 200 250 0O 50 100 150 200 250
[ [ [ [ 1 [ [ [ [ [ [ [ [
1} | 1 | 1 |
2 | 2 | 2 |
E 3 1 E3 1 g3 i
g g g
= 4 - = 4 - = 4 8
Q Q Q
£5 | £5 | £5 |
=2 =2 =2
il | 30 | 30 |
L | | | collapse |
7 7 7 settlement
8| | 8| | R S R
9 9 9 ‘ B
—— model soil, top irrigation ->- model soil, bottom irrigation

—o>— model soil without organics, top irrigation ->- model soil without organics, bottom irrigation

Figure 2: Compression curves of the Collapse Potential Test for three different initial water
contents, left: 6 %, centre: 13 %, right: 16 %
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At first glance, the collapse settlements for both variations of the model soil (with and without
lignite) appear to be relatively similar. Since these are crucial for the calculation of the associated
collapse potential, one could assume that higher collapse potentials should result for the model
soil containing lignite due to the higher total settlements. Therefore, first, the collapse settlements
are determined for all investigated variations (cf. Figure 3, left). In contrast to the settlements
under load, however, the larger collapse settlements occurred for the soil without organic
components. While the lignite particles lead to greater soil settlement under vertical loading, they
appear to attenuate collapse settlements and thus lead to a discernible change in the hydraulic-
mechanical behaviour of a soil, even with a small proportion. The lower collapse settlements due
to irrigation result in lower collapse potentials for the lignite-containing model soil despite the
higher total settlement (see Figure 3, right).

Overall, however, the collapse potential for both model soils and for both irrigation directions is
low (< 3,2 %). This could also be due to the high vertical load of 200 kPa, which already leads to
a significant compaction of the soil specimens before the actual irrigation. With an increase of the
initial water content, a decreasing tendency of the collapse potential can be observed, whereby
the collapse settlements and collapse potentials below the determined optimum water content are
higher than with an initial water content above the optimum. The results, therefore, indicate a
confirmation of the hypothesis on the influence of the optimal water content. Nevertheless, it
would be interesting to investigate the collapse behaviour also for further initial water contents
and for lower loads. Furthermore, the sample size should be increased to reduce the effect of the
natural, relatively large scatter on the results.

Collapse Settlements Collapse Potential
0.6 T T T ] 3.4 : : T
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— 3 ! 0
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©18f T 11z g
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—— model soil without organics, top irrigation ->- model soil without organics, bottom irrigation

Figure 3: Development of the collapse settlements and the Collapse Potential of the model soil
with organics (blue) and without organics (red) with increasing initial water content near the
optimum condition
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A major criticism of the conventional investigation of the collapse potential using single oedome-
ter tests is based on the fact that the collapse potential is classically determined when the soil
sample is saturated in only one step. However, under real conditions, as they are found in nature,
saturation does not take place in only one step. Rather, in most cases it is a gradually progressing
irrigation process, which cannot be correctly reproduced with the conventional investigation
methods. In addition to the preceding classical oedometer tests, incremental wetting tests should
therefore be carried out, which can provide results that are closer to reality.

The irrigation rate could also be a possible influencing factor that is not taken into account in
the classical investigations, especially since the often very simple structures also do not allow
for targeted regulation of the irrigation rate, so that no standardised boundary conditions are
available with regard to the irrigation rate. Therefore a more detailed investigation of the possible
influence of the irrigation rate on the collapse behaviour is planned for the future.

3.2 Scanning electron microscopy

Lignite is an organic sedimentary rock that is formed from dead plant material during the coalifi-
cation process. Due to the low loading during the formation process, only a low consolidation
takes place and a high water content remains, which gives lignite a highly microporous and
micro-cracked structure. The lignite surface was examined using a scanning electron microscope
at various magnifications (cf. Figure 4). It can be seen clearly that the lignite particles are highly
inhomogeneous and that, in addition, the capillary structure often resembles the original plant
substance. Both effects are a result of the incomplete and non-uniform conversion. Lignite, as a
special case among coals, contains all pore sizes (ultra-micro-, micro-, meso- and macropores),
whereby the largest specific surface area results from the micropores. Due to the microporosity
and the colloidal character of the humic acids it contains, lignite is strongly hygroscopic and is
usually present in an almost water-saturated condition (Lechner, 2012; Zimmermann, 2010).

(a) (b)
Figure 4: SEM images of the lignite particles of the model soil 2 from investigations at the
Electron Microscopy Unit (in German: Betriebseinheit Elekronenmikroskopie, BeEM) of the
Hamburg University of Technology (TUHH). (a) magnification 200x, (b) magnification 2500x
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3.3 X-ray tomography

In a first step, the structure of a lignite-containing soil at different degrees of saturation was
examined in the micro-CT of the Institute of Biomechanics at the Hamburg University of
Technology (TUHH). The bulk density was also varied in the process. However, it was shown
that the jerky incremental rotation of the scanner leads to undesired particle movements when
the sample is bedded loosely. This is not only problematic with regard to the quality of the
images (blurred, out of focus), but also for the investigation of the collapse process itself, as the
grain movements due to the sample rotation overlap with the sagging triggered by the capillary
collapse and the cause of the individual particle movements can thus not be concluded. The scan
duration is also extremely long compared to the small field of view (FoV) and the low resolution
that can be achieved. The CT scanner used is therefore not suitable for in-situ CT investigations,
which is why other CT devices with a slow, continuous rotation must be used for this purpose.

When processing the reconstructed CT data for further analyses, segmenting the lignite particles
contained in the opencast mine dump soil as a single phase proved to be difficult. The reason
for this problem is that their density is similar to that of water and the image data in computed
tomography, as described above, are obtained based on density. However, as can be seen in
Figure 5, with the help of various filters and other processing tools, it has already been possible
to make the lignite particles visually recognisable even in the lower-quality micro-CT images.

(a) (b)
Figure 5: Horizontal slices of X-ray CT image of lignite-containing soil 1 (a) raw image, (b)
preprocessed image, with particles in the red circles = lignite particles

In order to be able to investigate the processes leading to capillary collapse at the micro scale,
a miniaturised experimental set-up for in situ CT experiments was developed based on Milatz
(2020). The sample irrigation is carried out through a porous filter stone and a filter paper via
the specimen bottom and can be controlled with the help of a single-board computer (Raspberry
P1), which drives a syringe pump. Both the added water volumes and the irrigation rate can be
regulated very precisely. The experimental set-up is shown schematically in Figure 6 and has
already been successfully tested under laboratory conditions.
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Figure 6: Schematic illustration of the experimental set-up for miniaturised wetting collapse
experiments

During a three-day measurement period (26.03.-29.03.2021) at the Institut Laue-Langevin (ILL)
in Grenbole, France, first insights into the processes taking place at the micro scale could be
gained (Hiisener et al., 2021). A special feature here is the parallel/combined X-Ray CT and
neutron tomography, as the neutrons are water-sensitive and thus can increase the phase contrast
at initially low water content. However, an alternative sandy soil (Hostun Sand) and a different
experimental set-up were used in the experiments. Therefore, further experiments with the
presented miniaturised set-up on the model soils investigated in the project, which were obtained
from an opencast mine dump soil, are planned for the future.

4 Summary and Outlook

In this study, a model soil obtained from a natural dump soil of opencast lignite mining was
first characterised in terms of soil mechanics, the grain structure was investigated in CT and the
surface structure of the coal particles contained was examined at the micro scale with the aid of
scanning electron microscopy. Subsequently, so-called single oedometer tests were carried out on
two soil variations (one with and one without lignite particles) according to the ASTM D5333-03
standard, which allow the collapse potential of a soil to be determined and compared under
standardised boundary conditions. The widely accepted hypothesis that especially soils at dry of
optimum condition are collapsible seemed to be confirmed for both model soils. Interestingly,
lower collapse potentials were found for the lignite-containing soil despite larger total settlements.
This is due to the fact that the presence of coal particles led to reduced collapse settlements upon
wetting, while larger settlements occurred under load. Although tendencies could be clearly
identified, the large scatter range is to be criticised, so that further tests should be carried out in
the future. Since the lignite particles already seem to strongly influence the hydraulic-mechanical
behaviour of a soil, even at a low proportion, this should be investigated in more detail. Variations
in the load applied before irrigation are conceivable here, for example. Since the triggering
microscopic processes are still not fully understood, a miniaturised experimental setup was
developed and presented, which in future will allow in situ CT experiments and thus insights
into grain kinematics during the collapse process at the micro level.
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Micromechanical insights into the capillary collapse of granular materials

Jean-Michel Pereira

Abstract: This communication focusses on the role played by the microstructure on the
behaviour of unsaturated granular materials. First, we present an experiment where the
collapse of a sand specimen under oedometric conditions and subjected to wetting while
being 3D scanned using X-ray computed tomography. X-ray CT combined with Digital
Image Correlation allowed us to track the deformation and changes in water content that
occurred within the specimen during wetting. Despite a strong heterogeneity observed at the
local scale, the behaviour at the scale of the REV is found to be fully consistent with the
average behaviour observed at the scale of the specimen itself. Then, different modelling
strategies that account for microscale features of the material are discussed, including
effective stress approaches at the continuum scale and numerical techniques considering the
particle level.

1 Wetting-induced collapse of a loose sand

Wetting experiments have been performed on an unsaturated sand specimen in an oedometer cell
(70 mm diameter). Specifically, Hostun sand has been used (reference HN31, median grain size
dso of 300 pm, coefficient of uniformity C,, of 2). In order to ease the post-treatment process,
the reference sand has been sieved to remove the smallest grains (cut-off at 250 pm). The sand
has been mixed with water at a water content of w = 7.2 % and then placed in an oedometric
cell using a pluviation device. The capillary pressure in the specimen has been controlled using
the negative water column technique and reduced in steps to perform the imbibition.

X-ray CT scans have been acquired on two different length scales (full specimen and smaller
region of interest in the centre of the specimen) at each imbibition step. For each scan, 1,440
projections have been recorded during the 360-degree rotation of the specimen. The local scans
have been segmented considering two phases only: voids on one hand and the mixture of sand
and water on the other hand. These local scans have been used to compute the local water content
and deformation of the specimen.

The strain and water content fields have been evaluated using DIC and also the evolution of grey
levels (for changes in water content). The results are shown in Figure 1. It can be observed that
strains and water content are heterogeneously distributed within the specimen, this heterogeneity
increasing with the imbibition steps. However, it has been shown that the macroscopic behaviour
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has been consistent with the local one, with relationships between the main quantities of interest
(deformation, water content, and capillary pressure) following similar trends at both scales.

The microstructure of the specimen has been further investigated using segmented images. It has
been concluded that the preparation procedure induced the presence of sand-water clusters with
two families of pores: one within these clusters and one between them. This initial microstructure
is responsible for the subsequent behaviour when the specimen has been subjected to wetting. In
fact, the collapse became perceptible at the macroscopic scale when water filled the small pores
within the clusters and when the latter started to merge.

[V IR SRR

Figure 1: Maps of vertical strains (left), volumetric strains (centre) and water content (right) at
various imbibition steps (from top to bottom rows). Each map is made of a half vertical slice in
the zz plane (left half of the map) and a radial-average (right half of the map). Scale of color bars
is percentage values. The central vertical axis of the maps and the central axis of the specimen
coincide. Picture from (Bruchon et al., 2013)

2 Microstructure and modelling

The influence of the microstructure of geomaterials, from granular to fine ones, has finally been
discussed in a modelling framework. On the continuum scale, the definition of a microstructurally
based effective stress for unsaturated soils, following (Alonso et al., 2010) and (Niu et al.,
2021), is presented, and its links to microstructural features (mainly Pore Size Distribution) are
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discussed. Other modelling strategies are finally presented, considering the scale of particles and
the presence of water menisci that affect the intergranular forces (Than et al., 2017).
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Imbibition and Wetting Front Broadening in Mesoporous Silica
Glass

Juan Sanchez, Laura Gallardo, Yannick Tetzner, Pouyan Sadeghian, Johannes Gading,
Robert Meil3ner and Patrick Huber

Abstract: We explore the capillary rise of water in hydrophilic mesoporous silica glass
(Vycor glass) and demonstrate that classical hydrodynamics still provide accurate flow rate
predictions at pore scales of about 10 nm diameter, if we assume a reduction of the effective
pore size due to the presence of monolayers of water molecules strongly bounded to the
pore walls. A detailed parametrization of the pore geometry and wetting conditions is
required in order to properly describe the time dependent capillary rise by means of the
classical Lucas-Washburn model. Our choice of boundary conditions leads to a dynamic
law for the capillary rise that explicitly depends on the saturation degree of the porous
matrix prior to imbibition. We combine our theoretical study with optical experiments that
allow for direct observation of the filling process, revealing complex rising dynamics and
broadening of the imbibition front.

1 Introduction

Fluid transport in porous media comprises a wide variety of phenomena that play crucial roles
in numerous natural and technological processes. Understanding the properties of porous solids
and their response when interacting with fluid phases is crucial in research fields ranging from
oil or natural gas extraction, transport through bio membranes and protein folding to CO-
capture. Processes such as capillary flow, adsorption or condensation have been extensively
studied due to their importance in multiple biological processes like liquid transport in plants
or blood circulation, leading to the development of multiple bio-inspired technologies (Feng et
al. 2017).

