CHAL

UNIVERSITY OF TECHNOLOGY

Large eddy simulation of fiber flocculation in a diffuser: Effects of fiber
inertia and reinjection Kinematics

Downloaded from: https://research.chalmers.se, 2026-03-02 01:32 UTC

Citation for the original published paper (version of record):

Norouzi, M., Andric, J., Vernet, A. et al (2026). Large eddy simulation of fiber flocculation in a
diffuser: Effects of fiber inertia and

reinjection kinematics. International Journal of Multiphase Flow, 197.
http://dx.doi.org/10.1016/j.ijmultiphaseflow.2026.105627

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)




International Journal of Multiphase Flow 197 (2026) 105627

journal homepage: www.elsevier.com/locate/ijmulflow

Contents lists available at ScienceDirect

International Journal of Multiphase Flow

Research Paper

o

Check for

Large eddy simulation of fiber flocculation in a diffuser: Effects of fiber | e

inertia and reinjection kinematics

MohammadJavad Norouzi ", Jelena Andrié ®, Anton Vernet?, Jordi Pallares ",

Hékan Nilsson ¢

a Department d’Enginyeria Mecanica, Universitat Rovira i Virgili, Paisos Catalans, 26, Tarragona, 43007, Spain
Y Department of Architecture and Civil Engineering, Chalmers University of Technology, Sven Hultins gata 6, Goteborg, 412 96, Sweden
¢ Department of Mechanics and Maritime Sciences, Chalmers University of Technology, Chalmersplatsen 1, Goteborg, 412 96, Sweden

ARTICLE INFO ABSTRACT

Keywords:

Fiber suspension
Flocculation
Particle-level simulation
Diffuser

Ballistic deflection
Large eddy simulation

This study investigates flocculation in dilute suspensions of rigid fibers flowing through an asymmetric diffuser
using an Eulerian-Lagrangian approach. The analysis focuses on flow-induced ballistic flocculation under
varying fiber inertia and inlet (reinjection) kinematics. The fiber length exceeds the Kolmogorov length scale
of the carrier flow, and finite inertia leads to a non-negligible slip velocity relative to the fluid. Large eddy
simulation (LES) is applied with a dynamic subgrid-scale model to resolve the flow field and turbulence. One-
way coupling between the fibers and the flow is assumed, while fiber—fiber interactions are modeled using

short-range attractive forces that promote floc formation. The results show that ballistic deflection significantly
accelerates flocculation in the diffuser region, establishing ballistic deflection as the dominant mechanism. In
addition, inlet fiber kinematics and inertia strongly influence flocculation within the straight inflow channel.

1. Introduction

Understanding the dynamics of inertial anisotropic particles in tur-
bulent flows is a fundamental issue in multiphase flows, with significant
relevance across various fields, from papermaking (Lundell et al., 2011)
to cloud ice-crystal formation (Sherwood et al., 2006) to locomotion of
microorganisms (Saintillan and Shelley, 2007; Locsei and Pedley, 2009;
Parsa et al., 2012). Industries such as pulp and paper processing and
composites production rely on achieving a uniform spatial distribution
of fibers to ensure the quality of their end products (Norouzi et al.,
2022; Martinez et al., 2020). Consequently, the formation of fiber flocs
is highly undesirable in these contexts, highlighting the need to disrupt
or prevent their formation. In contrast, in wastewater and drinking
water treatment and physical filtration, the aggregation of suspended
solids is a desired process. Therefore, a thorough understanding of the
complex interactions between fibers and flows is necessary to accu-
rately predict and control flocculation in flowing suspensions (Andrié
et al., 2016).

The interaction between non-spherical particles and turbulent flow
is highly complex. In addition to the complexities introduced by tur-
bulence in flows with spherical particles, forces and torques dependent
on particle shape and orientation must also be considered (Voth and
Soldati, 2017; Marchioli and Soldati, 2013). A comprehensive review
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of the numerical models available to characterize the translation and
rotation of non-spherical particles in fluid flows was presented by Voth
and Soldati (2017). To examine particle-turbulence interactions at the
particle scale, it is common to combine an Eulerian description of
the carrier flow with a Lagrangian description of the particles (Toschi
and Bodenschatz, 2009). When the particle Reynolds number is sig-
nificantly smaller than unity and the particle Stokes number is small,
the translational and rotational slip are negligible and particles can be
assumed to act as perfect flow tracers (Dotto and Marchioli, 2019).
Exact equations governing the evolution of particle orientation exist
for both axisymmetric (Jeffery, 1922) and non-axisymmetric parti-
cles (Hinch and Leal, 1979), providing valuable insight into the motion
of elongated micro-swimmers and non-motile plankton cells in turbu-
lent environments (Lovecchio et al., 2017, 2013; Ardekani et al., 2017).
However, when particle-fluid relative motion cannot be disregarded,
rigid body motion equations should be employed (Zhao et al., 2014;
Dotto and Marchioli, 2019), as employed in studying rigid ellipsoid
motion in both viscous and turbulent flows (Challabotla et al., 2015;
Marchioli and Soldati, 2013; Marchioli et al., 2010; Zhao et al., 2019b,
2015).

