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The transport and clogging behavior of flexible particles in confined flows is a complex interplay
between elastic and hydrodynamic forces and wall interactions. While the motion of non-spherical
particles in unbounded flows is well understood, their behavior in confined spaces remains less
explored. This study introduces a coupled computational fluid dynamics-discrete element method
(CFD-DEM) approach to investigate the transport and clogging dynamics of flexible rod-shaped particles
in confined pore constrictions. The spatio-temporal analysis reveals the influence of the rod's initial conditions
and flexibility on its transport dynamics through a pore constriction. The simulation results demonstrate an
increase in the lateral drift of the rod upon exiting the pore that can be scaled with channel height
confinement. The clogging dynamics are explored based on hydrodynamic and mechanical forces, unveiling

Received 15th June 2024, conditions for mechanical clogging through sieving. The developed method allows for the deconvolution of

Accepted 24th July 2024 the forces that contribute to particle trajectories in confined flow, which is highly relevant in particle separation
processes, fibrous-shaped virus filtration, biological flows, and related applications. The method is embedded

into the open-source CFDEM framework, facilitating future extensions to explore multiple particle dynamics,
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1 Introduction

The separation of soft matter through filters is of great rele-
vance in water purification, bioprocessing, and the health
and food industry. The hydrodynamic transport and clogging
behavior of soft particles is a function of their properties, such
as flexibility, shape, and size, and is determined by a complex
interplay between elastic and hydrodynamic forces and inter-
actions with solid walls." Soft and elongated particles, such as
bacteria and viruses, are able to transfer through membrane
pores that are smaller than their size because of their ability
to deform or reorient in front of the pore. This phenomenon
can lead to a significant loss of selectivity in the filtration
process.”® A fundamental understanding of the transport
dynamics of flexible particles in confined flow is crucial
to predicting and controlling separation processes, but it is
also important to various other fields, such as microfluidics,
biological processes, drug delivery, tissue engineering, and
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intermolecular forces, external influences, and complex geometries.

cell sorting. Particles flowing in unbounded geometries at low
Reynolds numbers, where inertia can be neglected, follow the
streamlines of the fluid due to the kinematic reversibility of the
Stokes equations. Non-spherical but axis-symmetric particles
follow well-described Jeffery orbits unless symmetry is broken,
where cross-streamline transport can also occur.® The flow
conditions and, therefore, the transport dynamics are signifi-
cantly changed when particles are confined by bounding walls.
The particles act as a moving obstacle to the flow, leading to
flow perturbations and a change in the hydrodynamic forces
that act on the particle.” For confined planar channels, namely
Hele-Shaw channels, it was shown that axis-symmetric parti-
cles, such as rods, drift in the lateral direction® of the channel
and additionally show deformation in case of flexibility.” For
additional lateral confinement, an oscillatory behavior was
observed, which can be controlled by adjusting the geometry
of the particle and the channel.'® Even for complex-shaped
particles in confined flow, a universal trajectory can be identi-
fied as long as the particles have at least one mirror plane."*
They rotate in the plane to align their mirror axis with the flow
while laterally drifting with their final position depending on
their symmetry.'* Flexible particles moving through a constric-
tion show deformation, which depends mainly on the proper-
ties of the particle and the constriction, such as flexibility,
shape, and size."> Deformation is induced by fluid forces
and interactions with the walls inside the constriction.
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The transport and deformation behavior of flexible spherical
particles moving through a restriction were intensively studied
both experimentally**™” and numerically.’®***> Haghfooie et al.
studied the transport and deformation of flexible disk-like
particles with varying shapes in single pore constrictions.'®
Also, the deformation behavior of healthy,>*® and diseased®”
red blood cells in a small microchannel has been the subject of
research in the past decade. The flow of flexible elongated
particles past an obstacle in a Hele-Shaw geometry was experi-
mentally analyzed by Lopez et al,”® identifying the role of
curved streamlines on the particle’s transport and deformation
behavior. Recently, Han et al.®® used a 2D finite element
method to investigate the transport and folding behavior of
highly deformable elongated particles in pore constrictions.
Nguyen et al.*° and Chakrabarti et al.*" both used the numerical
slender body theory to identify the dynamics of flexible rods near
walls and during flow through porous media. Based on a bead-
chain approach, Makanga et al.*®* numerically investigated the
dynamics of flexible rods settling in a viscous fluid embedded with
obstacles of arbitrary shapes. Based on dissipative particle
dynamics, Posel et al.** simulate the controlled transport of flexible
polymers through coated slit and cylindrical pores. To our knowl-
edge, there is currently no detailed study of the coupled effect of
channel height confinement and pore constriction on the trans-
port and clogging dynamics of non-spherical and flexible particles.
Experimentally, it is nearly impossible to precisely set a channel
height confinement between the particle and the channel wall and
a defined initial position in front of the pore. In numerical studies,
the main challenge is to implement a method capable of modeling
the deformation of the particle and providing high resolution
of the flow disturbance and the viscous friction caused by channel
confinement while remaining computationally efficient.

