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HIGHLIGHTS

GRAPHICAL ABSTRACT

« Two imaging modalities were used to
investigate colloid deposition.

« Particle deposition sites were
captured in discrete time steps by
uCT.

o The fluid flow within the filter was
quantitatively measured by MRV.

« Particle deposition in individual pores
is dependent on flow.

« A new type of model filter - a
monolithic porous ceramic - was
used.
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For experimental investigations of colloid retention in porous media, also denoted as deep bed filtration,
X-ray computed microtomography (uCT) has become a basic tool within the last decade. On the one hand,
uCT can spatially resolve particle deposition at discrete points of filtration time. On the other hand, the
topological information of the porous media including the porosity and the pore size distribution can
be obtained. Aside from structural parameters, the velocity field of the fluid within the pores, which can-
not be measured by means of uCT, plays an important role in the underlying mechanisms of particle
transport and immobilization. In a given structure, a high flow rate will result in increased velocity gra-
dients as well as increased shear forces compared to a lower flow rate. High shear forces are in turn unfa-
vorable for particle deposition. Another imaging modality, magnetic resonance velocimetry (MRV), is
capable of quantifying the desired velocity maps. We demonstrate an experimental approach that com-
bines both, MRV and uCT. In contrast to the majority of other investigations about colloid retention, the
porous media investigated in this work are monolithic foam-like structures. The evaluation of colloid
deposition in those monolithic filters is based on analyzing individual pores. Particle deposition in a pore
is expressed by the volumetric fraction of particles while the pore flow is described by the Reynolds num-
ber. Results indicate that pores with high Reynolds numbers are not among the pores with the highest or
lowest volume fraction of particles for a given time. The particle volume fraction in pores with low
Reynolds numbers is mainly a function of the axial position of the pore.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The transport and deposition of colloidal particles in porous
media are present in many natural and technological processes, such
as oil extraction (Moghadasi et al., 2004), waste water treatment
(Yaoetal., 1971; Xu et al., 2006) and subsurface contaminant trans-
port (McDowell-Boyer et al., 1986; Kretzschmar et al., 1999). Usu-
ally, the particles are suspended in a liquid and their sizes are
significantly smaller than the pore size of the filter. In this case, the
particles are able to penetrate the porous medium and deposit at
the inner surface. This process is also denoted as deep bed filtration.

The mechanisms of particle retention are subdivided into two
groups (Ives, 1975; McDowell-Boyer et al., 1986). Sedimentation,
gravity, interception, inertia and hydrodynamic forces lead the par-
ticles towards the inner surface of the porous medium. The immo-
bilization of particles at the inner surface is due to electrostatic and
van-der-Waals-forces (Derjaguin and Landau, 1941; Verwey and
Overbeek, 1948) as well as wedging or straining (Johnson et al.,
2010). However, due to the complexity of the process it is an up-
to-date challenge to predict the particle deposition in a given filter.

The main challenges in experimental investigations of deep bed
filtration processes are the high opacity of the porous media and
the small particle sizes in the range of typically a few nanometers
to some microns. Being able to cope with those issues, X-ray com-
puted microtomography (uCT) has become a basic tool in the
investigation of particle retention in the last decade (e.g. Al-
Abduwani et al., 2005; Li et al., 2006; Gaillard et al., 2007; Long
et al., 2010; Giinther and Odenbach, 2016). Different linear absorp-
tion coefficients of the particles, the carrier liquids and the porous
media respectively result in three-dimensional gray value images
of the materials. By performing digital image processing on the
images the spatial distribution of the deposited particles and the
topological information of the filters can be obtained. In addition
to the topological parameters of the filters, particle retention is also
fundamentally controlled by the fluid flow (Mays and Hunt, 2005;
Bradford et al., 2009; Li et al,, 2010). In a given structure, an
increased velocity results in higher shear forces and thus a
decreased filtration efficiency (Yao et al., 1971). Bedrikovetsky
et al. (2012) showed that the maximum retained volume fraction
of particles is a function of the fluid velocity. The decisive informa-
tion of the fluid velocity within the pores, however, cannot be
obtained by means of puCT. To this end, magnetic resonance
velocimetry (MRV) was applied in this work to measure the veloc-
ity maps of the carrier liquid. For reviews see e.g. Elkins and Alley
(2007) or Gladden and Sederman (2013). This velocimetry method
is used for instance in medicine to quantitatively visualize the
blood flow in vessels. The correlation of particle deposition and
fluid velocity has been investigated in filtration processes different
from deep bed filtration by means of magnetic resonance (MR,
Dirckx et al., 2000; Buetehorn et al.,, 2011). Also Bray et al.
(2017) recently used uCT and MRV to study mineral precipitation
in porous media.