Most of studies concerned with the motion of rigid non-spherical
particles in turbulence (Zhao and Andersson, 2020; Zhao et al., 2019a;
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Ardekani and Brandt, 2019) highlight the particles’ tendency to align
with the direction of the strongest Lagrangian fluid stretching (Zhao
and Andersson, 2020; Ni et al., 2014). As the particle Reynolds number
reaches unity or higher, the combined impact of fluid and particle
inertia must be considered (Lopez and Guazzelli, 2017). Furthermore,
particle shape and size have been shown to affect inertia-driven phe-
nomena such as preferential concentration and near-wall accumula-
tion (Marchioli and Soldati, 2013; Zhao et al., 2019a; Marchioli et al.,
2010; Njobuenwu and Fairweather, 2016).

Numerous studies have examined the impact of fiber and flow
properties, as well as fiber concentration on the phenomenon of fiber
flocculation. Schmid et al. (2000) analyzed the effect of attractive and
frictional forces on fiber aggregation and reported that fiber floccula-
tion can be induced solely by inter-fiber friction, even in the absence
of attractive forces. Switzer III and Klingenberg (2003) demonstrated
the importance of fiber shape and deformability on their floccula-
tion. Kerekes and Schell (1995) studied fiber flocculation in dilute
suspensions and showed that increased contact area and entanglement
between longer fibers promote the formation of larger and more stable
flocs. Fiber rotation not only directly impacts the behavior of individual
particles by affecting drag forces (Meyer et al., 2013) but also deter-
mines whether two particles in close proximity will collide or avoid
each other (Koch and Shaqfeh, 1989). The frequency of fiber—fiber col-
lisions depends on the relative motion and local concentration; higher
concentrations increase encounter probability and are associated with
greater flocculation (Schmid et al., 2000; Switzer III and Klingenberg,
2003). Moreover, when fiber trajectories significantly deviate from the
flow streamlines, the fibers have an increased probability of crossing
each other and forming flocs (Andric et al., 2017; Andri¢ et al., 2016,
2013). Jafari et al. (2006) investigated the influence of contact and
lubrication forces on floc formation and breakup of fibers in turbulent
channel flow, observing the fibers’ tendency to accumulate in high-
speed streaks in the near-wall regions. Njobuenwu and Fairweather
(2016) observed similar phenomena and reported that the translational
dynamics of fibers, in terms of preferential concentration, are strongly
dependent on their inertia and less dependent on their aspect ratio.
Fiber-level simulations have demonstrated their efficacy in analyz-
ing small-scale geometries containing up to 10* particles (Himéldinen
et al.,, 2011). However, to tackle larger flow geometries, Hamaldinen
et al. (2011) employed a Fiber Floc Evolution Model (FFEM) based on
the integration of the population balance method and an Eulerian two-
fluid approach, which elucidated that the size distribution of flocs is
strongly influenced by local flow conditions.

Andri¢ et al. (2016) studied the motion of rod-like fibers in the
decelerating flow of a wedge-shaped channel using analytical and
numerical methods, considering both infinite and finite hydrodynamic
resistance to transverse flow. They identified the phenomenon of bal-
listic deflection, where fiber trajectories deviate significantly from the
streamlines of the carrying flow. This phenomenon occurs when the
direction of fiber inertia is aligned with converging/diverging or curved
streamlines. A velocity difference between the fibers and the fluid de-
velops due to fiber inertia and the gradients of the flow. For elongated
fibers with an anisotropic hydrodynamic resistance tensor, this velocity
difference is predominantly oriented in the longitudinal direction of
the fiber. Andri¢ et al. (2016) argued that ballistic deflection increases
the relative motion of fibers, which may increase the collision rate
and thus affect the rate of aggregation. In a subsequent study, Andric
et al. (2017) examined the flocculation of suspensions of rigid fibers
in the decelerating flow field of a diffuser. They modeled the fibers
using a particle-level fiber model and described the fluid flow using the
two-dimensional steady-state Navier-Stokes equation with the standard
k — w turbulence model to account for the effects of turbulence, as
well as a stochastic model to include the dispersion of fibers due to
turbulence. The main finding of their study was that the anisotropic hy-
drodynamic resistance of fibers and the flow velocity gradients induce
ballistic deflection of fibers, consequently causing fiber flocculation in
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the diffuser. They also observed that the kinematics of reinjected fibers
strongly affect the flocculation in the horizontal inflow channel and at
the entrance of the diffuser.