Wood, concrete, bricks or sandbeds are just a few examples of porous materials. While different
in composition and structural properties, their internal structure can be commonly described as
a solid matrix containing pores. The pores can widely vary in size, geometry and distribution.
Nevertheless, most research deals with well-defined porous structures and pore sizes in the
micrometer range. At this scale, spontaneous capillary rise happens since the relatively high
capillary pressures involved can act against gravity, providing a prolific framework for
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technological applications. Although in more recent years, the study of fluids confined in scales
down to the nanometric is attracting more interest (Huber 2015).

Classical hydrodynamics theory provides an accurate description for fluid flow in porous media
from macroscopic down to microscopic scales (Kavokine et al. 2021). However, this approach
cannot be assumed valid when dealing with pore sizes in the nanometer range, and the typical
molecular size is in the order of the confinement spaces (Sparreboom et al. 2010) (Vincent et
al. 2016). In the mesoscopic range (pore radii from 2 to 50 nm) deviations from continuum
theory are to be expected (Faucher et al. 2019). Such deviations, commonly attributed to the
limit of validity of the continuum approach, can be explained in terms of the liquid-wall
interaction and subsequent modifications of the slip boundary conditions in the pore walls
(Gruener et al. 2009). In our work, we explore the capillary rise of water in highly hydrophilic
materials with pore sizes below 10 nm and test the validity domain of continuum
hydrodynamics to provide accurate flow rate predictions under high confinement conditions.

2 Theoretical fundaments

In order to properly describe the capillary-driven flow of water in hydrophilic nanoporous
media, we need to model both the porous structure and the fluid dynamics. Here we try to
enhance the connection between transport laws in the macroscopic scale and the fluid-solid
interaction at the single nanopore scale.

2.1 The geometry of the pore space

In most cases, the geometry of the porous structure, for both naturally and artificially produced
porous materials, is hard to describe due to its complexity. Often one can find that the material
porous properties are highly heterogeneous or that the pores characterization requires to work
with different length scales (Gries 2020). When studying porous media, the aim is to quantify
the pore structure by using simple defined parameters that can be measured. Therefore, a
mathematical description of the matrix structure requires working with idealized pore
geometries. A commonly used approach is to consider first a single cylindrical capillary of
length L1 and radius rp, that works as a representative element of the whole matrix. The choice
of a cylindrical pore is not arbitrary, since many porous materials can be described as an array
of elongated pores, more or less interconnected. Furthermore, some technological materials like
artificial porous silicon or Anodic Oxidized Alumina (AAO) can be synthetized in the shape of
thin membranes (thickness in the order of 10-100 um), and present parallel cylindrical-like
pores oriented perpendicularly to the plate plane (see figure 1).

It is reasonable to expect that the geometrical properties, even in the case of very homogeneous
structures, will differ among the different constitutive elements. Therefore, the magnitudes
characterizing the matrix must be the result of averaging along the porous host.
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Figure 1: Scanning Electron Microscopy (SEM) pictures of different pore structures. Pictures
(b) and (c) adapted from (Zakar et al. 2016) and (Zhao et al. 2014) respectively.

(a) Nanoporous Vycor glass (b) Microporous Silicon

2.1.1 Pore size distribution and porosity

The pore size distribution and the porosity are the two main properties of the porous matrix.
They are both accessible via measuring a sorption isotherm for the material. The porosity @,
represents the fraction of the total volume occupied by the pores, and therefore is the space
susceptible to be filled by a fluid phase. It is calculated as the ratio between the total pore
volume Vpore OVer the total volume of the host Vr:

)

The pore size distribution is the probability distribution of every pore size value in a
representative element of the material. We will not detail here how to calculate such probability
function, but rather focus on its use. Figure 3 b shows the pore size distribution for two different
samples of porous Vycor glass. A narrow distribution is indicative of an homogeneous material
pore wise. Assuming we work in such a scenario, the peak value of the distribution is taken as
mean pore radius and is the value we assign to our representative pore size rp.

2.1.2 Hydraulic permeability

The hydraulic permeability is the ratio of the volume rate to the hydraulic gradient driving the
flow, in our scenario, a pressure gradient. It describes the resistance of a porous or granular
solid matrix to the fluid flux throw its cross section. It can be written in terms of the fluid density
and viscosity and the intrinsic permeability of the material K. This magnitude denotes the
material geometry and its degree of saturation, and it is independent of the fluid. Parametrizing
K it is not trivial for most porous structures.

2.1.3 Tortuosity

Tortuosity is a parameter that describes the geometry of the pore network with respect to the
interconnectivity and the meandering of pore segments. It can be understood as a correcting
factor for the permeability, to consider the rather non-ideal geometry of the pores. In its most
simple version, it accounts for the orientation of the pores with respect to the direction of the
flow. This is, if we have a network of interconnected cylindrical pores, oriented in all 3
directions, only 1/3 of the pores contributes to the flow and therefore = 3. If we have an array
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of parallel cylindrical pores all oriented in the direction of the flow, then the totality of the pores
contributes to the flow and z = 1.

But the tortuosity can also reflect the deviations of our pore structure with respect to the above-
mentioned arrays of interconnected pores, linking our idealized pore geometry with the real
one. Some materials present meandering pores rather than straight. This means that the flow
needs to cover a distance I, (path length) through the pores to advance between two points
separated by a distance D (direct interconnection between the points). Obviously for not straight
pores we find I, > D. The previously defined tortuosity can be corrected then by a factor Ly/ D
resulting in tortuosity values that may not be integers. For instance, the tortuosity of nanoporous
silicon can be slightly higher than 2 when the pores present some conicity (Acquaroli et al.
2011). And other materials like nanoporous Vycor glass, with a porous structure more similar
to a 3D network of interconnected pores (figure 1), can have a tortuosity higher than 3 (Lin et
al. 1992).

This definition is the most complete and it is the one that is in agreement with the calculated
values of tortuosity for porous materials. Such calculations are based on 3D geometrical
reconstructions of the pore network via imaging techniques such as neutron-based tomography
and pore morphology simulations (Crossley et al. 1991).

2.2 Theoretical hydrodynamics

When we bring a porous material into contact with a wetting liquid, spontaneous imbibition
occurs, i.e. capillary driven infiltration of the fluid phase into the inner pore space. Once the
porous matrix and its influence over the flow has been characterized, we can describe the
volume rate of a liquid with dynamic viscosity #, that flows through a porous matrix with a
constant cross-sectional area A, and driven by a pressure drop 4p, via:

sV _AKbp 2)

T dt nh’

which is the well-known Darcy’s law. Here, the magnitude h represents the distance along
which the pressure drop is acting. Note that such distance will increase as the liquid front moves,
and consequently h = h(t). Therefore, h also denotes the capillary rise or position of the liquid
front (see figure 2). For macroscopic capillaries the pressure drop Ap is determined by the
balance between capillarity and gravity, being the latter one also time dependent for the case of
vertical imbibition. The capillary pressure or Laplace pressure pv is given by Laplace’s law and
can be written as: pL = 2 y /r_, with y being the surface tension of the liquid and r_representing
the radius of curvature of the interfacial meniscus. When working with nanocapillaries, the
Laplace’s equation leads to capillary pressures in the order of 102 bar. This allows to neglect
the gravity term when working with samples with lengths under the expected gravity-capillarity
equilibration height (in the order of kilometers). Such approximation leads to a rather simple
version of (2) that can be integrated provided we know the proportionality constant K. We will
be working with nanoporous Vycor glass. Such material presents a so-called sponge-like porous
structure, consisting on an array of cylindrical-like interconnected pores, with homogeneous
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distribution and orientations (see figure 3c). This geometry is not unique to Vycor glass, but
also representative of other nanoporous systems such as nanoporous amorphous carbon or
nanoporous gold (Weissmueller et al. 2010). And for porous structures that can be reasonable
described as a set of homogeneous cylindrical pores, the permeability can be written as:

_1nt o, 3
_87§T'

Here ry is the hydrodynamic radius or radius for the parabolic velocity profile (see figure 2).
Generally, rn does not match the pore radius rp. This will depend on the boundary conditions of
the system. With K being known, we can now rewrite the volume infiltrated as a function the
capillary rise as

dv _ dh(t) o (4)

Notice here that we introduced a new porosity @i < &, (reduced porosity). This magnitude
represents the effective porosity in the case of having a matrix that is already partially filled
when the infiltration experiment starts, due to the presence of pre-adsorted substances in the
pore walls. For nanopores, even a single monolayer of adsorted molecules can already have a
non-neglectable effect in the reduction of the porosity. Then finally, by combining (2), (3) and
(4) we get a simple differential equation

dh(t) RO — yo, 1t (5)

dntd; 11}

whose solution leads to a time dependent expression for the capillary rise

6)

q) 4 (

h(t) = J o Th_ 4
dnTtd®; 17t

also known as Lucas-Washburn law (LW). This relation reveals the diffusive nature of
imbibition processes and describes the time dependent capillary rise as proportional to the
Squared root of time with the proportionality factor depending on both material morphological
properties and confined liquid properties.
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Figure 2: Schematic representation of the capillary rise. The left figure represents the liquid
imbibing the complex pore structure. The right picture shows the flow dynamics on a
representative cylindrical capillary with pore radius rp equal to the mean pore radius of the
porous system. In the figure it is also represented the difference between pore radius and
curvature radius of the interfacial meniscus r.. The parabolic velocity profile of the moving
flow is shown as well, with the hydrodynamical radius rn # rp.
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Figure 3: (a) Water sorption isotherm of a nanoporous Vycor glass host with 3.4 nm mean
pore radius recorded at T =4 °C. In (b) it is shown the pore size distribution for the same
porous host (top) compared with a wider distribution associated to a larger pore size
(bottom). The subfigure (3) is a 3D model of the sponge-like porous structure representative
of the real Vycor glass porous matrix adapted from (Griiner 2010).
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2.2.1 Boundary conditions

Equation (6) governs the imbibition dynamics and shows how the capillary rise explicitly
dependence on the pore radius, initial porosity and tortuosity; which are measurable properties
of the porous body. Ideally, we want to work with an expression that only depends on already
known quantities. In order to do so, it is necessary to properly define the boundary conditions
of our case of study.

In our study, we work with porous Vycor glass (Corning glass 7930). The samples have a mean
pore radius of 3.4 nm and porosity of 31%, measured via Nitrogen sorption isotherms (see
figure 3). The particular samples we use are monoliths with cylindrical shape (~11 mm height),
and were previously used by Simon Gruener et al. in their study of imbibition dynamics via
gravimetry measurements, were they thoroughly characterized the porous Vycor host (Gruener
et al. 2009). The high density of silicane (Si-OH) groups in the pore walls translate into high
hydrophilicity. Therefore, when the samples are in equilibrium with a humid atmosphere, the
presence of adsorted monolayer of water molecules on the pore walls is expected. The sorption
isotherm data (figure 3) reveals the formation of a first monolayer at a very low value of py
(reduced vapor pressure) as shown by (A) in the plot. Such monolayer will be strongly attached
to the pore walls via hydrogen bonding. A second monolayer will grow with increasing py and
will b complete formed at py ~ 0.5 (B) and a third one at py ~ 0.75 (C).

Based on the presence of such pre-adsorbed layers of water molecules prior to imbibition, we
take into account their effect on the effective pore radius and porosity of our sample. Such
consideration should be also extended to other materials with similar hydrophilicity and pore
size. If we assume such monolayers to be strongly bounded to the walls and therefore immobile,
we can impose a non-slip boundary condition, with a slip length -d, were d represents the
thickness of the monolayers. One can estimate d =n - 0.25 nm (n =1, 2, 3, ...) with n being the
number of monolayers, and 0.25 nm representing the mean diameter of a water molecule. This
way the hydrodynamic radius gets reduced by:

Th="T,—d. )

Also, considering the interfacial meniscus to be a spherical cap, the radius of curvature can be
related to the pore radius (figure 1) by:

r, = (1, — d)/cos(6), (©)

were 6 represents the contact angle. In the case of a free pore wall (no pre-adsorted layers) 6 is
the liquid-wall contact angle and in an already wet wall, & represents the imbibing-liquid-wall-
liquid contact angle. The problem can be simplified even more by choosing water as infiltrating
liquid. This way:
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0=0->1=mn,. (10)

Finally, the inclusion of pre-adsorted layers justifies the distinction between &;and @,. The
reduced porosity @;is easily accessible via measuring the mass difference of the sample before
and after the imbibition experiment. This allows to calculate the infiltrated volume, and its rate
to the sample volume gives the reduced porosity. We introduce here a new porosity reduction
factor that can be defined as § = @i/ @,. By simplifying the pores morphology to perfect
cylinders, it is easy to calculate a first approximation to the porosity reduction factor:

®i  (r,—d\’ (11)
f=— = .
o < ) >

All the conditions and factors described just above can be easily modified to fit diverse
scenarios such as experiments carried out in different atmospheres or the use of various
imbibing liquids. In this work we focus on the particular case of water imbibition in a
hydrophilic nanoporous material with a sponge-like porous structure. By including the
conditions (8), (9) and (10); and introducing the factor (11) in the LW equation we can describe
the capillary rise as

(12)

2
™
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This modified version of the LW (MLW) matches the classical macroscopic law when one
neglects the effect of pre-adsorted layers, since in that case d — 0 and ¢ — 1. Simple
calculations lead to deviations bellow 1% (relative error) when working with pore sizes with
values rp, > 100 nm. Value over which the classical LW expression captures the imbibition
dynamics with reasonable precision. But when working with pores with rp < 10 nm the MLW
equation reveals considerably slower dynamics compared to the macroscopic classical
approach. Equation (12) can be simplified by introducing the approximation for the porosity
reduction factor showed in (11):

Y (1, — d) (13)

h(t) = 4nt

Nevertheless, in this work we decided to use equation (12) for our calculations, and to measure
& experimentally.
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3 Experiments and results

We monitor the imbibition dynamics via optical measurements. The optical properties of Vycor
glass in away justify its choice as object of study. The difference in the refractive index between
empty and filled pore can be used to track the filling process. To do so we illuminate the sample
with white light while this is being imbibed. The filling-induced light scattering allows to infer
the overall filling state of the porous matrix as well as the position of the advancing liquid front.
It is important to note that the use of light in the visible spectrum restricts the observable
phenomenon to scattering occurring along length scales characteristic of the used light
wavelength. As a result, we cannot expect to resolve the filling state at the local scale of the
pores, but rather a rougher visualization of the macroscopic imbibition front.