Most of the researches in deep bed filtration were done by using
model systems of porous media such as packed beds of glass beads
(e.g.Lietal., 2006; Yoon et al., 2006; Chen et al., 2009; Waske et al.,
2012). Packed beds of sand grains, which are closer to natural pro-
cesses and industrial applications, have also been investigated
(Johnson et al., 1996; Al-Abduwani et al., 2005; Li et al., 2006; Xu
et al., 2006). Consequently, the porous media were generally
packed beds. Colloid retention in monolithic filters like ceramic,
metallic or polymer foams (Purchas and Sutherland, 2002) has
rarely been investigated (Brosten et al., 2010). To overcome this
shortcoming, we introduced a new type of model filter that repre-
sents the cavity of a packed bed of spheres. Those monolithic cera-
mic filters are open-pored and resemble ceramic foam-like filters.

2. Materials and methods
2.1. General procedure

The transport and deposition of colloids within a porous med-
ium were experimentally investigated by combining puCT and
MRV. Firstly, MRV was used to measure the fluid velocity (without
particles) within the porous medium. Subsequently, a suspension
was pumped through the porous medium and a series of uCT scans
was performed in order to image the temporal evolution and spa-
tial distribution of deposited particles. Eventually, both 3D image
data sets were combined using image registration.

The velocity field within the porous medium might have chan-
ged after particle deposition due to deposited particles that add to
the solid (filter) phase. However, additional MRV measurements
were not carried out because deposited particles might move when
the samples are moved between the uCT- and MR-scanner. Accord-
ingly, only the velocity fields within the porous media prior to par-
ticle deposition were obtained.

2.2. Materials and experimental setup

Monolithic and open-pored polymer derived ceramics (cf.
Fig. 1a) were used as porous filter media. In total three samples with
similar properties (cf. Table 1) with regard to pore size, porosity,
sample size and surface characteristics were consecutively investi-
gated. The samples were of a cylindrical shape with a diameter D
of approximately 9.5 mm and a height H of approximately 16 mm.
The ceramic surfaces showed hydrophilic characteristics in water
and n-heptane adsorption experiments. The porosity and pore sizes
were calculated from pCT images. Across all porous media, the
volume-averaged porosity was 70% + 2% whereas the median diam-
eter of the spherically shaped pores was 1.9 mm + 0.1 mm. The
spherical pore shape is due to the production routine described in
(Adam et al., 2014). A polypropylene mold was filled with expanded
polystyrene beads (2 mm in size, Klassen Vitali, Germany) and sub-
sequently infiltrated with a polymer solution consisting of 86 wt% of
methyl phenyl polysiloxane (H44, Wacker Chemie AG, Germany)
and 14 wt% of 3-aminopropyltriethoxysilane (APTES, abcr GmbH,
Germany). Afterwards, the volume of the mold was compressed
by 6.25% while the excessive polymer was drained. Furthermore,
the samples were cross-linked at room-temperature and 100 °C
and the pyrolytic conversion was performed at 1000 °C under nitro-
gen. The pore space resulted from the decomposition and evapora-
tion of the polystyrene beads. Accordingly, the ceramic phase
represents the cavity of a packed bed of beads.

Tin (IV) oxide particles (SnO,, Kremer Pigmente GmbH & Co. KG,
Germany) were selected as the colloidal phase. The density is
reported by the manufacturer to be 6.95 g/cm® whereas the med-
ian particle diameter was determined by laser diffraction
(HELOS/KR-H2487, Sympatec GmbH, Germany) to be 0.85 um.
The particles were diluted in distilled water with a volume fraction
of 0.01 vol% throughout all experiments.