To the best of the authors’ knowledge, no study has analyzed fiber
suspensions in an asymmetric diffuser using Large Eddy Simulation
(LES) to resolve both the flow and the fiber-flow interaction in detail.
In an effort to address this limitation, the present study builds upon the
work of Andric et al. (2017) and provides a comprehensive investiga-
tion on the evolution of floc mass fraction, fiber trajectories, fiber slip
velocities, alignment of fibers with respect to the inertial coordinate,
to examine the development of fiber flocculation along the length of
the diffuser. Specifically, the phenomenon of flow-induced ballistic
flocculation, triggered by ballistic deflection of fibers, is analyzed for
fibers with different inertia (controlled by varying the fiber density)
and various fiber reinjection approaches (adjusting the orientation,
linear, and angular velocity of the fibers upon their reinjection into the
computational domain).

2. General overview of case study

A fiber suspension flow in an asymmetric planar diffuser is consid-
ered, as illustrated in Fig. 1. The highlighted region indicates where the
fibers are present, while the elongated inlet and outlet regions (trun-
cated in the figure) ensure that the fiber interactions are unaffected by
inlet and outlet effects. This specific configuration has been chosen as
it accurately represents the flow conditions encountered in the actual
dry-forming process (Andric et al., 2017), and a robust experimental
database is available for validating the simulated flow (Obi et al., 1993;
Buice and Eaton, 2000). A Cartesian coordinate system is used, with
the origin located at the lower wall at the start of the expansion. The
x-axis corresponds to the streamwise direction, the y-axis represents the
upward direction, and the z-axis denotes the spanwise direction. Unless
stated otherwise, spatial coordinates are non-dimensionalized by the
inlet height H, i.e., reported as x/H and y/H.

Fibers advected through x = 36H are reinjected as isolated fibers
with a uniform random spatial distribution at the inlet plane x =
—15H. The reinjection procedure for fibers that contact a wall is chosen
intentionally as a simple, physically motivated, modeling approach.
Fibers that contact a wall are assumed to adhere either to the solid
surface or to previously adhered fibers without affecting the properties
of the wall, and do not interact with the flocculation in the downstream
flow. This assumption reduces the downstream fiber concentration—
a physically consistent outcome when a fraction of fibers becomes
attached to the walls. Since the fibers adhering to the walls do not
interact with other fibers, they are reinjected at the inlet to conserve the
global particle count. This choice intentionally avoids modeling long-
term wall evolution (surface roughening, bed porosity, re-entrainment,
time-dependent adhesion), which would require additional contact and
adhesion physics and would change the scope of the present study.
Flocs are treated as intact aggregates; if any member of a floc contacts a
wall, the entire floc is removed and all constituent fibers are reinjected
individually at the inlet plane following the same procedure as for
single fibers. The fiber motion is periodic in the z-direction, which
means that fibers or flocs advected through the plane at z = H or the
plane at z = —H are repositioned in the opposite plane while retaining
their properties.

3. Fiber suspension modeling

This study employs a Lagrangian fiber model to represent the fibers,
combined with Large Eddy Simulation (LES) equations to describe the
behavior of the fluid flow. Within this model, a one-way interaction
approach is used to account for the influence of fluid flow on the fibers,
and a contact model is incorporated to capture interactions among
fibers. The following subsections provide an overview of the fluid
flow model, the fiber model, the fluid-fiber and fiber—fiber interaction
approaches, and the fiber reinjection approaches used in this work.
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Fig. 1. Schematic of Buice and Eaton asymmetric diffuser (Buice and Eaton, 2000). The highlighted region denotes where the fibers are present. The inlet and
outlet regions are truncated for clarity. The flow computational domain extends from z = —2H to z = 2H in the spanwise direction, where H = 0.01m is the inlet

height.

3.1. Fluid flow model

The Large Eddy Simulation (LES) approach for incompressible flows
is based on the filtered continuity and momentum equations obtained
by applying a spatial filter of scale 4 to the Navier-Stokes equations.
The resulting equations are given by

di; ~0 &)

ox;

0%, oty
Ty @
0x;0x;  Ox

oii; a(ﬁiﬁj) _ 1 ap
ot ox; T pox;

+v

Here ¢ denotes time, x; is the spatial coordinate directions, u; is the

velocity vector, p is the pressure, v is the fluid kinematic viscosity, and
7y = gy — ;i is the Sub-Grid Scale (SGS) tensor which represents the
effect of the SGS motions on the resolved motions. The SGS stress 7;; is

modeled analogously to the Boussinesq hypothesis, yielding

o7}, 9 _
- — = —(2v,,,S;). 3
ox; ()xi( ss5is) )
¢ s the anisotropi 5, = L (242
Here 77, is the anisotropic part of the SGS tensor, S;; = 5 0x; Fr

is the filtered strain rate tensor, and the coefficient of proportionality
Vs Tepresents the SGS viscosity that should be determined using an
SGS model. Among existing SGS models, the dynamic one-equation
eddy viscosity model is used in the present work. This model is a
modified form of the standard one-equation model, where the SGS
kinetic energy production term is resolved by applying an SGS model
based on resolved scales (Kajishima and Nomachi, 2006), while the
eddy viscosity in the filtered equation of motion is computed using
information derived from unresolved scales in the transport equation
of the SGS kinetic energy. For an in-depth description of the SGS
model employed here, the readers are encouraged to refer to Kajishima
and Nomachi (2006), Yoshizawa and Horiuti (1985), Horiuti (1985),
Okamoto and Shima (1999), Tang et al. (2019).