- e w I o R * R

Figure 4: Snapshots of an imbibition experiment of water infiltrating into a porous Vycor glass
sample (pore radius 3.4 nm, height 1.12 mm and diameter 6.82 mm ). The water imbibition
front is visible as a white area between the empty part of the monolith (translucid) and the filled
one (transparent). The interval between pictures is 15 minutes.

In combination with the light source, a CCD monochrome camera (Imagine Source DMK
41BF02) is employed to acquire the optical data. This way we obtain pictures of the imbibition
process with a time frequency of 0.18 pics/sec (or 1 picture every 5.5 sec). The cylindrical
Vycor monolith (1.12 mm height and 6.82 mm diameter) is brought into contact with a reservoir
of deionized water through its bottom face. The top face and the lateral surface are sealed via a
highly hydrophobic adhesive tape (TESA®) to prevent evaporation during imbibition. The
experiment is carried out at 24.7 °C and 50.3% humidity (both constant during the experiment).
Prior to the experiment, the sample is exposed to such conditions for over 24 hours, to assure
that it is in equilibrium with that atmosphere. For this purpose, the weight of the Vycor piece is
measured with a microbalance along the exposure time.

Upon imbibition, the transparency of the sample changes. The empty matrix is translucid,
turning into totally transparent when filled with water. Figure 4 shows snapshots of the process,
and it can be observed how the filled volume increases with time. Particularly interesting here
is the appearance of a white front that moves from bottom to top of the sample, vanishing at the
end of the process. This phenomenon can be explained in terms of the liquid distribution in that
region. At the local pore size scales, the meandering pores vary in diameter shape and
orientation resulting in different local imbibition speeds. It is reasonable to think then, that taken
any cross section of the porous host, not all of the pores contained in it will be filled
simultaneously. The coexistence of empty and filled pores along a path length in the scale of
the visible light wavelength will induce intense light scattering, leading to the appearance of
the whitened area. Therefore, we find that there is not sharp transition between empty and filled
parts of the matrix, but rather a diffuse advancing front. Additionally, it can be observed that
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the front broadens, increasing its characteristic thickness with time. Therefore, we find the
concept of capillary rise hard to define at the macroscopic level.

At this point we analyze the two dynamical aspects of the imbibition front, its position and its
width. To do so we take two different approaches. The front mean position is determined via
taking a grey scale pixel profile along a vertical axis of the sample. The boundaries of the
broadening front can be easily determined by comparison with the reference pictures of both
the fully empty and fully filled sample. The python code used in the image analysis has been
written and optimized by members of this research team. We redefine the capillary size height
then as the middle point between the upper and lower limit of the imbibition front. We can
repeat the process along different vertical lines and average to reduce the measurement error.

Figure 5 (top) shows the calculated mean capillary rise height of water in our nanoporous Vycor
glass host. The experimental data (blue points) can be acceptably fitted by a scaling function
y(t) = C- 2, with fitting coefficient Cst = (0.133 + 0.009) mm / s*?, unveiling the imbibition
dynamics diffusive behavior. We can compare such result with the theoretical prediction given
by the MLW modeling. In the calculation we use the tabled data for water at 24 °C and 1 atm,
giving y = 0.072 n/m and # = 1.0016 mPa-s. For the porous matrix we assume t= 3.6 + 0.4 and
the data sorption isotherm data provides rp = (3.6 £ 0.1) nm and &, = (0.31 £ 0.2). The isotherm
data suggest that at the laboratory humidity at least two monolayers of water should be consider
and therefore we take d = 0.5 nm. The mass uptake upon imbibition (0.110 £ 0.001) g leads to
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Figure 5: Dynamics of water imbibition in nanoporous Vycor glass (3.4 nm pore size). The
top figure represents the experimental time dependent capillary rise in mm (blue circles) and
the fitting curve (orange line). The bottom figure shows the broadening of the imbibition
front (in mm) as a function of time (green circles) and its fitting curve (red line). In both
plots, the experimental uncertainty is included within the circles size in the figures.

@i = (0.25 + 0.2) which means that the porosity reduction factor is & = 0.82 + 0.01. The same
value can be reached via equation (11). Including all the model parameters in equation (12) we
get the proportionality Creor = (1.32 + 0.02) - 10 m / s*?y factor to 1/t or imbibition coefficient
Creor = (1.32 £ 0.02) - 10* m/ s¥2, or alternatively Creor = (0.132 + 0.002) mm / s¥2 with shows
a remarkable degree of agreement with the experimental value. Just as an illustration, when
neglecting the pre-adsorted monolayers contribution, the classical LW law leads to a value of
Celass = (1.84 + 0.02) mm / s¥2, which is one order of magnitude (140 %) faster than the
measured dynamics.
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Figure 6: Dynamics of the broadening imbibition front of water in Nanoporous Vycor glass
(3.4 nm poresize). The position of each boundary is represented by the red (top) and blue
(bottom) lines, as a function of the saturation (normalized height). The dynamic evolution of
both fronts at latter times is highlighted in the amplified plot.

In figure 5 (bottom) we represent the broadening imbibition front dynamics, i.e. the thickness
of the diffuse front as a function of time. The signal in this case is comparably noisier than the
capillary rise one due to the scanning method itself. The pixel color at the same height can
slightly vary between scanning lines leading to different values of the broadening front
boundaries. Among other reasons, this can be related to the non-flat lateral surface of the
sample. Nevertheless, the overall behavior is still latent and it is clear that the imbibition front
increases in thickness also following the same scaling law as the capillary rise (v/t). Such result

is in agreement with prior observations by Simon Griiner using neutron radiography (Griner
2010).

The analysis method just described, while practical, has limitations when it comes to explore
the early and late stages of the process. The reflections produced by the water in the proximity
of the water-sample contact regions, do not allow for proper scanning of the front. Only after
the first 30 seconds the code is able to resolve the formation and movement of the front.
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Additionally, our definition of capillary rise level is limited to times prior to the upper limit of
the front reaching the top of the sample. Afterwards, calculating the middle value between the
front boundaries is not possible anymore and therefore we lose information regarding the final
stage of the experiment.

A second approach towards the data analysis can be taken if we want to focus on the broadening
effect. By defining horizontal scanning pixel lines, we can calculate the overall brightness in
the grey scale at every height level. This way the imbibition front boundaries appear more
uniform and therefore their advancement is easier to track (figure 6). Also, we can visualize
properly the final stages of the experiment. On the other hand, with this method we lose
temporal resolution. Besides the limitations, the data accounts for qualitative description of both
the upper and lower front dynamics. Furthermore, a closer look to the final stages of imbibition
reveal an acceleration of the lower front after the upper one reaches the top of the sample.

The interesting dynamics of the capillary, and particularly the broadening of the front, highlight
the complexity of the pore matrix. The non-existence of an abrupt empty-filled boundary
evidences the limits of our single-pore geometry approximation. The meandering character of
the highly tortuous pores and their connectivity explains the existence of different advancing
profiles. As an example, one can think of a capillary that subdivides to two other ones, differing
in diameter (channel junction). If well one should expect faster dynamics through the wider one
as determined by the LW law, the water would be subjected to a higher driving pressure through
the thinner one due to the increase of Laplace’s pressure with decreasing radius. This way, the
liquid finds preferred or optimal paths during its ascension. Such phenomenon is known as
meniscus arrest effect (Sadjadi et al. 2015).

This explains not only the broadening of the front but also its acceleration towards the end.
Some of the larger pores are still pending to be filled when the upper fast front reaches the top
of the sample, and when the pressure conditions necessary for the filling of such pores are
satisfied, the dynamics will be comparably faster due to their larger cross-section.

4 Conclusions

We studied water imbibition dynamics in a nanoporous hydrophilic matrix via simple optical
methods. We proved that classical macroscopic hydrodynamics can successfully describe the
capillary rise dynamics, provided a good description of the solid fluid boundary at the single
pore scale. By correcting the effective pore size and porosity in the LW model, a remarkable
agreement between the experimental observation and the theoretical predictions is achieved.
Furthermore, we highlighted how the non-consideration of pre-adsorted water layers attached
to the pore walls leads to unrealistic dynamics one order of magnitude faster than our
observations.

Additionally, the formation of a diffused front that broadens in time is addressed in this work,
although further analysis is required. The connection of the broadening dynamics to the pore
size distribution needs to be considered for a more quantitative approach, involving analysis of
different geometries and pore sizes. The difficulties to analyze the early and late stages of
imbibition reveals the need of optimizing both the data-acquiring process and scanning codes.
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At the time of writing this conclusion, new experiments are being carried out, focused on the
late stages of imbibition and the reversibility of the process. Additionally, we are working on a
better reconstruction of the pore geometry in attempt to properly describe the late accelerated
dynamics in relation to the pore sizes and connectivity, a question that so far remains open.
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Condensation-Induced Restructuring of Atmospheric Soot Aggregates

Gennady Y. Gor, Ella V. Ivanova, Alexei F. Khalizov

Abstract: Soot is a major pollutant and climate forcer. The optical properties of soot that
determine its impact on the climate strongly depend on its morphology. When initially
generated, soot nanoparticles are branched fractal aggregates of primary carbon spheres.
During ageing in the atmosphere, soot aggregates often collapse into compact globules,
with restructuring driven by a condensate of atmospheric vapours on the aggregate surface.
Analysis of the recent laboratory experiments of lightly coated aggregates suggested that
the spatial distribution of condensate on the soot agglomerates may determine its fate with
respect to restructuring. When a vapour condenses in the junction between the spheres,
the capillary and disjoining forces are likely to generate mechanical stresses sufficient for
plastic deformation of an agglomerate. Therefore, the agglomerate restructuring is directly
related to the domination of one of the two scenarios of vapour condensation: if uniform
condensation on the surface of primary carbon spheres dominates, the aggregate backbone
will remain fractal; if condensation in the junctions between the primary spheres (“capillary
condensation”) dominates the aggregate will likely collapse. Here we propose a model
describing the vapour condensation on a soot aggregate, consisting of two spherical carbon
particles, to elucidate the conditions at which one of the two condensation scenarios is
realized. We wrote the closed-form solutions for the amount of vapour condensed as a
function of time in both scenarios, and compared the results for different values of the
physico-chemical parameters.

1 Introduction

Soot is a major environmental pollutant which deteriorates air quality and affects human health.
Moreover, soot nanoparticles serve as condensation nuclei for atmospheric aerosols, light ab-
sorbers and scatterers, impacting the climate (Bond et al.,2013;Shiraiwa,Selzle & Poschl,2012).
Soot nanoparticles are fractal agglomerates of graphitic spherical monomers mixed with organic
or inorganic products of combustion. The optical properties of soot and transport properties of
soot in human respiratory tract strongly depend on the morphology of soot agglomerates (Broday
& Rosenzweig, 2011; Xue et al.,2009). Therefore, in order to assess the negative impacts of soot
on both climate and human health one has to know the microstructure of soot nanoparticles.

When soot nanoparticles are exposed to other organic and inorganic products of the combustion
process, or to water vapour, they often restructure, evolving from the branched fractal structures
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to globules (Mikhailov, Vlasenko, Kiselev & Ryshkevich, 1998; Weingartner, Baltensperger &
Burtscher, 1995). However, restructuring is not a universal feature, and the same soot may restruc-
ture in one vapour, but not in another (Chen et al., 2016; Schnitzler, Gac & Jéger, 2017; Skillas,
Kiinzel, Burtscher, Baltensperger & Siegmann,1998)). It was also shown that the restructuring
depends on the amount of condensed vapour (Bambha, Dansson, Schrader & Michelsen, 2013;
Ghazi & Olfert,2013; Pagels, Khalizov ,McMurry &Zhang,2009). Chen et al.(2016) exposed soot
to vapours of various polycyclic aromatic hydrocarbons (PAHs), which have similar chemical
structure and properties, and comparable amounts of PAHs were condensed on soot particles.
However, they found that while some PAHs (e.g. phenanthrene) induced restructuring, other (e.g.
anthracene) did not. We observed similar difference in soot restructuring after exposing it to
various organic vapours (Chen et al.,2018). Here we present a model based on the kinetics of va-
pour condensation on soot aggregate surface, which explains the difference in soot restructuring
behavior.