A dedicated flow cell (cf. Fig. 1b) was designed under the frame-
work conditions to be used in uCT- and MR-scanners alike, pre-
venting flow bypasses and ensuring a fully developed flow profile
at the inlet of the porous medium. The porous media were
mounted between two adapters with an inner diameter of 8mm
and sealed by heat-shrink tubing. To avoid additional MR signals,
the adapters were made of polytetrafluoroethylene (PTFE), which
is free of hydrogen nuclei and non-magnetic. In order to prevent
flow bypasses the flexible heat-shrink tubing was necessary due
to slightly varying diameters of the monolithic porous media.

For the column experiments (cf. Fig. 1c) the suspension was
pumped through the flow cell via a peristaltic pump (REGLO



Fig. 1. (a) A photo of an investigated porous filter. (b) The mounted flow cell in the in-house developed uCT scanner (background: X-ray source). 1 - inlet, 2 - filter position, 3
- outlet. (c) Scheme of the experimental setups. Top: MRV, bottom: puCT. 1 - reservoir, 2 - peristaltic pump, 3 - flow cell including filter, 4 - MR scanner (top)/uCT scanner

(bottom), 5 - stirrer, 6 — magnetic stirrer, gravitational acceleration g.

Table 1
Characteristics of the porous media.

Sample Porosity  Median pore Dimension (mm) diameter
number (%) diameter (mm) D x height H

1 715 1.81 9.2 x 16.4

2 68.6 1.88 9.6 x 16.1

3 71.9 1.99 9.9 x 15.1

Analog MS-2/6, Cole-Parmer GmbH, Germany) with a volumetric
flow rate of about 50 mm?3/s, which is approximately one tenth
of the pore volume of the porous medium per second. This corre-
sponds to a mean approach velocity in the adapter of the flow cell
of 7., =1 mm/s. The suspension in the reservoir was constantly
stirred, both mechanically and by using a magnetic stirrer. Prior
to the filtration experiments, the reservoir (containing the suspen-
sion) was ultrasonically treated (Sonorex TK52, Bandelin electronic
GmbH & Co. KG, Germany) for 5 min to break up particle agglom-
erates. The effluent was collected separately. During the MRV mea-
surements the pulsation effect of the peristaltic pump is regarded
as negligible due to the length of the tube (>3 m) between the
pump and the filtration cell.

Prior to the MRV measurements as well as the filtration exper-
iments, the flow cell including the porous medium had to be pre-
pared in order to fully saturate the pores with water. To this end,
the flow cell and connecting tubes were rinsed with distilled water
to achieve pore pre-saturation. Subsequently, the components
were placed in a flooded desiccator, which was sealed and evacu-
ated from top by a vacuum pump. Remaining air bubbles degassed
due to the low pressure. As a result, the content of air within the
flow cell was reduced to less than 0.1 vol% which could directly
be observed from the MR/uCT scans of the flow cell.

2.3. Magnetic resonance velocimetry (MRV)

A horizontal 7T MR imaging system (Bruker BioSpec 70/20 USR,
Bruker BioSpin MRI GmbH, Germany) was used to image the fluid
velocity within the pores. The MR scanner is equipped with a 114
mm bore gradient system (B-GA 12S2, Bruker BioSpin MRI GmbH,
Germany) and controlled by ParaVision 5.1 (Bruker BioSpin MRI
GmbH, Germany) on a Linux workstation. Due to limited vertical
space within the MR scanner, the flow cell was mounted horizon-
tally (perpendicular to gravitational force). During MRV measure-
ments, distilled water (without particles) was used as flowing
liquid.