In this work, we present a coupled computational fluid
dynamics-discrete element method (CFD-DEM) methodology
that overcomes these challenges. We simulate the hydrody-
namic transport and clogging dynamics of flexible rod-shaped
particles in confined flow. The rod is represented by multiple
sub-spheres connected via elastic bonds, allowing it to undergo
deformation. The fluid surrounding the sub-spheres is suffi-
ciently resolved to allow four-way coupling of the rod and the
fluid. We compare our model with experimental and theoretical
observations on the motion of flexible rods in Hele-Shaw
channels to demonstrate the validity of our method. We further
conduct a spatio-temporal analysis of the effect of the rod’s
initial position and flexibility on its transport dynamics
through a pore constriction and compare the identified
mechanisms with experimental observations in a similar setup.
Lastly, we investigate the clogging dynamics of the rods based
on hydrodynamic and mechanical forces as a function of the
rod-to-pore size ratio, the rod’s flexibility and aspect ratio, and
its initial angle. This type of clogging is referred to as clogging
through sieving, which occurs when particles are retained by a
pore due to size exclusion.®® Our method can be adapted
to numerous applications with deformable particles under
confined flow to investigate the possibilities of tuning particle
trajectories for separation processes or microfluidic devices.

6768 | Soft Matter, 2024, 20, 6767-6778

View Article Online

Soft Matter

2 Models and methods
2.1 CFD-DEM approach

We use an open-source CFD-DEM coupling software (CFDEM-
coupling) that enables a four-way coupling between the fluid
flow, calculated by the CFD software OpenFOAM, and particle
motion, calculated by the DEM software LIGGGHTS.?***® CFD
and DEM calculations are performed separately but in a parallel
manner. The fluid-particle interaction is realized via a momen-
tum exchange conducted at each coupling interval in a resolved
matter using the immersed boundary method.

Fluid flow is solved using the Navier-Stokes equation consider-
ing pressure gradient forces and viscous forces of the fluid. In our
case, other fluid forces, such as Basset, Saffman, and Magnus
forces and gravity effects, are small and therefore neglected.

For the representation of a flexible rod, we use a multi-
sphere model with virtual elastic bonds for connection that was
developed by Guo et al.*” and Schramm et al.*® A bond connects
two neighboring spheres at their center via a spring-damper
model. A relative movement of the individual spheres leads to a
deformation of the bond and a generation of bond forces and
moments that are transferred to the connected spheres. Thus, a
deformation of the rod can be simulated that is limited to the
number of sub-spheres chosen to represent the rod. Since the
shape of the rod is simplified by sub-spheres, inaccuracies
in modeling a particle having a smooth surface can affect
the predicted fluid-particle interactions and the particle’s
deformation.®® In this work, we use at least a number of
10 sub-spheres, which were found to sufficiently reproduce
even large deformation behavior.’” In addition, we carefully
validate the method with experimental data to ensure that the
relationship between deformation and fluid forces is adequately
represented under the prevailing flow conditions.

In the DEM framework, the trajectory of each sub-sphere
within the multi-sphere rod is calculated individually based on
the sum of the forces acting on it, such as contact forces, fluid
forces, and gravity. The latter is small and neglected in this
work. Normal and tangential particle-particle and particle-wall
contact forces are calculated with the Hertz contact model.*
In addition to the Hertz model, we consider rolling friction and
tangential sliding. Rolling friction arises from the small-scale
non-sphericity of the particles and is taken into account by
using a constant directional torque (CDT) model. A history
spring model is chosen to account for the resistance from
tangential sliding.*> A detailed description of the used method
and its governing equations can be found in the ESIL

2.2 Simulation setup

To validate the flexible particle model with respect to the motion
of flexible rods in confined flow, simulations are performed in a
Hele-Shaw geometry and compared to the experimental work by
Cappello et al.’® Fig. 1(a) shows the simulation domain of the
Hele-Shaw setup, including the geometric dimension and the
applied boundary conditions.