2 Theory

Condensation of vapours on a soot aggregate can take place both on the convex surface of the
spherical monomers and in the (concave) gaps between them. Most likely condensate is present
as both a thin liquid film on the surface, and as a capillary condensate in the gaps. However, for
simplicity we consider here only two limiting cases: when all the condensate coats the spherical
monomers as a uniform film, or when all the condensate is located in the gaps. To even further
simplify the problem, we consider condensation in one gap in a dimer, and condensation on the
surface of a single monomer (Figure 1). We hypothesize that when the capillary condensation
dominates, the solvation forces in the gap induce the soot aggregate restructuring (Chen et

al.,2018).
L X ®o. A
‘e o8
Figure 1: Schematic of a soot aggregate (1) and different scenarios of condensation on its surface.
One limiting case is the formation of a uniform film on the surface of the spheres (2), which
can be modeled as condensation on a single sphere (3). Another limiting case is a “capillary

condensation” (4) — filling the gap between the spheres with no condensation on the surface. It
can be modeled for a dimer (5).
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2.1 Material Balance

The monomer diameter in most of the atmospheric soot is in the 10 — 50 nm range range(Olfert
& Rogak, 2019), which is small enough to assume the free-molecular (kinetic) regime of conden-
sation. Then the rate of growth of a liquid shell or meniscus (droplet) by vapour condensation
will be determined by the following material balance equation for the number of condensate
molecules V:

dN
—=J 1
T, ; (D
where
N =mV, )
1
J = AZaUT {no — Nsat} - 3)

In Eq. 2 n; is the number density of the liquid phase, and V' is the volume of the droplet.
Eq. 3 describes the free—molecular flux to the surface of the growing droplet, where « is the
molecular accommodation coefficient, v is the mean thermal velocity of the molecules, n is the
unperturbed vapour number density far from the droplet, ng,; is the number density of saturated
vapour near the droplet surface, and A is the area of the droplet. It should be noted that A and V/
are different for the two cases of condensation considered here. Eq. 3 suggests that the scenario
of condensation is defined by interplay between surface area A and concentration difference
(g — Nsat). Obviously Agph > Agap, but as shown below, (19 — Tsat)sph < (70 — Nsat) gap- Thus
the main question is in how the product of the two factors compares for the case of the sphere
and the gap.

The pressure of saturated vapour near the droplet surface p,; depends on its curvature s according
to the Kelvin equation,

DPsat = Poo €XP |: ’{| . (4)

~
nlszT
In the above equation, p., is pressure of the saturated vapour at the flat surface (R — 00), 7y is
the vapour-liquid surface tension, kg is the Boltzmann constant, 7" is the absolute temperature.
Assuming the vapour is an ideal gas, we can rewrite Eq. 4 as

1
Nsat = Noo €XP |:§€K"€:| ) (5)

where n is the number density of the saturated vapour at the flat surface and / the characteristic
Kelvin length defined as

2y
nlkBT .

(6)

gKE

Using Kelvin equation (Eq. 5), Eq. 6, and Egs. 2—-3, we can rewrite the material balance Eq. 1 in

the form:
dV 1 1 1
E = 14106’[)’1“51 {no — No €XP |:§€KK}:| } . (7)
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2.2 Dimensionalization

First, we introduce the dimensionless parameter, which describes the deviation on the vapour
from the chemical equilibrium with the condensate, the supersaturation ( is defined as

ng — Noo
(=2 "= (8)
Moo
Using Eq. 8, we rewrite Eq. 7 as
dVv 1 no 1 1
— =A-avp—<1— = .
a4y, { cr1oP [2&‘4 } ©)

The main characteristic length scale in the problem is the radius of the monomer, 1. The
characteristic time scale in the kinetic regime is determined by thermal velocity v, and the
length scale R;. For convenience, we will include other parameters from Eq. 9 when introducing
the characteristic time scale 7, namely:

4dn R
T= i . (10)
Qv
Then Eq. 9 reads
dVv R 1 1
— =A—1?1- =/ . 11
dt 7'{ g+1eXp{2K“” (1)
We introduce dimensionless variables denoting them with a tilde:
R=R/R,, t=t/r. (12)

The parameters ng, ny, o, v became incorporated in t. Since R, is the only linear parameter of
the droplet (be it on a surface or in the gap), for area, volume, curvature, and Kelvin length we
can introduce the following dimensionless variables:

A=R7?2A, V=R?®V, k=&kR,, [Ix=I/R,s. (13)

Egs. 12 and13 allow us rewrite Eq. 11 in dimensionless form:

dVv ~ 1 1- .
-]

2.3 Linearization

If /xx < 1, which is typically fulfilled for the condensation on soot (Chen et al.,2018), the
Kelvin equation can be linearized:

1 1-
Tsat = Moo [1 + EEKR] = Neo [1 + §€KI~£:| . (15)
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The curvature &, as well as the area A and the volume V' are the geometric characteristics of
the droplet and calculated differently for a sphere and for a gap. For example, if we consider
condensation on a droplet that has the shape of a sphere, then its curvature will be equal to 2R,
where R = R/ Ry is a dimensional radius of the sphere. Using linearized Kelvin equation Eq. 15,
we can rewrite the material balance Eq. 14 in the form:

v - 1+ ki FR %
Soapo)anlch)

In the following, we consider separately the solution of Eq. 1 for condensation on the sphere
and condensation in the gap between two spheres. The interplay between the three terms
(A, %, dV /df) in Eq. 16 will determine the dominant regime of condensation, leading to two
different outcomes, as depicted in Figure 1.

2.4 Model for Vapour Condensation on a Sphere

Consider vapour condensation on a sphere (Seinfeld &Pandis, 2006), where parameters Aand
dV /dt in Egs. 2-3 and # in Eq. 5 are given by the area, volume, and curvature of a spherical
shell, respectively:

A= R*Ay, = 4mR?, (17)
~ 4 -,
V =RV = gw(}? - 1), (18)
fF=2R"". (19)
Then, Eq. 16 can be rewritten bearing in mind Eqs. 17-19 as
dR 1 /
— — 20
it 2

If { # 0, the solution of Eq. 20 with the natural initial condition R lio=11is
- 12
f=2 = {R —14+—=1In

: 21
c } 21

Eq. 21 relates time to radius in an explicit form, £( R). Inverting this dependence to R(#) would
describe the evolution of the radius of the droplet growing on a surface of the sphere as a result
of condensation.

CR— Ik
¢~k

2.5 Model for Vapour Condensation in the Gap between the Spheres

Eq. 16 obtained above determines the rate of droplet growth irrespective of the droplet geometry,
here we apply it to condensation in the gap between two spheres. Unlike the straightforward
expression for volume, area, and curvature for a spherical droplet, this case is more complex.
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The simplest geometry to represent the condensate in the gap would be a cylinder (Figure 2, so
the droplet’s volume V,,,, is defined by the difference between the volume of the cylinder and
volumes of two spherical caps (Ivanova,Khalizov & Gor, 2020). Then, the parameters Agap and
Vap can be readily defined,

Agap = 4msin (1 — cos ), (22)

Vgap = §W(COSH —1)*(2cosf + 1), (23)

where the angle ¢ is defined between the centres of the two spheres and the three phase contact
point. Unlike in the case of condensate on a sphere, the surface of the meniscus formed between
two spheres must have negative curvature, but a cylindrical meniscus will not support capillary
condensation because its surface curvature is positive. Hence, following our previous work (Chen
et al.,2018), we used the circular approximation (Butt & Kappl,2009) by taking curvature as
k= —R;}t to account for the Kelvin effect, while using cylindrical shape for Agap and f/gap.
Furthermore, following Rose(1958), the curvature can be expressed as a function of the filling
angle 0:

(24)

Figure 2: Two-dimensional projection of the model droplet geometry for condensation in the
gap.

Using Eq. 24 in the linearized Kelvin equation (Eq. 15) we get the number density of saturated
vapour near the meniscus in the gap

lx  cosf
sat =Moo |1 — ————1| . 25
Tsat =10 [ 21—cos@] 25)
Using Eqgs. 22, 23 and 25 in Eq. 16, we get
1 6do ~
% Ny (26)
C + 71( 1—cos 6
Integrating Eq. 26 with the initial condition 6 |;_,= 0 gives
- 2(¢C+1 20,
p= 2+l sinfl+ ———[0—1]p, 27)
QC — KK 2¢ — gK

where we introduced I as

IE/ _d6 . (28)
1+(€—‘2— ) cos
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The in integral in Eq. 28 can be readily taken analytically giving

w7
I = ; arctan <~ fx tang ) (29)

(4¢ — )0k lx 2

As we showed (Ivanova et al.,2020), the closed form solution of the approximate geometry, is a
good approximation for a more rigorous model, where the meniscus of the condensate in the gap
is a catenoid, and the problem could be solved only numerically.

3 Results: Competition Between Condensation in Different
Regions

The solutions for R(f) and 6(f) derived above allow to analyse the competition between the two
processes: condensation on the surface of a soot particle and condensation in the gap between the
two soot particles. In line with the reduced length and time it is convenient to measure the amount
condensed in “reduced units”, so that it varies from O to 1. Characteristic number of molecules v
could be determined as a number of liquid molecules which is necessary to completely fill the
gap between the two spheres:

TR, (30)

V=

Wl N

which equals to % of the number of liquid molecules in a spherical droplet of the size of a carbon
sphere (radius Ry). Therefore, the reduced number of molecules will be

Nyph = Nopn /v (31)

For the condensation on a sphere, using Eqgs. 30 and 31, Eq. 18 gives
. . 1/3
R= (Nsph 2+ 1) . (32)

Egs. 23 and 30 give the relation between the reduced number of molecules in the gap Ngap and
the angle 6 )

Nyap = (cosf — 1)* (2cos 6 + 1) (33)
The maximum amount of liquid that can condense in the gap, which corresponds to the totally
filled gap, is given by Eq. 33 at 6 = 7 /2:

Nmax =1 (34)

The equations for reduced properties allow to compare the characteristic times of the two
processes at different values of the parameters /k and (. Since both dependencies are in the form
t = t(N), the following algorithm to represent the data is convenient:
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Choose the EK and ( of interest.

Set the range of # value between 0 and /2.

Calculate the corresponding time fgap (Eq. 27).

Calculate corresponding Ngap (Eq. 33).

From Ny, = Ny, calculate the radius of the liquid film on the soot surface R using
Eq. 32.

For each value of R, calculate the corresponding time using Eq. 21.

Figure 3 shows the results of calculations of the amount of fluid condensed in the gap and on the
surface of a single sphere.
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Figure 3: Model predictions for competitive condensation at two different characteristic EK, left
panel shows calculations for {x = 0.2, and right panel for x = 0.4. For both values of lk, the
calculations are performed for ¢ = 0.5, 1.0, and 20.0.

4 Discussion

In our previous work (Chen et al.,2018; Ivanova et al.,2020), we introduced the dimensionless
parameter

el lx
=——-=—=. 35
X RC ¢ (35)

This parameter combines the Kelvin effect and supersaturation, and, as we demonstrated, it is
a single parameter which determines the preferential region for condensation. When x > 1
condensation in the gap dominates, when y < 1 the condensation on the sphere dominates. This



151

parameter is an excellent measure for quick qualitative predictions, however one cannot control
this parameter directly, as it depends on both Ik (property of the condensate and monomer)
and ( (experimental conditions). Therefore, here we wrote the expressions in terms of the two
variables. Another modification made here is in the dimensionless time £. In our previous work
we introduced dimensionless time proportional to (ny — 1« ), which did not properly reflect the
acceleration of the condensation process with the increase of ny. Here, we introduced t o ng
instead.

One special case is worth discussing here separately. Equations for condensate on a sphere
(Eq. 21) and in the gap (Eq. 27 are valid for both ¢ > 0 (supersaturated vapour) and ¢ < 0
(undersaturated vapour), but give discontinuity for ( = 0. When ¢ = 0 Eq. 20 for the sphere
gives

d l
a_ (36)
dt R
which gives (with R |;_,= 1)
~ 1 ~
t:—aln(R—l). 37)
Eq. 26 for the gap gives
2 -
— (1 —cosf)df = dt (38)
lx
integrating in with 6 |;_,= 0 we get
- 2 )
t=—=—(0—sinb). (39)
Ik

5 Conclusion

The presented model suggests that the tendency of a soot agglomerate to restructure as a result of
vapour condensation is determined by the value of two dimensionless parameters: supersaturation
of the condensing vapour ¢, and (x, the ratio of the Kelvin length to the radius of a soot monomer.
While the parameter (x includes the condensate properties, such as surface tension and molar
volume, it does not vary much for different condensates. The supersaturations (, on the contrary,
can change in a wide range, and therefore it is the main factor controlling the soot restructuring.
Due to its simple analytical form, our model can be incorporated into atmospheric models to
improve simulations of the soot aerosol ageing and its impact on direct radiative forcing.
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Influence of coating solution concentration on particle surface
structure during fluidized bed spray granulation

Maike Orth, Delaram Alibabaei, Swantje Pietsch-Braune, Stefan Heinrich

Abstract: In fluidized bed spray granulation, the resulting product properties are strongly
dependent on the process conditions, including process parameters, material characteris-
tics, and apparatus specifications. One parameter that influences the surface structure of the
granules is the solids concentration of the injected solution which affects the liquid prop-
erties as well as the interaction at the solid-liquid interface. To investigate this effect, spray
coating experiments were performed in a lab-scale fluidized bed with glass particles and
sodium benzoate solutions of varied concentrations. To characterize the surface structure
of coated particles, the surface roughness was determined using confocal laser-scanning
microscopy. In general, particles with a smooth surface were produced at high solution
concentrations, whereas a low solids content lead to the formation of a rough coating layer.