The MRV was based on a phase contrast MR method. This
method was customized for slow liquid flow in porous media in
order to enable the quantification of the fluid velocity within the
pores. Spin echo based velocity encoding was performed within
the observation time A = 8 ms. With a maximum observed veloc-
ity of 30 mm/s and under the assumption of stationary flow only
intra-pore movements of spins took place. A detailed description
of the customized method can be found in Huang et al. (2017).
As a result, a data set of three images that contain the x-, y- and
z- component of the velocity field within a filter were obtained.
Features of the measurements such as the velocity encoding range
(VENC) that is defined as [-VENC, VENC] and the signal-to-noise
ratio (SNR) of the MR images along with other experimental details
are summarized in Table 2.

2.4. X-ray computed microtomography (uCT)

A laboratory pCT scanner (cf. Shevchenko et al., 2013) was used
to image the porous media and the temporal evolution of the par-
ticle deposition. As the X-ray source, a nano-focus tube
(XS160NFOF, GE Measurement and Control Solutions, USA) with
a tungsten target was used. The acceleration voltage was set to
90 kV and the cathode current was set to 170 pA. The attenuated
X-rays were captured by using a detector (Shad-o-Box 4K EV,
Rad-icon Imaging Corporation, USA) with a resolution of 2048 x
2000 pixel (horizontal x vertical), a corresponding pixel spacing
of 48 um and a digitization of 12 bit. Radiographs were taken with
an angular increment of 0.25° over a full rotation of 360°. The mag-
nification due to the cone beam was 4.2. Reconstruction was based
on a FDK-algorithm (Feldkamp et al., 1984) and the resulting voxel
edge length of the reconstructed tomogram was 23 um due to a
binning of 2.

A series of pCT scans was performed in discrete steps of filtration
time. Starting with a filtration time t of 7.5 min a new scan was per-
formed whenever filtration time doubled. Consequently, additional
scans were done after 15 min, 30 min, 60 min, 120 min, 240 min
and eventually, as an exception of the rule, after 360 min of filtra-
tion. Furthermore, a uCT scan prior to filtration was done. A single
uCT scan required an acquisition time of approximately 60 min.
During data acquisition, the pump was switched off in order to avoid
motion artifacts of moving particles. In contrast to the MRV mea-
surements, the flow cell was mounted vertically (in direction of
gravity) during filtration experiments so that the mean flow velocity
and the sedimentation velocity pointed in the same direction.



Table 2
Experimental details of the MRV measurements.

Sample number VENC [x,y,z] (mm)/s)

SNR of MR images (-)

Scanning time of single scan (h) Spatial resolution (pum)

1 [30,30,30] 94.7
2 [15,15,30] 197
3 [10,10,20] 179

Sample number Echo time (TE) of the first echo (ms)

Repetition time (TR) (ms)

33 200 x 200 x 200
8.0
8.0

Velocity encoding gradient ...

Duration (ms) Separation (ms) Strength [x,y,z] (mT/m)

1 8 600
1000
3 1000

0.37 8 [32.9,32.9,32.9]
[65.8,65.8,32.9]

[98.6,98.6,49.4]

However, the profile of a tubular laminar flow is not dependent on
the orientation of the tube (Sigloch, 2009).

2.5. Data processing

In the resulting 3D MR and pCT images the voxel size and orien-
tation of the flow cell within the images were intrinsically differ-
ent. To address this, MR images were manually registered to the
uCT scans utilizing fiducial markers (cf. Figs. 2 and 3, white arrows)
and using the freeware 3DSlicer, version 4.5 (http://www.slicer.
org, Fedorov et al., 2012).

The evaluation of pCT images required an additional post pro-
cessing step. Due to fluctuations of the X-ray source, areas that
contain the same material can have varying mean gray values in
subsequent reconstructed pCT scans. To enable a comparison
among a series of unCT images a calibration was required. To this
end, the mean gray value of two materials, which needed to be pre-
sent in every uCT image, was taken as the basis for a linear gray
value adjustment of all voxels.

The uCT images were further processed by applying a median
filter (elliptical shape, radius of 3.5 voxel) in order to reduce image
noise. By doing so a binarization of the pCT images was possible
using a consistent threshold for all samples. Matlab R2014a (The
MathWorks Inc., USA) and the Matlab plug-in DIPimage, version
2.8 (Quantitative Imaging Group, Delft University of Technology),
were generally used for image processing, except if noted
otherwise.