Periodic boundaries are applied on the DEM side in the
x-direction, allowing the rod to leave and re-enter the

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Simulation setup: (a) Hele-Shaw geometry with (b) corresponding fluid flow profile; (c) confined channel with a pore constriction with

(d) corresponding fluid flow profile.

simulation domain, mimicking an infinitely long channel. On
the CFD side, no periodic boundaries but a constant pressure
difference between the channel’s inlet and outlet is applied,
inducing a steady laminar flow with a plug flow profile in the x-
y-plane and a Poiseuille flow profile in the confined x-z-plane.
The constant velocity field ensures a smooth transition of the
particle across the boundaries. The corresponding fluid flow

Table 1 Simulation parameters

profiles are shown in Fig. 1(b) for pure fluid flow. The used
simulation parameters are listed in Table 1. The geometric
dimensions of the rod and the channel are chosen analogously to
the experimental setup introduced by Cappello et al.® To increase
numerical stability and simulation speed, lower values for the
fluid viscosity and higher values for the fluid velocity were chosen
than in the experiments. Since laminar flow conditions in the

Parameter Symbol Value Unit
Hele-Shaw geometry
Rod Diameter sub-sphere dsphere 54 pm
Number of sub-spheres N 15 —
Length Lgod 810 pm
Density Pp 1120 kg m?
Young’s modulus E, 2.0 kPa
Poisson ratio Up 0.45 —
Coefficient of restitution e 0.6 —
Friction coefficient jirs 0.5 —
Rolling friction coefficient Iy 0.05 —
Bond damping coefficient Bdamp 0.1 —
Solvent Density s 1000 kg m~®
Viscosity ne 1 mPa s
Channel Width w 3.5 mm
Length L 2.5 mm
Height H 65 pm
Timesteps CFD timestep Atcrp 1x10° S
DEM timestep Atpem 1x10°° S
Coupling interval CI 10 —
Pore constriction
Rod Diameter sub-sphere dsphere 3 pm
Number of sub-spheres N 10-200 —
Density Pp 1170 kg m
Young’s modulus E, 15-15000 kPa
Poisson ratio Up 0.3 —
Coefficient of restitution e 0.6 —
Friction coefficient Jirs 0.5 —
Rolling friction coefficient Iy 0.05 —
Bond damping coefficient Bdamp 0.1 —
Solvent Density or 1170 kg m~®
Viscosity ne 1 mPa s
Channel Width w 200 pm
Length L 600 um
Height H 5-50 pum
Constriction radius R 85 pm
Timesteps CFD timestep Atcrp 1x10°-5x%x 108 s
DEM timestep Atpem 1x 10 -1 x 107° s
Coupling interval CI 10/50 —
This journal is © The Royal Society of Chemistry 2024 Soft Matter, 2024, 20, 6767-6778 | 6769
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channel are assured, the rod’s motion can be compared qualita-

L ma
tively. The resulting channel Reynolds number is Re = HTM =9
£
4AWH
ith L being defined as L = ———.
wi eing defined as W+ 28

Further, a second setup was developed to study the motion
and clogging dynamics of a flexible rod in a pore constriction,
using the simulation domain shown in Fig. 1(c). A constant
velocity is applied at the channel inlet, leading to a laminar flow
profile (Re = 2) in the channel and an acceleration of the
fluid within the pore constriction as depicted in Fig. 1(d).
The simulation parameters, as listed in Table 1, align with
those used in typical microfluidic experiments in the field of
membrane fouling investigations.*!

For both simulation setups, we took four numerical stability
criteria into account to choose the CFD and DEM timestep and
the resulting coupling interval. The CFD timestep is chosen
according to the Courant-Friedrich-Lewy condition.”* The
DEM timestep was calculated based on the Rayleigh time step,
and a conservative value below 15% of the Rayleigh time was
chosen to ensure stability. The resulting coupling interval was
checked for a stability criterion of the solid-fluid coupling and
the fluid-solid coupling. The used stability criteria are listed in
the ESI. To save computational costs, we use a dynamic mesh
approach for meshing the simulation domain on the CFD side.
The basic mesh around the rod is refined and moves along with
the rod. Investigations showed that a minimum resolution of
8 cells around a sphere is required for accurate results.*’ For
both simulation setups, the basic mesh size is chosen to ensure
this requirement for each sub-sphere after a 3-level refinement.
The mesh, the timesteps, and the coupling interval are adjusted
in the simulations with a change in channel height, the
number of sub-spheres, and rod flexibility to ensure that the
stability criteria are fulfilled consistently in every setup. An
additional study on mesh and timestep independence was
carried out for individual cases.