1 Introduction

1.1 Motivation

In contrast to natural particle fluid systems like soils, functionalized particles are produced or
designed in technical processes in such a way that they fulfil a certain function. For a lot of
these applications, further research is required in order to understand, optimize and model the
process as small deviations result in unwanted particle structures and properties. One process
that can be used to produce functionalized particles is fluidized bed spray granulation or coat-
ing. Fluidized bed particle formulation processes are applied in various industries, like the phar-
maceutical, chemical, and food industry, to produce a broad variety of particulate products.
Examples include instant food powders, catalysts, detergents, and fertilizers among many more
granular products that are an important part in industrial processes as well as everyday life
(Boerefijn and Hounslow 2005; Reynolds et al. 2005).

Fluidized beds have been applied at industrial scale since 1922 and have been used for the
structurization of particles by granulation for several decades (Winkler 1926). The principle of
a fluidized bed is based on overcoming the gravitational and interparticle forces by a gas stream
that passes through a particle bed, so the particles can move freely within the bed. Objects of
greater specific gravity sink, whereas objects of lower specific gravity float (Kunii and
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Levenspiel 1991). In order to induce particle formulation and structurization, a solid-containing
liquid is sprayed onto the particles, while they are fluidized by gas. In case of granulation or
coating, the liquid spreads on the particle surface and evaporates due to the heated fluidization
gas, forming a solid shell around the core (Uhlemann and Mdrl 2000). Alternatively, a molten
liquid can be injected in a fluidized bed. The shell formation then happens due to the cooling
and solidification of melt droplets on the particle surface (Jannin and Cuppok 2013). Another
possible particle formulation process is agglomeration, during which “blackberry-like” struc-
tures made of multiple connected primary particles are formed. This process is induced if the
viscous and capillary forces are stronger than the kinetic force of two colliding wet particles
causing the formation of a liquid bridge and later solidification into a solid bridge (Iveson et al.
2001).

Since the layer formation in fluidized bed spray granulation strongly depends on the process
conditions, the process can be designed in such a way that particles with the desired properties
are produced. The particle growth is influenced by several micro-processes like the deposition
and spreading of droplets and the evaporation of the liquid. The knowledge of the effect of
different process and material parameters on those processes and the resulting granules is in-
valuable to produce tailor-made particles for specific applications.

1.2 Previous works

The granulation in a fluidized bed and the factors influencing the surface morphology of the
resulting granules have been investigated in several previous works. Many of these studies are
focused on the dependence of the coating layer structure on the process parameters, see e.g.
Orth et al. (2022), Rieck et al. (2015), Hampel (2015), Diez et al. (2018), Dewettinck and Huy-
ghebaert (1998) for solution coating or Schmidt et al. (2017) for suspension coating.

In most of the studies investigating spray solution properties, agglomeration processes were
conducted rather than coating, see Hemati et al. (2003), Pont et al. (2001) and Rajniak et al.
(2007). Generally, an increased solids concentration in the binder and thus higher binder vis-
cosity was found to favor agglomeration over layer growth. Saleh et al. (1999) studied the in-
fluence of process and solution parameters on particle growth by both, coating and agglomera-
tion, using sand as primary particles and an aqueous sodium chloride solution as coating liquid.
With increasing binder concentration, the growth rate, coating efficiency and percentage of
formed agglomerates were also increased due to the higher viscous forces.

In contrast to the agglomeration process, in granulation and coating the correlation between the
spray solution concentration and the particle structure is yet to be investigated. Therefore, this
work is focused on the coating process and the influence of coating solution concentration on
the interactions at the solid-liquid interface and the surface morphology of the produced gran-
ules.
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2 Materials and methods

2.1 Materials

Megalux glass beads (Swarco, Germany) with a mean diameter of 1280 um were used as pri-
mary particles in all experiments. Due to the non-porous and smooth surface, no droplet imbi-
bition occurs during spraying of the liquid, making the glass particles suitable as a model sub-
stance to investigate the formation of the coating layer on the particle surface. Additionally, the
glass beads provide a high sphericity and are insoluble in water, so an aqueous solution can be
sprayed onto the particles. The main material properties of the Megalux beads, as measured in
this work, are shown in Table 1.

Table 1: Properties of Megalux glass beads.

Mean diameter 1280 pm
Sphericity 0.94 -
Particle density 2511 kg/ms3
Surface roughness 0.1 pm

As coating material, sodium benzoate, also known as E211, was used which is a white, crystal-
line powder that is used as a preservative in food industry. Additionally, it has a good solubility
in water. The sodium benzoate was injected into the fluidized bed in form of an aqueous solu-
tion with a varied solids concentration up to 32 wt%.

2.2 Coating experiments

The coating experiments were carried out in the laboratory-scale fluidized bed system
ProCell®5 with the GF3 process chamber with a diameter of 180 mm at the air inlet (Glatt,
Germany). A scheme of the plant is shown in Figure 1. For the injection of the coating solution,
a two-fluid nozzle (type 970-S4, Schlick, Germany) with an orifice size of 1.2 mm was installed
in the middle of the sieve plate distributor in bottom-spray configuration. Compressed air was
used for the atomization of the liquid which was conveyed to the nozzle by a peristaltic pump
(Medorex TB, Germany).
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Figure 1: Scheme of the fluidized bed set-up for coating experiments.

All experiments were performed batch-wise with an initial bed mass of 3 kg of glass beads. The
amount of injected solution was adapted in such a way that 600 g of solids were sprayed onto
the particles per experiment. The fluidization air flow was set to 200 m3h which enabled a
stable fluidization of the glass particles throughout the whole experiment. The inlet air temper-
ature of the fluidization air was kept constant at 70 °C and the spray air pressure to atomize the
injected liquid was 1 bar. The sodium concentration of the coating solution was varied between
15 and 32 wt%, with the lower limit being defined by the duration of the experiment and the
upper limit being constrained by the saturation of the solution which was determined before-
hand. To maintain the same drying conditions for all experiments, the spray rate was chosen in
such a way that the water mass flow injected into the process chamber was identical. An over-
view of the spray rates and sodium benzoate concentrations is given in Table 2.

Table 2: Spray parameters for coating experiments.

Liquid spray rate  Sodium benzoate concentration

[9/min] [wt%]
20.6 15
21.9 20
233 25
25.0 30
25.7 32

2.3 Analysis of coating solution and product particles

In order to find connections between the coating solution properties and the resulting granule
characteristics, the different solutions as well as the solid-liquid interactions and the particle
surface structure were analyzed. Therefore, the liquid viscosity, the contact angle and the sur-
face roughness were measured.
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2.3.1 Characterization of rheological behavior via viscosity measurement

The rheological behavior of a liquid determines the liquid’s flow properties. To quantify this
behavior, the dynamic viscosity which indicates a material’s resistance to deformation at given
conditions can be measured. The measurement procedure was carried out in a rotary rheometer
(RHEOTEST® RN 4.1, Rheotest, Germany) with a coaxial cylinder set-up at 20 °C. All coating
solutions at different solids concentrations have been analyzed at shear rates up to 2000 1/s.

2.3.2 Characterization of solid-liquid phase interaction via contact angle measurement

The sessile drop method according to DIN EN 1SO 19403-2 (Deutsches Institut fir Normung
e.V. 2020) was conducted to determine the contact angle of sodium benzoate solutions on a
glass and a sodium benzoate surface. The contact angle is based on the force balance of the
interfacial energies at the gas-liquid, gas-solid, and solid-liquid interfaces and characterizes the
wetting behavior of a liquid on a solid surface. At a contact angle of 0 °, the surface is com-
pletely wetted by the liquid, for angles below 90 ° partial wetting takes place, an angle above
90 ° indicates negligible wetting, and at 180 ° the material is non-wetting (Adam et al. 2009;
Dallmann 2011).

To mimic the surfaces that the liquid droplets interact with during the coating process — glass
particles and already coated particles — glass slides and glass slides coated with a sodium ben-
zoate film have been used. For each coating solution, three droplets with a volume of 3 pl have
been placed on both investigated surfaces. The spreading of each droplet was recorded with a
frequency of 100 Hz over a duration of five seconds using a highspeed camera (NX-S2, Imaging
Solutions GmbH, Germany). For the determination of the contact angle, the obtained images
were evaluated using the open-source software ImageJ (University of Wisconsin, USA).

2.3.3 Characterization of surface structure via confocal laser-scanning microscopy

In contrast to a conventional light microscope, where the entire sample is illuminated by a light
source causing the detection of unfocused planes, only a small part of the sample is illuminated
at each time in a confocal laser-scanning microscope. During scanning the position of the focal
point on the sample changes. At different positions along the vertical axis the area within the field
of view is scanned. From a set of those two-dimensional images the three-dimensional surface
structure of the sample is reconstructed. Therefore, the confocal laser technology allows for the
acquisition of height information as well as images with a large depth of field (Keyence 2015).

To measure the surface roughness of the particles, the 3D Laser Scanning Confocal Microscope
VK160K (Keyence, Japan) was used. The microscope works according to the previously ex-
plained principle. Surface data acquisition can be performed at a magnification of the factors
10, 20, 50, and 100. To validate the surface structure, three particles per sample have been
evaluated at two different areas on the surface respectively at a magnification of 50.

As a quantifier for the surface morphology, the surface roughness was determined. Roughness
consists of a sequence of peaks and valleys forming a complex shape due to their difference in
height, depth, and intervals (Keyence 2015). In DIN EN ISO 4287:2010-07 (Deutsches Institut
fur Normung e.V. 2010) and DIN EN ISO 25178-2:2012 (Deutsches Institut fir Normung e.V.
2012) several parameters that are based on either areas or lines on the surface are defined. In
this work, one of the most commonly used roughness quantifiers, the arithmetical mean height
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Sa was used for the characterization of the roughness. The surface-based arithmetical mean
height is defined as the average height difference of each point on the surface from the mean
height of the particle surface within a measurement area A:

Se =311, |hCx,y) - hdx dy. (1)

Image processing was performed on the measured surface profile using a Gauss filter to smooth
the profile and a surface shape correction filter to avoid an influence of the particle shape on
the roughness quantification.

3 Results and discussion

3.1 Viscosity of coating solutions at different solids concentrations

Firstly, the shear stress and shear rate data that were obtained during the viscosity measurements
were evaluated in order to determine the rheological behavior of the sodium benzoate solutions.
For all curves a nearly linear behavior was observed indicating a Newtonian flow behavior with
a constant dynamic viscosity over the investigated shear rate range. Consequently, the viscosity
of each coating solution can be simply described by one mean value. Those viscosities are de-
picted in Figure 2 in dependence on the sodium benzoate concentration of the solution.
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Figure 2: Mean viscosity of the sodium benzoate solutions at different concentrations.

The measured viscosities are in agreement with the rule proposed by Kern (Kern 1983) that
suggests that for an aqueous salt solution with a concentration below 30 %, as used for most of
the solutions in this work, the viscosity should be less than twice the viscosity of water. This is
the case for the solutions with a sodium benzoate concentration below 30 wt%. Figure 2 shows
an increasing viscosity with increasing solids concentration. As expected, the additional sodium
benzoate in the higher concentrated solutions increase the internal friction of the liquid and thus
the internal resistance to flow causing the observed increase in viscosity (Viswanath et al.
2007). Due to this increased resistance to deformation, more deviations occurred at higher vis-
cosities. The different viscosities of the spray solutions are expected to influence the atomiza-
tion of the liquid and therefore the droplet characteristics such as droplet size which in turn
affects the surface structure of the granules (Hede et al. 2008; Orth et al. 2022).
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3.2 Contact angle between coating solutions and different surfaces

In Figure 3, the contact angles of coating solution droplets on a glass surface are shown over the
time span of five seconds after the initial contact between liquid and solid. The curves are similar
for all solutions, starting at the highest contact angle that then quickly decreases over time as the
droplet spreads on the surface. The highest initial contact angle was reached for the concentration
of 32 wt% at 69.1 + 1.2 °, while the lowest initial contact angle of 47.0 £ 0.9 ° was recorded for
the lowest concentration of 15 wt%. After five seconds a contact angle between 19 ° and 23 °
was reached for all solutions indicating that partial wetting occurs which enables a good spread-
ing of the solutions on the glass surface. Based on the measured contact angles over time, the
fastest spreading is expected for droplets of the 15 wt% solution on the glass surface of the pri-
mary particles. At higher concentrations, the increased viscosity of the solution causes a higher
flow resistance of the liquid and thus hinders the spreading of the droplet.