The 3D pCT and MR images were further processed in order to
evaluate the time-dependent volumetric fraction of particles c,
the Reynolds number Re and an approximated mean shear stress
T,m of individual pores of the porous media. To this end the uCT
scans of the filter at t = 0 were binarized based on the histogram
and the pore space, consisting of connected pores, was segmented
in individual pores using a watershed algorithm (Beucher and
Lantuéjoul, 1979). The diameter of each pore was then computed
from the pore volume V. as equivalent diameter of a sphere

3/6

dpore = E . Vpore- (1)

0 2[mm]
_—

Fig. 2. Representative cross-sectional MR images after registration. (a) The z-component of the velocity in a central axial cross-section is visualized by the color map (top
right). The vector field represents the y- and z-component of the velocity. (b) The z-component of the velocity in a radial cross-section within the inlet is visualized by the
color map. (c) 1D plot of the z-component of the velocity along the line in subfigure (b). (d) The combined x- and y-velocity components in the radial cross-section within the
porous medium are visualized by the color map and the vector field. The white arrows indicate the steady water content of the three fiducial markers. The ring-shaped area
between the fiducials and the pores are due to static water trapped in the sealing of the flow cell (cf. Fig. 3). The axial positions of the radial cross-sectional images (b) and (d)

are indicated by the blue arrows.



Fig. 3. Representative post processed cross-sectional gray value images of pCT scans. Left column: Prior to filtration. Right column: After 30 min of filtration. Top row: Flow
cell including fiducial markers (indicated by arrows). Bottom row: Enlarged view of the pore structure (white rectangle). The porous ceramic medium (light gray) is filled with
water (dark gray) and deposited particles (white, right column). Also visible are cracks in the ceramic phase that originate from the manufacturing.

Furthermore, the volume of particles V,(t) per pore and filtra-
tion time t was determined by using a consistent threshold in order
to binarize the uCT images at filtration times t > 0. The particle
phase has the highest mean gray value among the imaged materi-
als. The threshold was chosen so that all other materials are just
not binarized. A volume fraction of particles per pore was then cal-
culated by normalizing the particle volume within a pore with the
corresponding pore volume

Vo(0)
p Vpore . (2)

Additionally, the velocity magnitude of the velocity maps was

calculated as vy, = /v2 + v + v2 as a voxel based operation and

the arithmetic mean velocity magnitude per pore 7, was com-
puted. Subsequently, the Reynolds number Re of each pore was
determined

Re = D’"'pom (3)

with the kinematic viscosity v = 1 - 10~ m?/s of water at room tem-
perature (20 °C). Eventually, the mean shear stress 7, per pore was
estimated based on the velocity magnitude. To this end, the gradi-
ent of the velocity magnitude was computed

Un(x+1,y,2) — vn(x—1,y,2)

Um(X,y+1,2) — vn(x,y - 1,2) (4)
Unm(X,y,2+ 1) — vn(x,¥,2— 1)

Vum:ﬂ~

at the position of a voxel (x,y,z) with the edge length of a voxel L.
Subsequently, the shear stress was determined as a voxel based
operation

Tom =1~ |VUn (5)

with the dynamic viscosity # = 1-107° Pa s of water at room tem-
perature (20 °C). For a laminar tube flow the exact analytical shear
stress distribution is obtained by the proposed approach. Based on
the shear stress maps the arithmetic mean shear stress per pore 7,
was calculated.

3. Results
3.1. MR images

Representative registered cross-sectional MR images can be
seen in Fig. 2. By definition, the direction of the z-axis corresponds
to the main flow direction. The z-component of the velocity is
displayed in Fig. 2a in an axial cross-section and in Fig. 2b in a
radial cross-section by the color-map respectively. The parabolic
profile of a fully developed flow in the inlet of the flow cell can
be observed in Fig.2b and c. Fig.2d displays the x- and
y-components of the velocity in a radial cross-section within the
porous medium. The circumferentially attached fiducial markers
are indicated by white arrows. A three-dimensional visualization
of the fluid velocity within the pores can be realized by computing
the streamlines on the basis of the vector components of the



Fig. 4. Cross-sectional rendered CT images of sample 2 for all investigated times of filtration ¢t (top row from left to right: before filtration, 7.5 min, 15 min, 30 min; bottom
row from left to right: 60 min, 120 min, 240 min, 360 min). Particle deposition sites within the filter (violet) are displayed in red.

velocity. To this end, ParaView, version 5.2 (Kitware Inc., LANL &
SNL, USA), was used. An example is shown in the supplementary
material to this article (Fig. A.1).