2.3 Mechanical characterization

For analysis of the flexible rod’s flow behavior, three para-
meters are defined: the angle of the rod in the x—y-plane with
respect to the fluid, the relative deflection in the x-y-plane, and
the relative displacement of the rod from the channel center in
the y-direction. The angle o of the rod in the x-y-plane is
calculated based on the distance between the two spheres at
both ends of the rod Ax = x; — x, and Ay =y; — y,:

arctan <||i_x\)’ for (Ax > 0) and (Ay > 0);
Y
|Ax
T — arctan a) for (Ax > 0) and (Ay < 0);
o= (1)
Ay
—7 + arctan ) for (Ax < 0) and (Ay < 0);
y
|Ax]
0 — arctan ) for (Ax < 0) and (Ay > 0);
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Fig. 2 Determination of the rod’s deflection o,.

The relative deflection of the rod ¢, in the x—y-plane is
calculated by:

5. — (x2 —x1)(y1 — y0) — (¥ —Xo)(h—yl)\, 1 ()

\/(Xz - 3€1)2 + (12 — )’1)2 Lroa

Here, x,, X, y1, and y, are the positions of the two spheres
at both ends of the rod, while x, and y, represent the position of
the spheres with the furthest distance to the line between the
two ends of the rod. The deflection is related to the length of
the rod Li.q. The determination of the rod’s deflection is
illustrated in Fig. 2. The relative displacement of the rod in
the y-direction Ay is estimated by dividing the distance from
the rod’s center of mass to the channel center by the channel
width W. The postprocessing of the simulation data is per-
formed with a script, calculating angle, position and deflection.
Visual postprocessing is done via ParaView (https://www.para
view.org).

3 Results and discussion
3.1 Validation of the flexible particle model

The CFD-DEM approach for the flow of a flexible rod in
confined channels is tested by comparing its motion and
deformation behavior in a Hele-Shaw channel with experi-
mental data. Fig. 3(a) shows a superposition of simulation
snapshots of a rod being placed in the center of the channel
with an orientation perpendicular to the fluid flow direction.
To imitate the non-idealities present in the experiments, the
rod was inserted with a slight angle of 1° and an offset of one
sub-sphere diameter from the center line. The rod moves
through the three characteristic states observed and character-
ized by Cappello et al.:® transition, equilibrium, and reorienta-
tion. In the first transition state, the rod deforms into an
inverted C-shape. Once the maximum deflection is reached,
this deflection stays constant while the rod moves laterally to
the channel wall. In the last reorientation state, the rod aligns
with the fluid flow, and the deflection decreases. Fig. 3(b) and (c)
compare the change in angle and deflection over the channel
length between simulations and experiments, respectively. The
motion and deflection predicted by the CFD-DEM simulations
are in good agreement with the experimental data. Small devia-
tions between simulation and experiment may be caused by
differences in the selected particle and fluid properties, namely
Young’s modulus, viscosity, and fluid velocity, and assumed
model-specific parameters, such as the damping coefficient of

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Transport dynamics of a flexible rod in a Hele-Shaw channel showing the three characteristic states after Cappello et al.:° transition,
equilibrium, reorientation; comparison of simulated and experimental results regarding the change in (b) rod angle and (c) deflection during motion
through the channel; (d) comparison of simulated, experimental® and numerical results’ regarding the reduction in rod velocity with increasing channel

height confinement p.

the bonds between the sub-spheres. For further validation, we
conducted simulations for varying channel height confinement
B = dsphere/H and compared the change in rod velocity in relation
to the fluid velocity to that obtained by experiments from Berthet
et al.® and a numerical correlation developed by Champmartin
et al.” The simulation results depicted in Fig. 3(d) align with the
values obtained by both the experiments and the numerical
correlation. An increase in channel height confinement leads to
higher viscous friction in the gaps between the rod and channel
wall and, thus, to a reduction of rod velocity in relation to the
fluid velocity. This reduction is captured by the simulations,
whereas the velocity values are slightly higher than those from
the experiment and numerical model. We assume that the latter
is caused by the idealized simulation approach, which leads to an
underestimation of the frictional viscous forces. In addition, the
simplified model representation of the rod by sub-spheres can
lead to deviations in the predicted fluid—particle interactions and
the particle’s deformation. Overall, the simulation results resem-
ble the data from the literature regarding the motion and
deformation behavior of a flexible rod flowing in a confined
channel, indicating the reliability of the presented CFD-DEM
approach.