The governing equations are solved numerically using the Open-
FOAM open-source CFD code (Weller et al., 1998) with the pimpleFoam
solver. This solver combines the functionalities of the PISO (Pressure-
Implicit with Splitting of Operators) and the SIMPLE (Semi-Implicit
Method for Pressure-Linked Equations) algorithms. To ensure accu-
racy, the advection terms are discretized using a second-order upwind
scheme, while the implicit backward Euler scheme is used to discretize
the unsteady terms.

The inlet boundary of the fluid flow specifies a constant bulk
velocity of U, = 28 m/s. The flow passes through a 50H upstream
section before reaching the fiber region at x = —15H, ensuring that
it is fully developed upon entry. At the outlet, at x = 48H, a zero
gradient condition is applied, while a no-slip boundary condition is
applied to the top and bottom walls of the channel. The computational
mesh comprises 1020 x 120 x 64 cells and is appropriately refined to
capture gradients near the wall. The measured skin friction coefficient,
Cy, in the fully developed entrance region is 0.0061, and the first cell
centers are typically located at y* ~ 1.

3.2. Fiber model

The particle-level fiber model used in this work is based on the
model proposed by Lindstrom and Uesaka (2007) and Andri¢ et al.

Fig. 2. Illustration of a general non-straight fiber to highlight the segments.
This study focuses solely on straight rigid fibers.

(2013), specialized for rigid straight fibers as employed by Andric
et al. (2017). Readers are referred to these references for a detailed
description of the model. In the interest of completeness, only the key
characteristics of the model will be highlighted here.

To accommodate the variations in the flow field along the length
of the fiber, the suspended fiber is treated as a chain of N, = 5
cylindrical segments, as illustrated in Fig. 2 (only shown non-straight to
highlight the segments). Each segment has identical mass m;, length /,,
diameter d;, and a unit orientation vector denoted as p;, with subscript
i indicating individual segments. The center of mass of each segment is
located at position vector 7;, while the fiber’s center of mass is given by

Fo = Nl Y. ;. Moreover, since the fiber is rigid, each segment has
seg -

the same angular velocity as the fiber center of mass (&, = @). The
fiber motion is governed by Euler’s first and second law, formulated

as (Andri¢ et al., 2016)

mrg = Y F/ )

Nseg N.\'eg
4 (iG.a) =i d+dx (iG-a) =Y T+ Y (7-7g) xEl (5)
i=1 i=1
Here IT“[” and 77’ are the hydrodynamic drag force and torque exerted
by the fluid on segment i, and I is the inertia tensor of the fiber with
respect to its center of mass.

3.3. Fluid-fiber interactions

In the present work, fluid-fiber interactions are modeled using a
one-way coupling approach, a reasonable simplification which allows
one to isolate and characterize particle-level ballistic and collision
mechanisms. This assumption is quantitatively justified by the ex-
tremely dilute nature of the suspension. For the densest configuration
considered (see Section 4), the particle volume fraction is a = v, / Vi
9x10~% and mass loading (fiber-to-fluid mass ratio) is ~ 2%, well inside
the dilute regime where particle back-reaction on the flow is expected
to be negligible (Elghobashi, 1994; Tom and Bragg, 2019; Olivieri et al.,
2022).

The fiber Reynolds number is defined as

_ dlig = Ugl

Rey = HE1C ®)
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where d is fiber diameter, v is the kinematic viscosity of the fluid, and
|7 — D¢ is the magnitude of the relative velocity between the fiber and
the flow at the center of mass of the fiber. According to Lindstrom and
Uesaka (2007), the hydrodynamic force (17“ih) and the hydrodynamic
torque (Tih) can be approximated as a sum of viscous (Re; < 1) and
dynamic drag (Re > 1 contributions, ie.,

Fh— Ijlih,V + F’ih,l, %)

i

fih _ ih,v + ih,ll (8)

Here the viscous drag force l:i.h’v and torque T"I.h’v on each cylindrical
segment are approximated as those acting on an isolated equivalent
prolate spheroid of aspect ratio r, = 1.24r,/4/Inr, through

V=i . (al. -?,.), 9)
v =&, (@ - j.) +A, : E. (10)

Here Z:/, Cz‘:/, and H ,V are the resistance tensors that are approximated
by the corresponding resistance tensors of a prolate spheroid with an
equivalent aspect ratio proposed by Kim and Karrila (2013) and are
not reported here for the sake of brevity. The properties 7, &; =
% (Vx5;)and E = % (Vﬁi +(V5,;)") are, respectively, the translational
fluid velocity, the angular fluid velocity, and the strain rate tensor, all
evaluated at the center of mass of each segment i.