3.2. uCT images

Representative post processed cross-sectional images of uCT
scans are displayed in Fig. 3. For comparison the top row of Fig. 3
displays a cross-sectional view (the same as in Fig. 2d) of the flow
cell at two different times of filtration. On the left the porous med-
ium is shown prior to filtration, whereas on the right first deposi-
tion sites of particles after 30 min of filtration are visible. The
median particle size of 0.85 um is significantly smaller than the
spatial resolution of the pCT scans (voxel size of 23% pm?). How-
ever, due to the high atomic number of tin and the high density
of tin (IV) oxide (6.95 g/cm?) the particles exhibit a high absorption
coefficient of X-rays, which results in an increased gray value of the
according voxels and thus in a sufficient contrast compared to the
porous medium and water.

Accordingly, single particles cannot be resolved and the volume
fraction of particles per pore ¢, is only approximated. The three
fiducial markers are indicated by arrows as in Fig. 2d. In Fig. 4
the temporal evolution of particle deposition sites in sample 2 is

qualitatively displayed by cross-sectional rendered pCT images
for all investigated times of filtration t. The rendering was done
by using the software VGStudio MAX, version 2.1 (Volume Graph-
ics, Germany).

3.3. Data evaluation

In Fig. 5 the logarithmically scaled volume fraction of particles
¢p is plotted against the Reynolds number Re for all pores of the
investigated porous media. Each data point within a single diagram
represents a single pore within that sample. All three investigated
porous media at four representative times of filtration are dis-
played. With increasing time of filtration, the volume fraction of
particles per pore increased successively. At early times of filtra-
tion particle deposition was limited to a small amount of pores.
Thus, after 7.5 min of filtration less pores are displayed compared
to later times of filtration. After approximately 4. ..6 h of filtration,
the volume fraction of particles was as high as 100% in some indi-
vidual pores near the inlet throughout all samples. Note that the
Reynolds number based on the median pore diameter 8,,0,9 =19
mm and the mean velocity within the sample v =17, /e~ 14
mmy/s (mean approach velocity 7., = 1.0 mm/s, porosity ¢ ~ 0.7)
equals approximately Re ~ 2.5 ...2.8. The distribution of Reynolds



t =120 min t = 30 min t = 7.5 min

t = 360 min

particle volume fraction ¢, [%]

particle volume fraction ¢, [%]

particle volume fraction ¢, [%]

particle volume fraction ¢, [%]

sample 1

10°

10"+

10°1

10'1"-‘6, =

107 é‘ .
0% 4" 8 12 16 20

Reynolds number Re [-]

10
10" 5
10° * ]
107
107+
-3 n_ ! ! -
10 0 4 8 12 16 20
Reynolds number Re [-]
10° 7
1 R
10 F'I‘J e, " =
0% - "
101"
10—2,
3
L 0 4 8 12 16 20
Reynolds number Re [-]
10° o
101i'j'-u';”-.'ﬂ._ "
0] 5w "
10719
107
10-2,
-3
16 0 4 8 12 16 20

Reynolds number Re [-]

0

Fig. 5. Plots of the volume fraction of particles ¢, versus the Reynolds number Re of the individual pores at 4 different times of filtration t. The position of the pore normalized
by the sample height H in the direction of the mean flow (z-direction) starting at the inlet of the porous medium is indicated by the gray value gradation.

particle volume fraction ¢, [%]

particle volume fraction ¢, [%] particle volume fraction ¢, [%]

particle volume fraction ¢, [%]

sample 2

10°
101,
100,
10" .