3.2 Experimental observations: transport in a pore
constriction

We conducted experiments with a stiff rod moving through a
channel with a pore constriction mimicking the conditions
from the simulation setup described in Fig. 1(c) and (d). The
rods are in-chip direct laser written into microfluidic channels.
This allows for precisely placing the particles at specific

This journal is © The Royal Society of Chemistry 2024

Fig. 4 Experimental observations regarding the transport dynamics of a
stiff rod with an initial angle of o = 0 and 45°, and an initial offset of Ay = 0
moving through a pore constriction. The dashed lines indicate the center of the
rods at their initial positions. Due to the low contrast of the material system, a
white line was subsequently placed over the rods to improve visibility.

locations and orientations. Information about the used materi-
als and method are provided in the ESI} (Section S3). Fig. 4
displays a series of superimposed snapshots capturing different
time steps of a stiff rod moving through a pore constriction for
an initial angle of o = 0° and 45° and an initial offset of Ay = 0.
From the experimental observations, we find two transport
phenomena induced by the pore: rotational movement and
an increase in lateral drift. The rod undergoes a rotational
movement while moving through the pore constriction.
Depending on its initial angle, it returns to its original orienta-
tion (« = 0°) behind the pore, or an offset between the initial
and exit angle remains (o = 45°). While there is no lateral drift
observable for the case of o = 0° a slight drift in front of the
pore and an increasing drift behind the pore is apparent for the
rod with an initial angle of o = 45°.

Performing the experiments in this work requires a two-
photon photoresin with low viscosity to allow the pumping of

Soft Matter, 2024, 20, 6767-6778 | 6771


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00734d

Open Access Article. Published on 13 August 2024. Downloaded on 1/19/2026 7:10:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

the resin through a microfluidic chip and printing into flow.
Additionally, a strong optical contrast between the printed
particle and the surrounding resin is required to allow visual
observation of the rod’s behavior. All commercially available
resins that fulfill these criteria are stiff, with E-moduli in the
MPa to GPa range.

The presented simulation method allows us to further study
the experimentally observed effects, including the role of the
rod’s flexibility, initial angle and offset, and channel confine-
ment in influencing the rod’s transport dynamics.

3.3 Transport dynamics: role of flexibility

The hydrodynamic motion of a rod through a pore constriction
is analyzed for two Young’s moduli E = 15 kPa and E = 15 MPa
regarding the rod’s change in angle, deflection, channel dis-
placement in y-direction, and velocity. For both Young’s mod-
uli, three different initial angles and offsets are investigated.
3.3.1 Variation of the initial angle. The effect of the rod’s
initial angle on the transport dynamics is shown in Fig. 5.
Simulations with three initial angles « = 0.1°, 10°, and 45° were
conducted with Lgoa/dpore = 1, and an initial offset Ay = 0. An
angle of « = 0.1° was chosen to represent an orientation
perpendicular to the fluid to provoke slight inhomogeneities
of the flow field around the rod, which would be present in an
experimental environment. This determines the direction of
rotation in the case of o = 0.1° and E = 15 MPa. The corres-
ponding quantitative analysis is represented in Fig. 6.
Depending on its flexibility and initial angle, the rod either
reorientates with the flow, deflects while moving through the
pore, or shows a combination of both. Since no deflection can
be observed for the stiffer rod with £ = 15 MPa, only the data of
E = 15 kPa (solid lines) is shown in Fig. 6(b). Besides the
rotational and deflection dynamics, all rods with an initial
angle other than « = 0.1° and « = 90° undergo a lateral drift
in the y-direction, as indicated in Fig. 6(c). The simulation
results demonstrate the same trends regarding the rod’s rota-
tion and drift behavior as our experimental observations in
Fig. 4(b): (1) depending on its initial orientation, the rod aligns
to a certain extent with the flow while moving through the pore.
Upon leaving the pore, the rod reorients itself and approaches

(a) (b)

a=01 ‘\\H/’ / 1\_]
e f/A\\% = /N
a=10 \\J, / 1U
) 2

a=45 :\\_/ / » ‘U
7 N

Fig. 5 Transport dynamics of a rod with (a) E = 15 kPa and (b) E = 15 MPa
in a pore constriction for three initial angles o« = 0.1°, 10°, 45°, with
Lrod/dpore = 1, and initial offset Ay = 0.
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the initial angle again, whereas an offset between the initial
and final angle remains, as depicted in Fig. 6(a). (2) A lateral
drift of the rod is observed before and after its movement
through the pore constriction, whereas the magnitude of drift
temporarily increases after the pore.