The dynamic drag force and torque on each fiber segment can be
computed as (Lindstrom and Uesaka, 2007)

Fr=A(5,-7). an

i i

i

= =1 = =1
T/ =C - (G-a)+h, : E a2)

. . =1 =1 =] .
where the dynamic resistance tensors A,, C,, and H, are derived and

validated by Lindstrém and Uesaka (2007) and Andri¢ et al. (2013).

3.4. Fiber—fiber interactions

Fiber contacts are detected using the shortest distance algorithm,
as detailed by Schmid et al. (2000), Lindstrom and Uesaka (2007)
and Vega and Lago (1994), not repeated here for brevity. Fibers are
treated either as isolated rigid bodies or as constituents of rigid flocs.
The flocculation model used follows the approach of Andric et al.
(2017): whenever two segments belonging to different fibers or flocs
come into contact, they are assumed to stick irreversibly, and the
resulting aggregate is advanced as a single rigid body with no slip-
page, internal relative motion or flexibility. The floc preserves fixed
relative positions and orientations of its constituent segments and the
hydrodynamic forces and torques on a floc are obtained by summing
the segment-wise contributions (Egs. (7)-(12)) over all constituent
segments. This superposition is consistent with the present resistance-
based, one-way-coupled closure, while neglecting intra-floc hydrody-
namic interactions (e.g, shielding/wake overlap). The equations of
motion for fibers and flocs are discretized in time and solved to obtain
linear and angular velocities, which are then used to update positions
and orientations (see Andri¢ et al. (2013), Andric et al. (2017) for
numerical details and timestep considerations). The employed rigid-floc
approximation is a conservative, mechanistic idealization of early-stage
aggregation; it isolates the hydrodynamic driver (flow deceleration and
particle inertia, as discussed later in Section 5.2) that promotes contacts
while avoiding additional, uncertain parameters (such as bond strength,
sliding friction, breakage criteria) that lie outside the scope of the
present study.
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3.5. Fiber reinjection approaches

Fiber reinjection is performed at the fiber reinjection plane x =
—15H with a random spatial distribution. The relatively long distance
between the fiber reinjection plane and the diffuser entry provides
reinjected fibers with sufficient upstream distance to adapt to the
carrier flow before entering the diffuser. For the suspension properties
reported in Section 4.1, the single-response length L., ~ Uyt,, where
T, R ppd2 /(18 p) is the particle relaxation time (neglecting slender-body
prefactors and rotational/translational coupling), u is the fluid dynamic
viscosity, ranges from ~0.005H for the lightest particles to ~10H for
the heaviest particles; consequently, fibers undergo on the order of at
least one response time to relax. The linear velocity, angular velocity,
and orientation of reinjected fibers influence their initial trajectories,
and hence the initial flocculation rate. The effects of these properties
on the flocculation rate are therefore parametrically studied as a part
of the present work.

3.5.1. Orientation

In this study, fibers are reinjected using three different orientation
approaches (Pipj): aligned with the x-axis, aligned with the y-axis, or
with a random initial orientation.

3.5.2. Linear velocity

The linear velocity of each fiber segment should correspond to the
background flow. However, due to the fiber inertia a reinjected fiber
segment should not necessarily be given the same velocity as the instan-
taneous background flow. A temporary background flow velocity peak
may introduce an unreasonable reinjection velocity. The mean flow
velocity may thus be a better alternative for the reinjection velocity.
A parameter k is introduced to distinguish the chosen background
velocity, as

B = (1 = U ean + kUi 13)

where k = 1 represents the instantaneous flow field (U,,,) and k =
0 represents the time-averaged velocity field (U,,,,). To determine
the linear velocity of each fiber segment upon reinjection, first it is
assumed that the entire fiber is at mechanical equilibrium with the
chosen background flow, ie., the net forces acting on the particle is
zero (Zf\/:’“fg F, = 0). Under this assumption and considering only the
viscous part of the fiber drag force in Eq. (4), the linear velocity of the
fiber center of mass can be computed by averaging the fluid velocity
(instantaneous or time-averaged) at the positions of the fiber segments
as

Nieg =

Fo= Z' B a4

As the fiber is a rigid body, the reinjection velocity of each segment is
given by

N

Xt

(30 x 7o)
- il

ureinj,-

=7Fg+ x (F=7g). (15)

N

seg

3.5.3. Angular velocity
The angular velocity of a fiber upon reinjection is set under the
assumption of rotational equilibrium with the flow, implying zero net
moment (i.e., Zi]isl"g T, = 0). Applying this assumption to Eq. (5), an
equation to &,,;,; can be derived as
S a - sl () B) (&)
@ = . (16)

reinj
Nseg
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4. Specification of studied cases

This section provides details on the studied cases, including fluid
and fiber properties, the initialization process using a precursor simu-
lation, and the specific simulation cases along with their investigated
parameters.