LI
107/ 7=

[a [}

Ry ol NN S —
19 0O 4 8 12 16 20

Reynolds number Re [-]

0 4 8 12 16 20
Reynolds number Re [-]

0 4 8 12 16 20
Reynolds number Re [-]

8 12 16 20

0 4
Reynolds number Re [-]

IR oxial pore position z/H []

0.5

particle volume fraction ¢, [%] particle volume fraction ¢, [%] particle volume fraction ¢, [%]

particle volume fraction ¢, [%]

sample 3

10°
10"
10°

107w,
102 #L

RS- 3
107074 8 12 16 20

Reynolds number Re [-]
1021

8 12 16 20
Reynolds number Re [-]

0 4

102}!
[

0 4 8 12 16 20

Reynolds number Re [-]
10°

10 W-i.
100 8,
107

10%
107

0 4 8 12 16 20

Reynolds number Re [-]



sample 1 sample 2 sample 3

25 25 25

o) I 1 = T

& 20 = & 20 & 20
g o g g

W 154 - s 15 s 15
] 2 ]
£ 10 8 8
2] a wa 2]
g 5 8 g
(] (] Q
< = < =
2] O w2 0 4 172

0 5 10 15 20 0 5 10 15 20 10 15 20

Reynolds number Re [-]

Reynolds number Re [-]

Reynolds number Re [-]

Fig. 6. Plots of the pore-averaged shear stress based on the velocity magnitude versus the Reynolds number per pore. The positive correlation between both physical

quantities is emphasized by a best fit straight line.

sample 1 sample 2 sample 3
< 1077 T 10% T 107
S 10" S 10'f ! S 10"
=} =} 3 =}
2 2 ] 2
5 10° 5 10% 5 10°
S 10 S 10" S 10"
£ £ i £
g s 2 i a2 s
£ 10 g 10% . v S 10
(%] 5] ] (5]
E 103 — | N S '_‘2 103 . : '_‘2 103 — — ] =
£ 000204060810 £ 000204060810 E 000204060810
o (=" (=

axial pore position z/H [-]

axial pore position z/H [-]

axial pore position z/H [-]

ﬁ_ axial pore position z/H [-]

0

1

Fig. 7. Plots of the volume fraction of particles c, after a filtration time of t = 30 min versus the axial pore position normalized by the sample height H (also indicated by the
gray value gradation in correspondence to Fig. 5). Only pores with a Reynolds number Re < Re were considered. The exponential decrease of the particle volume fraction is

emphasized by a best fit straight line based on the logarithmical data.

numbers within the samples is plotted in Fig. A.2 in the supple-
mentary material to this article.

Based on Eq. (5) the mean shear stress per pore was estimated
and compared to the related Reynolds number. The result for every
pore among the investigated samples is plotted in Fig. 6. The plots
indicate that there is a positive correlation between the Reynolds
number and the mean shear stress within a pore for the investi-
gated flow regime.

4. Discussion

The characteristic plots in Fig. 5 indicate that the Reynolds
number per pore has an influence on the deposition kinetics of par-
ticles and consequently the volume fraction of particles per pore.

As a direct observation from Fig. 5 it can be seen that pores,
which feature a high Reynolds number, are not among the pores
with high or low volume fractions of particles for a given time of
filtration. This can be explained as follows. High Reynolds numbers
correspond to high mean shear stresses for the investigated flow
rate as indicated by Fig. 6. A high shear stress within a fluid is
not favorable for particle retention due to high resulting forces that
counteract particle deposition. Accordingly, for the investigated
flow regime high volume fractions of particles are unlikely in pores
with high Reynolds numbers.

On the other hand, despite a low efficiency of particle deposi-
tion in such pores, a minimal particle retention is likely due to a
high influx of suspended particles. Accordingly, lowest volume

fractions of particles are also unlikely in pores with a high Rey-
nolds number.