The aligning and reorientation behavior of the rod (1) is
caused by the symmetrical flow conditions around the pore.
In the regions of the pore inlet and outlet, the rod experiences
an inhomogeneous force distribution along its length, which
originates from the change in fluid profile. Due to the rod’s
elongated shape, both ends are exposed to regions of different
fluid velocities and directions. Thus, a rotational movement is
caused by hydrodynamic torques. While rotating with the flow,
viscous friction resists this rotational movement. This dissipa-
tion leads to the particle not recovering its initial angle.

Three physical mechanisms lead to the rod moving
perpendicular (y-direction) to the flow (2): flow convergence
and divergence at the pore; a drift force resulting from the
rotational movement of the rod; a drift at constant rod orienta-
tion apparent in confined channel flows. The latter is caused by
a difference in the rod’s transport velocity components
perpendicular and parallel to the flow direction, resulting in
a drift component in the case of a tilted rod. This phenomenon
is experimentally and numerically described in the work of
Berthet et al.® for a stiff rod in a Hele-Shaw channel. At a
constant channel height confinement f, the drift of a rod is
strongest at an angle of 45° and reduces to zero when the rod’s
orientation approaches 0° or 90°. The drift in front and behind
the pore results in the rod not being transported at the center of
the pore with respect to the y-direction. Thus, the rod experi-
ences asymmetrical flow conditions in front and behind the
pore and consequently moves asymmetrically due to a shear
force gradient. The simulation results in Fig. 6(a) and (b) also
show that a deflection simultaneous to the drift behind the
pore diminishes this drift. Since the rotational movement, and
thus the resulting angle behind the pore, is comparable for the
two Young’s moduli, we assume the discrepancies in drift
result mainly from reduced hydrodynamic drag forces in the
case of a deflected rod. The rod is compressed in length
perpendicular to the flow direction, leading to a slightly
reduced area of acting fluid forces.

With respect to the deflection dynamics in the case of the
softer rod with E = 15 kPa and initial angles of « = 10° or 45° (see
Fig. 6(b)), we find that the inflow behavior of the rod is
independent of its flexibility. During inflow, the rod deflects
only slightly, while a stronger deflection occurs during the
outflow of the pore, which correlates with the rod’s orientation.
The more the rod is aligned with the flow, the smaller the
maximum deflection, since deflection is caused by an inhomo-
geneous force distribution along the rod. Additionally, the
position of the maximum deflection is shifted further along
the x-direction with increasing initial angle.

The rod’s velocity is shown in Fig. 6(d) relative to the mean
fluid velocity at the channel inlet. When the rod approaches the
pore it is accelerated, while it is slowed down upon exit. The
outcomes indicate that the rod’s initial orientation or its

This journal is © The Royal Society of Chemistry 2024
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flexibility does not markedly influence its velocity. However, the
offsets between the peaks of deflection and velocity (see
Fig. 6(c) and (d)) demonstrate the influence of the initial angle
on the inertial behavior of the rods. It should be noted that
under the idealized simulation conditions, the rods do not
move or rotate in the z-direction. The rod is perfectly aligned
along the z-axis, leading to symmetric flow conditions. Conse-
quently, this symmetry ensures that the fluid forces acting on
the rod are identical with respect to the z-direction.

3.3.2 Variation of the initial offset. The influence of the
rod’s initial offset on its transport dynamics through a pore
constriction is displayed in Fig. 7. Simulations with three initial
offsets Ay = 0, Lrod/2, Lroa Were conducted with Lgea/dpore = 1,
and an initial angle of & = 0.1°. The corresponding quantitative
analysis is represented in Fig. 8.