It has to be noted though that the measurement on the even glass slide does not consider the
influence of the curved surface of the glass particles on droplet spreading and can therefore only
be used to estimate the wetting behavior. Moreover, in the contact angle measurement, the droplet
is slowly placed on the sample surface, whereas in the fluidized bed process, the droplets are
accelerated by the spray air and the fluidization air before colliding with the also moving particles.

Ol5wt% 020wt% O25wt% O030wt% O 32wt%

Time [s]
Figure 3: Contact angle of coating solutions with different concentrations on glass surface.

Once the particles are partially or completely covered with sodium benzoate, droplets come in
contact with either pure glass, both, glass and sodium benzoate, or pure sodium benzoate upon
droplet-particle collisions. As depicted in Figure 4, the contact angle curve over time on a
sodium benzoate film generally shows the same trend as the measurements on glass for all
solutions except for the concentration of 20 wt%. Since sodium benzoate is well soluble in
water, not only spreading of the droplets is occurring but also dissolution of the sodium
benzoate film. Hence, the recorded data represents the combined effect of both of these phe-
nomena. In addition, the higher roughness of the sodium benzoate film compared to the smooth
surface of the glass slide also influences the contact angle. Since all measured angles are below
90 °, the contact angle decreases with increasing roughness meaning that slightly higher contact
angles than the measured ones are expected on a sodium benzoate surface (Busscher et al. 1984;
Wenzel 1936). Nevertheless, Figure 4 shows a generally slower droplet spreading on the



sodium benzoate layer compared to the glass slides indicating that once a first sodium benzoate
layer is formed on the particles during the coating, the wetting behavior of the droplets on the
particle surface is changed.
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Figure 4: Contact angle of coating solutions with different concentrations on sodium benzoate
surface.

3.3 Influence of solids concentration on surface roughness

During the fluidized bed spray granulation or coating, the formation of the coating layer and
the resulting surface structure are dependent on several micro-processes occurring within the
droplets and at the solid-liquid interface. The surface roughness for the particles coated with
solutions with different sodium benzoate concentrations is depicted in Figure 5. Based on the
results of the viscosity and contact angle analysis, a higher surface roughness could be expected
at higher solids concentrations due to the slower spreading of droplets on the particle surface.
However, in the concentration range from 20 wt% to 32 wt% the exact opposite trend was ob-
served. Only for a concentration of 15 wt%, a lower surface roughness of 6.35 + 2.02 um was
measured.
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Figure 5: Surface roughness of particles coated with differently concentrated solutions.

To explain the trend for the surface roughness, the crystallization of sodium benzoate has to be
considered. Once injected into the process chamber, the water in the droplets begins to evapo-
rate, eventually causing an over-saturation of sodium benzoate in the shrinking droplet. In the
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over-saturated droplet, nuclei are formed which then grow into larger crystals. The crystal
growth depends on the solids concentration in the droplet in such a way that a high concentra-
tion and therefore high over-saturation upon evaporation of the water lead to the precipitation
of numerous small nuclei in a short drying time. Those small crystals then form a dense coating
with a smooth surface. In contrast, at a low sodium benzoate concentration in the injected drop-
lets and hence a lower over-saturation within the droplet upon evaporation, larger crystals grow
on the particle surface resulting in a higher surface roughness. Those needle shaped crystals can
be seen in the microscope image recorded for the coating with a 20 wt% solution in Figure 6.
Since the same water mass flow and the same air temperature were set for all experiments, equal
drying conditions are assumed, so the saturation of the droplets is only influenced by the con-
centration of the solution.

Figure 6: Laser-scanning microscope images of uncoated and coated particles.

While the crystallization of sodium benzoate explains the decreasing surface roughness with
increasing solids concentration, it does not give a reason for the lower roughness measured for
the particles coated with the 15 wt% solution. One explanation might be the small amount of
sodium benzoate that is injected into the process chamber per time step. After the formation of
nuclei, crystal growth occurs by attachment of molecules or atoms from the solution to the
nuclei. Because of the strong dilution of the solids in the solution, this attachment might be
hindered by the unavailability of further sodium benzoate molecules near an already formed
nucleus. With this reduced crystallization, the improved wetting behavior of the 15 wt% solu-
tion, especially on a sodium benzoate surface (see Figure 4), leads to the formation of a
smoother particle surface. Additionally, the already deposited salt might be partially dissolved
again upon contact with another droplet spreading the solid even further on the surface. This
phenomenon is most likely to occur for the lowest concentration at which the solution is the
least saturated. As the experiment with the 15 wt% solution was the longest due to the lowest
spray rate, effects like over-spray and abrasion that can cause mass loss and influence the sur-
face structure are assumed to be more pronounced compared to the other runs.
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4 Conclusion

To investigate the influence of the coating solution concentration on the surface structure, flu-
idized bed spray granulation experiments were performed with coating solutions of different
concentrations. The focus of this work was the particle growth by layering rather than agglom-
eration which has already been researched in previous studies. The surface morphology of the
product particles was analyzed by means of confocal laser-scanning microscopy to determine
the surface roughness. Furthermore, the liquid viscosity and contact angle were measured in
order to obtain a deeper understanding about the interactions at the solid-liquid interface.

In conclusion, the coating solution concentration has a significant impact on the layer formation
in fluidized bed spray granulation. In the experiments conducted in this work, the roughness
seems to be mainly determined by the sodium benzoate crystals on the particle surface rather
than droplet spreading speed. Thus, the surface roughness decreases with increasing solids con-
centration between 20 wt% and 32 wt% despite the diminished wettability and flowability.
Only at very low concentrations, this trend is reversed resulting in a smoother surface for the
particles coated with the 15 wt% solution.

To improve the investigation of the connection between liquid properties, the phenomena oc-
curring at the solid-liquid interface, and the granule surface morphology, the droplet character-
istics should be further analyzed. Moreover, the contact angle measurement directly on the par-
ticle surface instead of a simplified even surface and the droplet spreading behavior in case of
accelerated droplets and particles would be of interest. In addition, the process can be simulated
using the coupling of computational fluid dynamics (CFD) and the discrete element method
(DEM) in order to improve the general understanding of the fluidized bed process and the
micro-processes happening within the particle bed.
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About modeling rheology and agglomeration of wet particle

systems

Stefan Luding

Abstract: This brief article is a review of our recent results on the flow-behavior and rhe-
ology of dry and wet cohesive particles. For weak and moderate strength of attractive
forces, a new set of rheological laws was derived from particle simulations. This local gran-
ular rheology is based on the (1) and [I(I) rheology, generalized by multiplicative correc-
tion terms that depend on the inertial number | and on other dimensionless variables (like
confining stress P*, or the cohesive strength, as quantified by the local Bond number Bo)
that characterize the local situation, the state the particles are in. Each correction relates to
one (or more) mechanisms that are active in the powder — and the correction terms fall back
to unity, i.e., become inactive, when a mechanism is not important, not relevant. Only if
attractive forces are strong enough, when the local Bond number Bo>1, agglomeration
kicks in and the rheology that is based on homogeneous flow situations becomes question-
able.

1 Introduction

The behavior of particulate systems or granular matter — for example sand, powders, suspended
particles as colloids or macro-molecules — is of interest for a wide range of industries and re-
search disciplines. These materials are intrinsically disordered, come with a wide distribution
of particle sizes and materials/mixtures and can behave both solid- or fluid-like, dependent on
the balance between energy input (external parameters: agitation, driving) and energy dissipa-
tion (e.g., due to material properties: contact deformation, friction, viscosity). The micro-me-
chanical processes in particle systems are active at multiple scales (from nanometers to meters)
and understanding them better is an essential challenge for both science and application, i.e.,
finding the reasons for natural/industrial disasters like avalanches or silo-collapse.

To understand the fundamental micro-mechanics one can use particle simulation methods.
However, large-scale applications (due to their enormous particle numbers) must be addressed
by upscaled coarse grains or by continuum theory. To bridge the gap between the discrete and
continuum scales, so-called micro-macro transition methods translate particle positions, veloc-
ities, and forces into density-, stress-, and strain-fields. These macroscopic quantities must be
compatible with the conservation equations for mass, momentum, and energy of continuum
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theory. Possibly, non-classical fields are needed to describe the micro-structure or the statistical
fluctuations, e.g. the Kinetic stress, before one can solve real application problems.

2 Granular state space

The particles are in different states: in different applications, in different systems, they are lo-
cally experiencing different situations. State variables are the shear or deformation rate, as
quantified by the inertial number I (as relating the pressure- to the rate-time-scale) or the con-
fining stress, as quantified by the dimensionless pressure P* (as relating the contact-stiffness-
to the pressure-time-scale, both squared). State variables can be interdependent, e.g., the inertial
number depends inversely on the square-root of pressure.

On the other hand, the cohesive strength, strictly speaking, is a material parameter, as quantified
by the gravity Bond number Bog that relates the cohesive forces to the gravity force on a single
particle. However, the more relevant comparison is between the cohesive force and the local
confining forces focPd?, as quantified by the local Bond number Bo, which also renders it a state
variable. See publications by Shi et al. (2020) and Roy et al. (2017) for the detailed definitions
and rheology results from simulations, and Fig.1 for the state space spanned by | and P*.

confining stress: p* confining stress: p*

single pp. geotech. single pp. geotech.
_ _ high-p Ajax | PFT RST DST Triax.
tension ff. yield-locus tension ff. yield-locus
avalanche avalanche
high-p + fa_st Tabletting Simulator
compaction compaction
(shear) rate: | (shear) rate: |

Figure 1: Schematic diagram of granular states in the plane of confining stress (to the right), tension
(to the left) and dimensionless shear or deformation rate (vertical down); the left panel shows the state
variables at their respective relevant location in state-space, while the right panel also indicates a se-
lection of experiments that can be used at that states. [The experimental abbreviations are: Ajax Ten-
sile Tester, PFT=particle flow tester, RST=ring shear tester, DST=direct shear tester, Triax=triaxial
geotechnical tester, and the Granu* abbreviates GRANUTOOLS devices like heap-test or rotating
drum.]

Evidently, most experiments can operate only in a limited domain in parameter space. There-
fore, the tensile regime was combined with results from the RST device by Garcia-Trinanes et
al. (2019) and the drum was connected to heap and RST situations by Shi et al. (2020b). The
role of cohesion at various states/situations was studied by Roy et al. (2017); Shi et al. (2020)
numerically, and by Jarray et al. (2019) experimentally — see also references therein.
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2.1 Bridging between compression and tension

Powders with cohesive forces allow to range from compressive shear to tensile testing (Garcia-
Trinanes et al. 2019). Measurement and prediction of cohesive powder behaviour related to
aspects/phenomena such as flowability, flooding or arching in silos is challenging. Previous
attempts in comparing different testers did not yield reliable data (showing considerable scatter
and uncertainty in key quantities). Studies to build a reliable experimental database using ref-
erence materials are needed to evaluate the repeatability and effectiveness of shear testers and
the adopted procedures.

Shi et al. (2018) studied the effect of particle size on the yield locus for different grades of
limestone (calcium carbonate). We use the non-linear Warren Spring relation for shear stress:
7(0)/C=(c/T+1)¥" with confining stress o, to obtain the values of cohesion C, tensile strength
T, and the shear index n. We recover linear (n=1) yield loci for large, free flowing particles,
with respectively small C and T, with consistent, finite macroscopic friction C/T =0.7. For par-
ticle size decreasing below 70 um the response becomes more and more cohesive (larger C and
T) and non-linear (1<n<2) — see Garcia-Trinanes et al. 2019; the latter n>1 implies that a linear
fit (n=1) to the yield locus of a cohesive powder is not making much sense.

Then Garcia-Trinanes et al. (2019) compare the values of the parameters C, T and n obtained
from two different shear testers (Schulze and Brookfield PFT). Both testers run at positive con-
fining stresses (slightly different ranges and principles) and give identical results for large frac-
tions (weakly cohesive). For strongly cohesive samples, the PFT results are very similar to the
ring shear tester, with slightly smaller values for C, T, and n.

Finally, the (non-linearly extrapolated) values of T were compared with a direct, transverse
measurement running at negative stresses, using the Ajax tensile tester, and very good agree-
ment was found — validating the Warren Spring equation for negative stresses (Garcia-Trinanes
et al. 2019). Further experiments with a variety of cohesive powders are needed to confirm the
connection between moderate compression and tension, and also to confirm (or rebut) this sys-
tematic, consistent differences between shear testers for, so far, only one cohesive powder.

2.2 Bridging between low and high stress, slow and fast deformations

Because the flow behavior of powders depends on both their flow/deformation rate and confin-
ing stresses, as well as on their cohesive strength, it is difficult to measure/quantify powders
with only one experiment. Commonly used characterization tests, which cover a wide range of
states, were compared by Lumay et al. (2019): including (static, free surface) angle of repose,
(quasi-static, confined) ring shear steady state angle of internal friction, and (dynamic, free
surface) rotating drum flow angle/slope, using free flowing, moderately and strongly cohesive
limestone powders.