Pores with a low Reynolds number exhibit volumetric fractions
of particles which differ by several orders of magnitude. In such
pores the volume fraction of particles is governed by the position
of the pore in the direction of flow, which is indicated by the gray
value gradation in Fig. 5 (white pores are close to the inlet whereas
black pores are further downstream). For comparison, the volu-
metric fraction of particles c, after a filtration time of t = 30 min
is logarithmically plotted versus the dimensionless axial pore posi-
tion in Fig. 7 considering pores with a Reynolds number Re < Re
only. As Fig. 7 indicates the particle volume fraction ¢, decreases
on average exponentially in mean flow direction. In principal, this
is in agreement with the classical colloid filtration theory (CFT, cf.
Yao et al., 1971). The CFT predicts an exponential decrease of the
particle volume fraction in the suspension c; in the flow direction.
As a consequence, the volume fraction of deposited particles theo-
retically also decreases exponentially in axial direction.

In order to predict the volume fraction of particles in individual
pores at a given time of filtration other parameters apart from the
axial position of the pore are relevant as well. This can directly be
observed from Fig. 7, where some pores exhibit higher volume
fractions of deposited particles compared to pores that are further
upstream and vice versa.

One example of such parameters could be the topological envi-
ronment of an individual pore. For instance, if pores are aligned in
the mean flow direction it could be assumed that particles tend to



deposit in the most downstream pore due to sedimentation. In
order to quantify the complex topological characteristics an
approach is required in the future.

As stated above, CFT predicts an exponential decrease of the
particle volume fraction in the suspension c; in the flow direction.
While this can be expected to be true on average, individual pores
that are in the same axial position could be exposed to varying vol-
ume fractions of suspended particles - for instance due to hetero-
geneous particle retention upstream. However, the volume fraction
of suspended particles ¢; within the porous medium cannot be
obtained from the demonstrated experimental approach up to
now.

Across the three samples the diagrams in Fig. 5 are generally in
good qualitative and quantitative agreement. As a difference, sam-
ple 1 features several pores with higher Reynolds numbers in com-
parison to the other two samples. The reason are irregularities in
the topology of that sample. The pores with the highest Reynolds
numbers in sample 1 form an exceptionally pronounced non-
tortuous flow channel in the mean flow direction. Thus, a consider-
able portion of the flow rate passed through those pores, which in
turn results in high velocities and Reynolds numbers respectively.
This stresses the influence of the topology on the fluid flow within
the pores and the particle transport. As mentioned before, the
topological environment of individual pores can be seen as a signif-
icant parameter for particle retention.

The observed fluid velocity field within the pores is compara-
tively heterogeneous with maximum local velocity magnitudes
being significantly higher than the average fluid velocity 2. The
ratio of the maximum observed Reynolds number per sample to
the respective average Reynolds number Re is as high as 7.8 for
sample 1, 3.4 for sample 2 or 2.5 for sample 3.

5. Conclusions

In this work particle retention in porous media was experi-
mentally investigated by combining two imaging modalities: X-
ray computed microtomography (uCT) and magnetic resonance
velocimetry (MRV). The investigated porous media were mono-
lithic ceramic filters which resemble ceramic sponges or foams.
The topology of the porous medium as well as deposition sites
of particles at different times of filtration could be obtained by
uCT. The quantification of the velocity field within the porous
media was obtained by MRV. The resulting images of both imag-
ing modalities could be combined by means of image
registration.

The evaluation was done by studying the relation between the
volumetric fraction of particles and the Reynolds number of indi-
vidual pores. The Reynolds numbers were calculated from the
measured velocity maps obtained by MRV. It could be shown that
the pore Reynolds numbers are heterogeneously distributed. In
pores with a high Reynolds number high shear forces (leading to
low particle volume fractions) and a high particle influx (leading
to high particle volume fractions) cause neither the highest nor
the lowest particle volume fractions compared to other pores. In
pores with low Reynolds numbers possible volume fractions of
particles extend over several orders of magnitude for a given time
of filtration. With a decreasing Reynolds number the position of
the pore in the direction of the mean flow tends to govern the
value of the particle volume fraction. To predict the particle vol-
ume fraction of individual pores, however, the information about
the axial pore position is not sufficient. Other parameters such as
the volume fraction of the particles in the suspension and its
change within the porous medium need to be considered in future
investigations.
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