During movement through the pore, the rods with an initial
offset from the channel center maintain their offset inside the
pore as they are confined in their respective streamlines. As a
result, the rods are exposed to asymmetrical flow conditions,
just like a tilted rod that experiences cross-streamline migra-
tion due to a lateral drift. The acting shear forces lead to the
observed rotational behavior. While there is no significant

This journal is © The Royal Society of Chemistry 2024

(a) (b)

I

DY,

O

L I8

Fig. 7 Transport dynamics of a rod with (a) £ = 15 kPa and (b) E = 15 MPa
in a pore constriction for three initial offsets Ay = 0, Lrod/2, Lrog and with
Lrod/dpore = 1, and initial angle a = 0.1°.

difference in rotational behavior apparent for the two Young’s
moduli, additional temporal deflection occurs behind the pore
for the softer rod with E = 15 kPa, as depicted in Fig. 8(b).
This deflection is caused by velocity differences along the rod
length, as discussed in the previous section. Additionally, the
simulation results suggest a stronger final displacement in the
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y-direction in the case of the stiffer rod with £ = 15 MPa
compared to the softer rod with 15 = kPa (see Fig. 8(c)). This
aligns with our previous observations regarding a correlation
between the rod’s deflection and its lateral drift in Fig. 6(b) and (c).
No significant influence of the rod’s initial offset on its velocity
can be observed, as demonstrated in Fig. 8(d).

3.4 Transport dynamics: role of confinement

We tested the impact of channel height confinement 8 = dsphere/H
on the transport behavior of a rod moving through a pore
constriction for two Youngs moduli E = 15 kPa and E = 15 MPa
with Lgoa/dpore = 1, an initial angle « = 10°, and an initial offset
Ay = 0. The simulation results are analyzed with respect to the
rod’s (a) angle, (b) deflection, (c) displacement in the y-
direction of the channel, and (d) velocity and are shown in
Fig. 9. In the investigated range of = 0.06-0.6, we find that the
qualitative motion of the rod is not affected by a change in
channel height confinement. However, in the case of the
softer rod with E = 15 kPa, the offset between the initial and
final angle, the deflection, and the lateral drift in front and
behind the pore increase with channel height confinement
(see Fig. 9(a)-(c)). With increased channel height confinement

6774 | Soft Matter, 2024, 20, 6767-6778

f, the gaps between the rod and the channel wall are reduced,
which results in higher viscous friction and stronger perturba-
tion of the flow field caused by the rod.® From this follows the
observed increases in deflection and lateral drift and a
reduction in the rod’s velocity (see Fig. 9(d)). A significant
increase in the final angle only applies for channel height
confinements above f = 0.5, as shown in Fig. 9(a). We assume
the strong increase in rod deflection (see Fig. 9(b)) to be the
cause of this effect. The rod’s final orientation seems to be
significantly influenced only above a minimum level of deflec-
tion. The rotation dynamics of the stiffer rod with E = 15 MPa,
which experiences only reorientation and no deflection during
its motion through the pore, are only slightly affected by a
change in channel height confinement (see Fig. 9(a), dashed
lines). These small differences can be attributed to the change
in lateral drift of the rod, which significantly increases with
channel height confinement f in front and behind the pore
(see Fig. 9(c), dashed lines). The increase in lateral drift with
channel height confinement f is more pronounced for the
stiffer rod of E = 15 MPa than for the softer one with E =
15 kPa, due to the previously discussed correlation between the
rod’s drift and deflection.

This journal is © The Royal Society of Chemistry 2024
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3.5 Clogging dynamics: role of flexibility and size

So far, we have considered a rod-to-pore size ratio of Lgoa/Lpore = 1,
for which we observe the passage of the rod for both investigated
Young’s moduli E = 15 kPa and 15 MPa. We further study the
mechanical clogging of the pore through sieving as a function of
rod-to-pore size ratio Lrod/Lpore = 1-5, rod aspect ratio Lrod/drod =
5, 10, and Young’s moduli E = 15 kPa-15 MPa, as shown in Fig. 10
for an initial rod position of « = 0° and Ay = 0. For E = 15 MPa, we
additionally identify the clogging conditions depending on the
initial angle « with an accuracy of 1-5°, see Fig. 11. To adjust the
rod-to-pore size ratio, the rod’s length Lg.q is increased by adding
additional sub-spheres of identical diameter to the rod while the
geometry of the pore is kept constant. A change in rod aspect ratio
is realized by increasing the cross-section from one sphere to four
spheres, as displayed in the sketch in Fig. 10(b). This approach
ensures the same resolution of bonds in the main deformation
direction. The channel height is increased accordingly to ensure
the same channel height confinement of § = 0.15 for both cases.
In our simulation, we neglect intermolecular forces between the
rod and the pore wall, such as adhesive van der Waals forces or
electrostatics. This allows us to study the clogging dynamics of the

This journal is © The Royal Society of Chemistry 2024

rods only based on hydrodynamic forces and friction during
contact with the channel walls.