Free flowing powder gives good agreement of the measured angles (slopes or shear resistance)
among all different situations (devices), while the cohesive powders are more interesting. Start-
ing from the flow angle in a rotating drum and going slower, one can extrapolate to the limit of
zero rotation rate. However, the angle of repose measured from the static heap is considerably
larger, possibly due to its special history. When the ring shear tester explores its lowest
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confining stress limit, the steady state angle of internal friction of the cohesive powder becomes
comparable with the flow angle (at the free surface) in the zero-rotation rate limit of the rotating
drum test, but only when defining an appropriate effective stress for the flow zone. Finally,
when stretching the confining stress to extremely large values (GPa) by using a tableting tester,
the qualitative behavior (increase of shear resistance, macroscopic friction with decrease in
particle size) is confirmed, but the almost linear behavior in the low stress range (kPa to MPa)
turns to an increasingly non-linear growth — details see Lumay et al. (2019) and Shi et al. (2018).

Also here, further experiments with a variety of cohesive powders are needed to confirm the
connection between moderate to large compression/confining stress, and tension, and also to
confirm the systematic, consistent qualitative trends, so far reported for one cohesive powder.

3 Granular rheology

Here, a short summary of recent results on formulating a general local granular rheology is
presented, based on an earlier review by Luding et al. (2016). When formulating a granular
rheology, the starting point is the successful, simple, and elegant so-called x(1)-rheology (Shi
et al. 2020), which relates the so-called macroscopic (bulk) friction, i.e., the shear-stress to
pressure ratio x =7/ p (in a sheared particulate system in steady state) to the inertial number,
I.e., the dimensionless strain-rate:

1 =gd,/\p/r

with (for example) local shear rate §, diameter do = 0.0022 m, mass-density p= 2000 kg/m?,

and pressure p’. The relation that describes well a wide variety of flows of hard, cohesionless
particles, at various strain rates is:

1

u(I) = po + (froo — Ho) ~——7

1+ 1y/1 (1)
with Ho = 0.15, piec = 0.42, and Iy = 0.06, matching our simulation data (Roy et al. 2017), where
1o and e represent the zero and infinite strain rate limits, respectively, and the characteristic
dimensionless strain-rate is lo, above which inertia effects considerably kick in. Since our older
simulations (Roy et al. 2017) concern particle simulations with a very small coefficient of par-
ticle contact friction, x, = 0.01, the dependence of the coefficients in Eq. (1) on friction is not
considered, however, Shi et al. (2020) extended and generalized the rheology for a wide range
of coefficients of friction.

The first correction to the x(1)-rheology is relevant for soft particles, as based on early results;
it was originally given as linear additive term to the above rheology for small strain-rates, how-
ever, it can nicely be re-phrased as multiplicative correction factor:

( v
0=l 1-( 2] | 1o @
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with the dimensionless pressure p = p’ do / k, the characteristic pressure at which this correction
becomes considerable, po = 0.9, and the stiffness k =100 N/m. This correction accounts for a
range of particle stiffness (or softness), but also for different magnitudes of gravity, as one
would find in a centrifuge or on the moon. Describing granular flows using such a local ap-
proach, in opposition to non-local models, saves the beautiful simplicity of locality and never-
theless extends the basic model by including neglected features. Additional corrections fu(Bo)
for cohesive particles involve non-linear functions of the Bond-number (see Roy et al. 2017,
Shi et al. 2020; and references therein), but are omitted in the following.

Both dimensionless state variables can be expressed as a ratios of time-scales, namely 1 =t, /t,

and p= (tp /tc)z, where the subscripts denote strain-rate-, pressure- and contact-stiffness-time-

scales, respectively. To complete the rheology for soft, compressible particles, a relation for the
density as function of pressure and shear rate is missing:

I
o(1,p) = ¢c (1 + 2) (1 - L;) ge(B0) 3)

with the critical or steady state density under shear, in the limit of vanishing pressure and inertial
number ¢ = 0.648, the strain rate for which dilation would turn to fluidization 1°5 = 0.85, and
the typical pressure level for which softness leads to huge densities p°s = 0.33 (Luding et al.
2016). Both correction terms could be more complex functions, but are presented in their first
order linear term only, valid only for sufficiently small arguments: Too large inertial numbers
would fully fluidize the system so that the rheology should be that of a granular fluid, for which
kinetic theory applies, while too large pressure would lead to enormous overlaps, for which the
contact model and the particle simulation become questionable. The considered inertial num-
bers are | < 0.1, while the pressures are p < 0.01. Additional corrections g.(Bo) for cohesive
particles (Shi et al. 2020) are omitted in the following.
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Figure 2: Density for rapid (left) and moderate (right) rotation frequency, plotted against the radial dis-
tance r, with data from particle simulations (from Luding et al. 2016), using the external rotation fre-
quency f, given above the panels, filtered at three different (approx.) pressure levels, p, as given in the
inset (i.e. red, green and blue correspond to: close to the surface, in the middle, and closer to the bot-
tom). The lines correspond to Eq. (3), with all parameter values given in the main text; the horizontal
lines give the low stress and strain-rate limit ¢ that, notably, is not the asymptotic limit.

From a rapid and moderate external rotation frequency, f, of the split-bottom ring shear cell,
with split at Rs = 0.085 m, representative data from Roy et al. (2017), are plotted in Fig. 2
against the radial position. Higher confining stress corresponds to a higher density, deeper be-
low the free surface, while the density is reduced in the shear band, proportional to the local
shear-rate, due to dilatancy. Overall, the simulation data agree very well with the corrected
density prediction from the analytical Eq. (3), where only local information enters, besides some
scatter and more systematic deviations in the tails of the shear band, away from the split, with
very small local strain rates (the statistics is poor, and the system is not yet in steady state).

The macroscopic friction, i.e., the shear stress ratio p, is plotted in Fig. 3, against the radial
position for the same data-sets, in comparison with the classical rheology of Eq. (1) and the
pressure-dependent rheology, Eg. (2). The pressure dependence is improved when using the
latter, especially in the tails, for the slower rotation rate, where the classical rheology has no
pressure dependence. Nevertheless, in the tails the stress ratio does not agree well with theory,
indicating missing additional correction terms that account for a combination of very low strain-
rate and finite granular temperature effects, playing a role in those regimes.
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Figure 3: Shear stress ratio , for the same simulations as in Fig. 2 (from Luding et al. 2016). Lines
correspond to Eqg. (1), classical rheology (thin lines), or Eq. (2), corrected soft rheology (thick lines);
parameters are given in main text. The horizontal dotted lines give the constant low strain-rate limit,
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4 Conclusion and Outlook

In conclusion, particle simulations can complement experiments, and the micro-macro transi-
tion can guide the development of new rheological particle-flow or continuum scale rheology
models for density and shear stress ratio. The presented rheology includes and combines various
mechanisms, as quantified by characteristic dimensionless numbers — for various different ma-
terial properties including contact friction and attractive forces (Shi et al. 2020). The original,
simple, scalar p(l) and ¢(1) rheology for flowing rigid, cohesionless particles was generalized
to take into account the effects of large confining stress and/or softness (compressibility) of the
particles, as well as attractive contact forces (Roy et al. 2017; Shi et al. 2020). Both the local
density and shear stress to pressure ratio are well predicted by an improved, pressure dependent
local rheology model, especially in the centre of the shear band — not so much in the tails, where
the mechanism of creep becomes relevant for the shear resistance and needs to be included, as
proposed by Roy et al. (2017). The deviations that still occur in the tails can be due to several
reasons: (i) the statistics is much worse in areas where the strain rate is small, (ii) the system
has not yet reached the true steady state — as reported previously (see Roy et al. 2017 and ref-
erences therein), (iii) there can be non-local effects as encompassed, e.g., by a “fluidity” or
granular temperature variable, (iv) there can be a missing parameter that encompasses the mi-
cro-structure, or further additional local corrections are needed, not considered so far. Ongoing
research is aiming at finding such further corrections for very small strain rates, but also for
cohesive particles. As next step the implementation of novel multi-purpose, generalized
flow/rheology models into continuum solvers is needed. A further goal is the development of
fully tensorial flow models, to account for all the non-Newtonian aspects of particulate and
granular matter, for both static and dynamic situations and transients as well.
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Retention Characteristics of Biopolymer Materials Studied by

Inverse Supercritical Fluid Chromatography

Isabella Jung, Pavel Gurikov, Irina Smirnova

Abstract: The research project presented (funded by German Research Foundation
program "Processes in Natural and Technical Particle Fluid Systems™) focuses on
physicochemical interactions between coated and uncoated biopolymer aerogels and
different fluids in Supercritical Fluid Chromatography (SFC) for the characterization of
highly porous and ultralight biopolymer aerogel surfaces as potential carrier matrices for
life science applications. An important key parameter of the solute retention in terms of
thermodynamic evaluation represents the retention factor k. Therefore, k of different
organic solutes with different polarity on several highly porous polysaccharide and protein
aerogel matrices are measured. The interactions between solutes and biopolymer aerogels
were determined with the quantitative linear solvation energy relationship model (LSER).
A modified van't-Hoff equation was constructed to determine the transfer enthalpy of the
solute from the fluid phase to the biopolymer surface. Furthermore, a cellular automaton
model is formulated to describe diffusion dynamics and adsorption of solutes in
supercritical liquid phases.

1 Supercritical Fluid Chromatography

SFC is an established separation technique in analytical chemistry. Complex mixtures can be
investigated with regard to their composition. In SFC, a supercritical fluid above its critical
pressure (often carbon dioxide, CO2) is used as mobile phase. By injecting a mixture of
substances into the flow of the mobile high-pressure phase, the sample is flushed into a column
filled with fine particles, the so-called, stationary phase. The separation of the sample mixture
takes place on the surface of the stationary phase due to adsorptive interactions of the particle
types and depends on the migration velocity of the contained components in the mobile phase
along the separation path.! This retention difference is quantified as the retention time.
Retention time and shape of the peak signal of molecules in the sample are used to explain
physicochemical interactions between stationary phase and sample to determine
thermodynamic quantities such as the enthalpy of the adsorption surface energy as well as
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surface heterogeneity. From the change of the retention factor at different temperatures and
constant pressure, the change of the partial molar enthalpy at infinite dilution in the mobile and
stationary phase can be determined (Fig. 1).2

120bar 2ml/min 1g/L Citral 0%Mod. 230nm
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Figure 1: Calculation scheme of the adsorption enthalpy.

2  Aerogels — Ultralight Carrier Matrices

Aerogels are characterized by low density (0.004 to 0.5 g/cm®), high specific surface area (100
to 1600 m?/g), extremely high porosity (95 to 99.8%) and low thermal conductivity (< 0.02
W/mK).2 The porous materials are produced by a sol-gel process, which involves specific
synthesis procedures such as mixing of gel and colloidal solution (sol). The gel produced serves
as a wide-meshed, three-dimensional network which interstices (pores) contain either a liquid
(lyogel) or gaseous (aerogel/xerogel) phase. Depending on what has led to the crosslinking of
the gel, i.e., depending on the pore filling, hydrogels (aqueous solutions) or alcohol gels
(alcohol-filled interstices) are formed. In most cases, the filling of the gel pores with gaseous
components is directly related to a drying process.* The sol-gel process is particularly suitable
for inorganic (silica aerogels) and organic aerogels (resorcinol-formaldehyde aerogels).®
Organic aerogels made from natural substances represent another group that does not undergo
the classic sol-gel process. Biopolymers such as cellulose, chitin, alginate, pectin and starch
serve as well-known representatives of this aerogel group. In this work, the production of
biopolymer aerogels is presented (Fig 2).

EtOH
—m—8— — 8
Sol Gelation Solvent Aerogel
exchange

Figure 2: Schematic illustration of the aerogel production process.
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The initial state of gel formation is the extracted biopolymers, which are usually in dried and
powdered form. Gel formation of biopolymers occurs through the directional formation of
networks or gels by the inclusion of water molecules, for example, in the complex structure of
biopolymers (primary, secondary, tertiary structure). Trigger factors for this gel network
formation include the induction of temperature (proteins), the change in pH (chitosan,
cellulose), and the presence of (metal) ions (alginate, pectin). When these biopolymer powders
get in contact with water, intra- and intermolecular interactions are formed and, in the case of
alginate, ionic cross-links are formed due to the presence of metal ions. To obtain a solid gel
network, fluid removal is required. This step is performed by drying the gels and is one of the
most difficult steps in aerogel synthesis. The liquid in the gel network is replaced by an air or
gas phase without causing excessive damage due to pore collapse. Optimal drying can achieve
high porosities through small pores in the dried biopolymer network, especially in the case of
biopolymers. The gels used in this work were dried using supercritical drying with CO2 (sc-
C0,).5 The basic principle of this process is to exchange the aqueous component in the gel
network with solvent (usually ethanol) and taking it into supercritical state. The liquid
component is brought to supercritical conditions (120 bar, 60°C) by increasing the temperature
and pressure and is successively discharged from the gel, resulting in a dry and highly porous
aerogel matrix structure. Shaping of aerogels was followed by supercritical drying. Particles in
the micrometer range are required to produce the column material for use in supercritical fluid
chromatography. A colloid mill was used to produce very small microparticles of the
polysaccharides and both types of proteins. In this work, the gelation of the protein aerogels
was thermally induced, whereas the polysaccharide gels were produced by chemical
crosslinking. A colloid mill was used to produce the microparticles, with the solid particles
suspended in liquid undergoing size reduction. The grinding system uses a tapered rotor, which
moves around the stator at a set rotor speed (3000-26000 rpm). After complete solvent
exchange, the alcogel particles of all prepared biopolymers were processed in the mill.
Screening of the grinding settings was carried out using the protein gels as an example; the
optimum settings were transferred to the polysaccharide gels. The agglomerates of the protein
alcogels, after processing the protein-rapeseed oil emulsion, were again passed through the
colloid mill breaking large particles into fine fractions. Size reduction was performed for larger
alcogel particles at a rotor speed of 22,000 rpm and a gap width of 900 um. Subsequently, the
produced aerogel microparticles were subjected to solvent exchange and supercritical dried
using CO.. The prepared aerogel particles were evaluated in detail regarding their
morphological and structural properties (e.g., specific surface area, pore volumes, skeletal and
bulk density, particle size distribution and scanning electron microscopy). For chromatographic
analysis and characterization of the prepared biopolymer aerogels, the particles were packed
into commercial HPLC columns with a length of 100 mm x 4.6 mm for polysaccharide aerogels
and 5 mm x 4.6 mm for protein aerogels. The particles were packed into the column using a dry
vibration method and introduced into the supercritical fluid chromatography (Fig. 3).