4.1. Fluid and fiber properties

The carrier fluid is considered to be air, characterized by a density
of p = 1.2 kg/m> and kinematic viscosity of v = 1.4 x 1075 m?%/s,
corresponding to a Reynolds number of Re = BH — 18000 at the
inlet boundary. The Kolmogorov length estimated from crude scaling
e ~ U}/H is ng = (v*/e)'/* ~ 6 um. Based on the LES velocity field,
the streamwise turbulence intensity is «/ /U, ~ 0.1. Thus, £ ~ Uj /H
should be regarded as a crude upper bound for ¢ and, consequently,
a conservative lower bound for #g; accordingly, nxy = O(10 pm). The
smallest LES wall-normal spacing is 4y, ~ 9.1 pm and representative
filter widths in the fiber region are of the order of ©O(10—10% um).

Each fiber is assumed to consist of five segments with a diameter
of d = 20 pm and a length of / = 0.2 mm. The study examines a range
of fiber densities [p,,;/1000 - 2p,, ;] kg/m’, with a reference density of
Prey = 1380 kg/m>, providing an analysis of the influence of varying
fiber inertia on fiber flocculation.

Rigid straight fibers experience total hydrodynamic force and torque
given by the sum of the local forces and torques exerted on each
segment. In the present study the modeled fiber geometry is d ~ 3.4 g,
I ~33.6ng and L, = Ny, X I = 168 1x; hence the LES grid and filter
resolve flow features at scales comparable to the fiber diameter and
segment length (i.e., larger than the Kolmogorov scale). The resolved-
field variability that drives ballistic deflection is therefore captured at
meso- and geometry-scales (resolved variability ~10 pm to 100 pm), and
our 200 pm sampling interval provides a smooth, faithful representation
of the resolved velocity and strain fields. Dissipative, sub-yx motions
are treated implicitly by the SGS closure rather than being directly
resolved. The employed rod-chain model of Lindstrom and Uesaka
(2007) and Andric et al. (2013) assembles per-segment resistances into
net rigid-body forces and torques. For smooth resolved fields, only a
modest number of segments is required to obtain accurate integrated
forces and torques. Using five segments introduces negligible hydro-
dynamic error while substantially lowering per-particle cost, which
scales approximately linearly with segment count (Andric et al., 2017;
Andrié et al., 2016; Schmid et al., 2000; Switzer and Klingenberg, 2004;
Switzer III and Klingenberg, 2003).

4.2. Precursor simulation

A precursor fiber simulation was initiated when a fully developed
fluid flow was established. A total of 3000 fibers were initially dis-
tributed randomly within the range {[-15H,36H],[0, H],[-H, H]} in
the x, y, and z directions, respectively, as done by Andric et al. (2017).
The initial translational and angular velocities of the fibers were set
equal to those of the fluid flow at the center of mass of each fiber.
A fully developed fiber flow was established after seven complete
reinjections of all fibers. The configuration of fiber segments and their
kinematics from the precursor fiber simulation were saved and later
used as the reference time zero for the parametric studies, ensuring
that all simulations had the same initial conditions. Fig. 3 shows a
snapshot taken at time zero, illustrating the distribution of fibers and
flocs in the diffuser, overlaid with velocity magnitude contours. The
fiber dimensions are scaled for visibility, while the inlet and outlet
regions are excluded to provide a focused view of the fiber region.
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4.3. Simulation cases and studied parameters

The parametric study investigates the development of fiber floc-
culation along the diffuser by analyzing the effects of fiber inertia
and various reinjection approaches which involve adjusting the fibers’
orientation, linear velocity, and angular velocity upon reinjection.

Table 1 summarizes the simulation parameters used to characterize
each case of fiber suspension. In Case 1, fibers have a reference density
of p,.; = 1380 kg/m3, and the computational domain for fiber floccula-
tion simulations is restricted to [-15H,36H] in the longitudinal diffuser
direction. The linear velocity of each fiber segment is calculated using
Eq. (15) in which the instantaneous fluid velocity field for k = 1
in Eq. (13) is considered (denoted as (u,, Uy ) =1)- The fiber’s angular
velocity @,,;,; is initialized using Eq. (16), and the fiber orientation is
assigned randomly. Case 2 differs from Case 1 only in the linear velocity
reinjection approach: the longitudinal linear velocity component of
each segment is set to the value obtained from Eq. (15) for k =0, ie.,
using the time-averaged fluid velocity field U,,.,,, while the other two
velocity components are set to zero (represented as (u,, 0, 0)|,—,). Cases
3 and 4 share the same properties as Case 2, except for the orientation
of the reinjected fibers. Specifically, in Case 3, the fibers are reinjected
with an orientation aligned with the streamwise direction (x), while
in Case 4, the fibers are oriented in the upward direction (y). Case 5
follows the same reinjection approach as Case 2, but the fiber angular
velocity upon reinjection is set to zero. Cases 6 and 9 maintain the same
reinjection approach as Case 2 but with fiber densities of p,.¢/3 and
Pref/1000 = 1.38 kg/m3 ~ p,;,, respectively. Similarly, Cases 7 and 10
use the same reinjection approach as Case 3, but with different fiber
densities. Also, Cases 8 and 11 employ the same reinjection approach
as Case 4, but with corresponding variations in fiber density.