For the investigated cases, we can identify three mecha-
nisms: (1) passage with no wall contact, (2) passage with wall
contact, and (3) clogging by wall entrapment. With an increased
rod aspect ratio, clogging occurs at lower Young’s moduli (see
Fig. 10(a) and (b)). An increase in the rod’s aspect ratio
corresponds to an increase in diameter, which results in higher
resistance against hydrodynamic forces and less deformation.
When the rod’s aspect ratio is increased, this leads to clogging
at lower Young’s moduli. Fig. 10(c) shows clogged rods and the
surrounding pressure fields for both aspect ratios Lroa/droa =
10 and 5, with Lgoa/Lpore = 2, and E = 15 MPa, respectively. The
visual comparison between the two cases of different aspect
ratios shows how the deflection of the rod with a lower aspect
ratio of Lpoa/droa = 5 is significantly reduced. The entrapment
of the rod leads to increased pressure in front of the rod and a
sudden pressure drop behind it, which is comparable for both
aspect ratios.

The results in Fig. 11(a) and (b) demonstrate a lower
tendency of clogging with increasing rod alignment and
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lower rod-to-pore size ratios. From a comparison between
the two cases of rod aspect ratio, no obvious trend can be
derived. Whether a rod clogs a pore due to hydrodynamic and
mechanical mechanisms depends on a complex interplay
between the rod’s properties and its approach toward the
pore. While a higher aspect ratio of the rod leads to less
deformation and, thus, an increased tendency to clogging,
less deformation also results in a higher alignment of the rod
with the flow. As a result, higher drift and asymmetric clog-
ging are observed for rods with initial angles « > 0, which
reduces the tendency of clogging again. An example of asym-
metric clogged rods with increased asymmetry for a lower

6776 | Soft Matter, 2024, 20, 6767-6778

=10 and 5 with Lgog/Lpore = 4, E = 15 MPa, and « = 10°.

rod aspect ratio in the case of Lgoq/droa = 5 is shown in
Fig. 11(c) with Lgod/Lpore = 4, and E = 15 MPa. The surrounding
velocity field is presented indicating the respective distur-
bance of the fluid flow as the rod acts as an obstacle at the
pore entrance.

The simulation’s outcomes offer a theoretical understand-
ing of the processes that result in the mechanical clogging of
flexible rods, influenced by an interplay between the rods’
properties, their inflow behavior, and the pores’ geometry. In
future studies, the setup could be extended to capture real-life
non-idealities, such as inhomogeneities of the flow field
and the rod’s structure, irregular wall roughness, and other

This journal is © The Royal Society of Chemistry 2024
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influencing factors, such as intermolecular forces and multiple
particle effects.

4 Conclusion

In this work, we introduce a coupled CFD-DEM approach to
predict the hydrodynamic motion of flexible rods in confined
flow. We validate the method against experimental and numer-
ical observations, demonstrating its reliability. We further
investigate the transport and clogging dynamics of flexible rods
through a pore constriction. We find a correlation between
rotation and deflection of the rod while moving through the
pore, which depends on the rod’s flexibility, initial angle, and
initial position with respect to the channel center. Rods with an
angle between a parallel and perpendicular orientation to the
flow direction show a lateral drift, which is amplified by the
motion through the pore. Soft rods that undergo deflection
show a smaller drift behind the pore than stiffer ones, which
only show a rotational movement. We vary the channel height
confinement and find a significant increase in the rod’s deflec-
tion and the degree of lateral drift behind the pore. With an
alteration of the rod-to-pore size ratio, the rod’s aspect ratio,
the Young’s modulus, and the rod’s initial angle, we identify
the conditions under which mechanical clogging of the rod
occurs and classify our results into three mechanisms: (1) pas-
sage with no wall contact, (2) passage with wall contact, and
(3) clogging by wall entrapment. We find that clogging due to
hydrodynamic and mechanical mechanisms depends on a
complex interplay between the rod’s properties and its
approach toward the pore. The presented simulation method
opens up new possibilities for studying the hydrodynamic
motion of complex-shaped and flexible particles exposed to
confined fluid flow. These findings are highly relevant to
applications such as membrane filtration, shape-based separa-
tion, particle flow in the vascular system, and drug delivery. The
origin of phenomena observed in these processes is often
poorly understood, as they result from a complex interplay of
multiple forces. Our theoretical approach allows a decoupling
of these forces to understand their effect on the overall process
in order to control it. The presented method, integrated into
the open-source CFDEM framework, can easily be extended
to study further areas of interest, such as multiple particle
dynamics, the influence of intermolecular forces, additional
external forces, and complex geometries.
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