Evaluation of retention time (residence time of solute on stationary phase) was performed using
a python script specifically introduced for the application of aerogels as stationary phase.
Highest Peak Method (HPM) was developed for the analysis of retention times. The
determination of the dead times for the prepared aerogel columns was performed by detecting
the negative peaks formed in the chromatographic spectrum. Perturbations were evaluated for
all produced aerogel columns. The dead times were determined at the same wavelength as the
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retention times of the respective test substances. Twenty-five organic substances were tested in
this study.

Biopolymer- Packed into columns  Packed column  Waters AQUITY UPC?
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Figure 3: Schematic description of column filling via dry vibration process and SFC operation
principle.

3  Linear Solvation Energy Relationship (LSER)

The LSER model is a method for characterization of stationary phases in SFC. The model
describes properties of the analytes by inducing descriptors representing physiochemical
properties. The model is used to predict the retention behavior of an analyte on a stationary
phase or to capture the nature of the interactions in SFC and describe their relevance with
respect to the solute’s retention. Furthermore, the model describes the physiochemical
properties of the stationary phase.” This includes the properties of functional groups of the
stationary phase e.g., interactions with z-electrons, different hydrogen bindings, dipole-dipole
interactions among others. Besides the theoretical description of aerogels, the information
obtained can be used for practical purposes such as the supercritical impregnation of aerogels
with organic compounds for the medical and food industry.
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Figure 4: Interactions characterized by descriptors of the LSER model.®

Abraham's model is the most commonly used representation of the LSER model and is shown
in Equation (1).

SP=c+eE+sS+aA+bB+vV (1)

SP often corresponds to log k. The different terms (eE, sS, aA, bB, vV) represent the interaction

between the solute and the mobile or stationary phase. The ¢ constant includes the phase ratio
Vs

in the chromatography column used, = where V; is the volume of the stationary phase and
V,, is that of the mobile phase. °® The ¢ constant includes the volume of the mobile phase to the
equation. The capital factors of the individual terms (E, S, A, B, V) are the descriptors of the
analytes. Lower-case system constants result from a multilinear regression of the descriptors of
the used analytes and their retention factors: positive values represent a stronger interaction
with the stationary phase, whereas negative values imply stronger interaction with the mobile
phase.®

4 Results

4.1 Supercritical Drying of Aerogels and Characterization

The main achievements and insights of this work are: 1) micro-aerogel particles were produced
for the first time, 2) HPLC columns were successfully loaded with aerogel particles and 3)
structural differences between biopolymer aerogels were found.

In order to characterize the prepared biopolymer aerogels as well as to evaluate the adsorption
behavior on different organic aerogels, the structural properties were measured. Specific
internal surface area, shrinkage of the gels during processing, bulk and skeletal density,
porosity, particle size distribution and breaking strength were determined. For the protein
aerogel production, pH was the main influencing variable. The polysaccharide aerogels (Fig.5)
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produced had an internal surface area of 260-450 m?/g, with alginate achieving the highest
values in terms of specific surface area, pore volume and radius. Biopolymer powders (no
aerogel) were used as reference. Potato protein isolate (PPI) at pH3 and whey protein isolate
(WPI) at pH3 showed the largest specific surface area among all aerogels investigated. For
WPI, the specific surface area decreased with increasing pH. In case of PPI, PPl pH7 was found
to be the aerogel with the smallest specific surface area. At pH 7, PPl and WPI had the largest
pore radius. Pore radius did not correlate with pore volumes. Skeletal density ranged from 1.25
g/cm® to 1.65 g/cm® and were only slightly larger than those of corresponding powders.
Compared to the cellulose and chitosan aerogel particles, the alginate aerogel particles are more
spherical and show smooth surface. Under high magnification, highly porous but dense
structures were identified. Both, cellulose and chitosan aerogels showed coarse-pored and less
dense macroscopic structures. Particles of chitosan and cellulose aerogels are less uniform and
tend to agglomerate. Powder particles are generally more inhomogeneous than the aerogel
particles and do not reveal any porous structures. However, only fracture sites lead to permeable
fragments.

Figure 5: SEM images of polysaccharide aerogel particles at different magnifications. A:
alginate aerogel, B: cellulose aerogel, C: chitosan aerogel.

4.2 SFC: Retention Time on Different Biopolymer Aerogels/Powders

The main findings of this work with regard to the retention parameters obtained are: 1) with
increasing process temperature retention times of all solutes decreased, indicating an adsorption
process; 2) significant differences in the adsorption behavior of aerogels and powders were
found; 3) polar solutes showed higher retention times than non-polar substances, independent
of the stationary phase; 4) influence of steric hindrance showed an impact on the retention
behavior and allowed a first classification of the functional groups involved in the adsorption
process.
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Figure 6: Chromatograms of benzole, cumol, 1,3-diisopropylbenzene and 1,3,5-
triisopropylbenzene on alginate aerogel.

In the following, the results of three selected solutes are presented, which were used to describe
the influence of steric hindrance in the adsorption process on alginate aerogels. Figure 6 plots
the spectra of the solutes used to study steric hindrance for alginate powder and alginate aerogel
at 40°C. The adsorption spectra obtained differ strongly in terms of peak shape due to tailing
and fronting effects of the chromatogram, which were achieved by macro-porous properties. In
contrast, aerogel powder showed significantly lower retention times with a single peak in the
spectrum. When comparing polar and non-polar solutes on the aerogel column, it is remarkable,
that polar solutes generally have a longer retention time. Linear relationship was found,
whereby sterically hindered solutes achieved lower retention factors than smaller, unhindered
molecules (e.g., cumol). Furthermore, the increased retention times for sterically unhindered
molecules showed a dependency of the retention behavior on the n-electron system. Reduction
of adsorption was achieved by increasing the degree of substitution as well as the resulting
inhibition of the n-electron system of the substance.
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Table 1: Descriptors of sterically hindered solutes with regard to electrostatic interactions.

1,3-Diiso-propyl- 1,3,5-Tri-

Solute Benzene Cumol , propy isopropyl-
benzene

benzene

(electrostatlc @
interactions)

Determination of the logarithmic retention factor (Ink) allowed direct comparison of all
columns in terms of adsorption behavior. For this purpose, Ink was plotted against temperature.
The result was a linear correlation of all retention factors of the analytes used. The analytes
listed as examples (Table 1) benzene cumene, 1,3-diisopropylbenzene and 1,3,5-
triisopropylbenzene showed the adsorption trend depending on their molecular size and the
interacting functional groups (Fig.7).

Alginte aerogel and powder
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15} % Aerogel Butylphenylether

% = 4 Aerogel Cumol
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Figure 7: Dependency of retention factor (plotted as natural logarithm of k) on process
temperature.

For further analysis of the adsorption behavior on an alginate column, the adsorption enthalpies
were determined. Figure 8 shows courses of different sized molecules using alginate aerogel as
an example stationary phase.
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Figure 8: Adsorption enthalpies of sterically hindered solutes at 120 bar, 2ml/min, 40°C-
70°C.

The adsorption enthalpy curves for the shown solutes present the highest amount of energy is
released at 60°C. The adsorption increases continuously from 40°C to 60°C and decreases from
60°C to 70°C. The enthalpy of adsorption describes the enthalpy change during the transition
of the analyte from the mobile to the stationary phase. In the case of alginate, most of the values
are negative i.e., energy is released during adsorption (exothermic process). The adsorption of
resorcinol, phloroglucinol, phenol, benzene and cumol released the highest amount of energy.
This increase in adsorption energy can be explained by the relatively low degree of substitution
and the unhindered access to the pi electronic system of the molecules. The adsorption of these
analytes with the OH- groups of alginate seems to be particularly energetic. A direct correlation
between the length of retention time and the amount of enthalpy of adsorption could not be
shown. Furthermore, the retention times decreased despite increasing adsorption enthalpies in
the range 40°C to 60°C. A possible explanation may be the increasing elution strength of CO»
at higher temperatures. Therefore, the elution force of the mobile phase (CO>) is higher than
the enthalpy of the adsorption.
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4.3  Modelling based on Linear Solvation Energy Relationship

In this section, the system constants determined by the multilinear regression are presented.
Furthermore, aerogel-interactions are visualized in a spider diagram according to their system
constants.

—=— alginate aerogel
—e— cellulose aerogel
—a— chitosan aerogel

—v— cellulose powder
| —a&— chitosane powder
% —<— alginate powder
RN S
AN

S 7

Figure 9: Visualization using a spider diagram with powder and aerogel columns made of
alginate, cellulose and chitosan.

In Figure 9, the interactions of solutes (steric hindrance) with different stationary aerogel and
powder phases are shown. This visualization allows a direct comparison of the system constants
for the biopolymer aerogels and powders. The system constants a and b showed for nearly all
stationary phases (except cellulose powder) dominant interactions. Overall, the hydrogen
bonding basicity and acidity are the most important aspects for the adsorption on the biopolymer
aerogel columns. Effects such as dipole-dipole interactions (s), the Mc-Gowan volume of the
analyte (v) and the electrons in n- and n-orbitals (e) play a subordinate role in the interaction
with the stationary phases. Powdered alginate showed similar values like the biopolymer
aerogels. However, the interaction with m-electrons decreased.
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Summary and Outlook

In this study, aerogel micro-particles were successfully produced and characterized for the first
time. Method development for the identification of interactions between porous particles and
solutes was performed by supercritical fluid chromatography; a LSER model was used for
quantification and prediction of interactions. Cold plasma coating might serve as a
functionalization tool for hydrophobization of aerogel surfaces. For complex protein aerogel
structures, solid state NMR measurements are planned to be used to identify functional surface
groups. Modelling of adsorption processes could predict the adsorption behavior of solutes not
yet tested. MD-Simulation and Cellular automata should therefore be considered.
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Recent Advances and Uses of Aerogels for Biomedical

Applications

Carlos A Garcia-Gonzalez

Abstract: Aerogels are nanostructured materials with attractive and unique physicochem-
ical properties: high and open porosity, high specific surface area, lightweight. Namely,
aerogels can be exploited for biomedical applications (Figure 1), including drug delivery,
wound treatments and regenerative medicine (Garcia-Gonzélez et al., 2019). The use of
aerogels as carriers of bioactive compounds may result in an increase in the solubility and
the modified release of certain drugs. Moreover, aerogels are particularly favorable for oral
and mucosal administration routes (Garcia-Gonzalez et al., 2021). In terms of production,
the aerogels can be easily scaled-up using supercritical CO, and the manufacturing of aer-
ogel-based drug products under good manufacturing practices (GMP) is possible. For
wound treatments, aerogels have outstanding capacity to absorb wound fluid thus contrib-
uting to haemostasis, healing and regeneration of the skin. The local release of bioactive
compounds from aerogels at the wound site can be specifically used for the treatment of
wounds under different healing phases (Bernardes et al, 2021). Finally, for regenerative
medicine, aerogels mimic the extracellular matrix and the correct choice of the source (e.g.,
polysaccharide and proteins) can have relevant biological implications to promote tissue
regeneration, such as the promotion of the attachment and growth of cells or the promotion
of cell differentiation towards certain lineages. The technological combination of aerogel
processing with 3D-printing technology has been recently implemented to provide en-
hanced performances to aerogels for regenerative medicine purposes (lglesias-Mejuto et
al., 2021). In this work, the most recent advances and uses of aerogels for biomedical ap-
plications (Figure 2) are herein outlined.

189



190

AEROGEL PROPERTIES
B|OMEDICAL APPLICAT'ONS - H|gh surface area
: : = Low density

SEqeries Tar = High and open porosity &
- poorly water soluble drugs = Low thermal conductivity il
- cytotoxic drugs L - =2

7 ; = High air flowability ae
- proteins & polypeptide-based drugs Low speed of sound S
= Synthetic bone grafts for = Low dielectric constant
regenerative medicine = High loading capacity
= Dressings for wound healing = Tuneable chemical

functionalities
= Renewable resources

Inner
morphology

Figure 1: Potential biomedical applications of aerogels based on their properties (left), and ex-
amples of aerogels obtained in combination with 3D-printing technology.
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Figure 2: Organization chart of AEROGELS COST Action to bring together the knowledge on
research and technology of aerogels at the European level from academia, industry and regu-
latory experts. For AEROGELS Action further information and updates, please visit the web-

site https://cost-aerogels.eu.
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