5. Results and discussion

This section presents a validation of the fluid flow model and
analyzes the fiber flocculation in the diffuser. Additional evaluations
of fiber trajectories, slip velocities, and evolution of fiber alignment are
conducted to examine the effects of flow parameters and fiber inertia
on flocculation.

5.1. Validation of fluid flow model

To validate the fluid flow model utilized in this study, the axial
mean velocity and axial Reynolds stress profiles obtained from fully
developed simulations are compared to experimental measurements
from Buice and Eaton (2000). The axial and vertical positions are
normalized by the upstream channel height, H, while the velocity
profiles are normalized by the bulk velocity, U,, and the axial Reynolds
stresses are normalized by sz.

Fig. 4(A) shows that the time-averaged streamwise velocity (u,)
profiles of the present LES study accurately agree with the experimental
results across all axial locations. Fig. 4(B) compares the numerical
and experimental evolutions of the Reynolds stress (u/u/) throughout
the diffuser. In general, the LES result tends to slightly underestimate
(W) at most locations, but the profiles are similarly shaped as the
experimental data. These discrepancies, as suggested by Kaltenbach
et al. (1999), may arise from larger experimental errors in turbulent
stress measurements relative to mean flow velocities, particularly in
regions where measurement volumes are relatively large relative to
the local gradients of turbulent stresses. Nevertheless, the authors are
confident that the current resolved LES and the dynamic modeling of
the SGS term provide a sufficiently accurate representation of the flow
field for investigating fiber motion and floc development in the present
study.
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36H

Fig. 3. Distribution of fibers and flocs in the diffuser at the reference time zero, overlaid with the contour of velocity magnitude. The fiber length and diameter
are enlarged for visualization purposes. The inlet and outlet regions of the fluid flow are excluded for clarity.

Table 1

Summary of cases and simulation parameters.
Case p k reing @rein Dreinj Fiber region

(kg/m*) (x-dimension)
c1 1380 1 (g1, u,) (W, w,, w,) Random [~15H,36H]
c2 1380 0 (u,,0,0) (W, w0y, w,) Random [-15H,36H]
c3 1380 0 (u,,0,0) (W0, W, w,) (1,0,0) [—15H,36H]
C4 1380 0 (uy,0,0) (W, wy, w,) 0,1,0) [-15H,36H]
C5 1380 0 (u,,0,0) (0,0,0) Random [-15H,36H]
6 460 1 (D) (W, w0y, w,) Random [~15H.36H]
c7 460 0 (uy,0,0) (W, wy, w,) (1,0,0) [-15H,36H]
Cc8 460 0 (u,,0,0) (W, wy, w,) (0,1,0) [-15H,36H]
c9 1.38 1 (RS (W, w0, w,) Random [~15H,36H]
C10 1.38 0 (uy,0,0) (W, wy, w,) (1,0,0) [-15H,36H]
c11 1.38 0 (uy,0,0) (W, wy, w.) (0,1,0) [-15H,36H]
\ \
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Fig. 4. Development of (A) axial velocity profile and (B) Reynolds stress (u«’ ) through the diffuser for the present LES study compared with experimental results

of Buice and Eaton (2000).

5.2. Fiber flocculation

At each time step, the interactions between individual fibers and be-
tween fibers and flocs are identified, and contacting fibers are merged
to form larger flocs, as described in Section 3.4. These flocs are cat-
egorized as distinct species denoted by F;, where i ranges from 1 to
n reflecting the number of fibers present in each floc (F; corresponds
to individual fibers). To examine the distribution of floc species along
the diffuser’s length, the fiber region is divided into 320 bins of uniform
thickness along the streamwise direction for simulation Cases 1-11. The
mass fraction of each F; species in a specific bin is defined as (Andric
et al., 2017)
iN,

a7

¢ = —Zzzl ka~

Here, N; represents the time-averaged number of flocs belonging to
the F; species in a particular bin. The numerator reflects the time-
averaged number of fibers present in flocs consisting of i fibers, while

the denominator represents the time-averaged total number of fibers
within each bin irrespective of floc size.

This study primarily focuses on the development of the F, floc
species along the length of the diffuser, due to the limited number
of fibers involved and therefore also the limited formation of larger
flocs. Additionally, the dimensionless flocculation rate of F; is given
by Andric et al. (2017)

,_ do;
o = EH ,
where ¢, represents the dimensionless rate of change of the mass frac-
tion F; species with respect to the streamwise coordinate x, normalized
by the diffuser height H.

Fig. 5 illustrates the development of the mass fraction ¢, of floc
species F, along the length of the diffuser for various reinjection
approaches of reference fibers with density of p = 1380 kg/m3. It
should be recalled that the fibers are reinjected at x = —15H, and
the fully developed flow in the straight inlet channel section (-15 <
x/H < 0) fluctuates about a mean flow that is aligned with the channel.

(18)
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Fig. 5. Development of the mass fraction ¢, of floc species F, along the diffuser length for different fiber reinjection approaches.

Under these conditions, an approximately constant initial flocculation
rate is expected. However, significant differences in flocculation rates
emerge immediately after reinjection, depending on the fiber reinjec-
tion approach. Case 1, with reinjection velocities derived from the local
instantaneous flow field and random fiber orientations, exhibits the
highest initial flocculation rate. For the rest of the cases (i.e., Case 2-5),
where the time-averaged fluid velocity field is used to calculate the
linear and angular reinjection velocity and then only the streamwise
component is taken into account, a lower flocculation rate is observed.
Comparing Cases 2 and 3, where fibers are reinjected with flow-aligned
orientations, highlights the impact of initial fiber orientation on floc
formation in the initial part of the straight inlet channel.

With regard to the development of mass fraction ¢, of Cases 2-5,
four regimes can be identified (see Fig. 5). The first regime initiates
at the fiber reinjection plane x/H = —15 and extends until x/H ~ -7
within the straight inlet channel. In this region, an initial rapid increase
in floc formation is observed at the very beginning, followed by a nearly
linear growth, which reflects a constant rate of flocculation. This part of
the diffuser represents a region in which the fiber reinjection approach
significantly contributes to the evolution of fiber flocculation. The
second flocculation regime, spanning —7 < x/H < 5, shows a constant
flocculation rate, suggesting a fully developed state in which the fiber
motion is independent of the reinjection approach before entering the
diffuser. In the third regime, spanning x/H =~ 5 to x/H =~ 19, a sharp
increase in the flocculation rate occurs due to the ballistic deflection of
fibers, as reported in Andri¢ et al. (2016). As the mean flow velocity
decreases through the diffuser section, the velocity gradient in the flow
direction and the inertia of the fibers contribute to a velocity difference
between the fibers and the flow. This relative velocity, coupled with the
oriented hydrodynamic resistance tensor leads to a significant deviation
of fiber trajectories from the flow streamlines (Andric et al., 2017).
This phenomenon substantially increases fiber—fiber collisions and thus
elevates the flocculation rate. Finally, downstream of x/H = 19,
the suspension enters the fourth regime, where the flocculation rate
stabilizes, indicating a nearly fully developed state of fiber flocculation.

The delayed rise in floc-production rate, observed near x/H ~ 5
rather than at x = 0, reflects the finite development length required
for ballistic deflection to become significant, and for fibers to migrate
laterally and attain the mutual orientations needed for collisions. These

conditions only develop after particles acquire appreciable slip and
reorient in the diffuser’s decelerating flow. Fig. 5 shows that, for Cases
2-5, flocculation rates are broadly similar beyond x/H =~ 5, with
comparable behavior in the regions 7 < x/H < 19 and 19 < x/H <
36. This observation indicates that ballistic deflection is the primary
mechanism driving flocculation in the diffuser and that it is largely
insensitive to the reinjection kinematics at the inlet.

Fig. 6 extends the parametric study by including two additional fiber
densities of p,,,/3 and p,,,/1000 (approximately equal to the density
of the carrier fluid, air), as well as varying reinjection approaches for
these fibers. Case 2 is also shown in the graph to allow for direct
comparisons with the cases presented in Fig. 5. The results indicate that
floc formation is more pronounced for heavier fibers. Lighter fibers,
due to their shorter response times, tend to align more closely with
the flow, resulting in less deviation of fiber trajectories from the flow
streamlines and lower fiber slip velocities. Consequently, they exhibit
reduced floc formation. This behavior is particularly evident in the
straight inlet duct and at the initial section of the diffuser. As can be
seen in Fig. 6, fiber suspensions containing lighter fibers (Case 9-11)
display a significantly lower flocculation rate and mass fraction ¢,
compared to suspensions with heavier fibers of density p = 460 kg/m?.
While random reinjection orientations enhance floc formation for both
cases of fiber inertia (consistent with observations for the reference
inertia in Fig. 5), comparing Cases 6 and 8 versus Cases 9 and 11,
respectively, suggests that the reinjection approach has a greater impact
on heavier fibers. A similar pattern to Cases 2-5 is observed in the
development of floc formation along the diffuser for fibers with a
density of p = 460 kg/m?, with the exception of the far downstream
region x/H > 30, where the flocculation rate is higher for fibers with
a density of p,,,/3. Additionally, comparing cases containing lighter
fibers (i.e., Cases 9-11) with those involving heavier fibers, reveals that
the diffuser has a more significant effect on the flocculation rate for
fibers with higher inertia.

To assess whether aggregates with more than two fibers form, Fig.
7 reports the evolution of the three- and four-fiber mass fractions, (¢3,
¢4), along the length of the diffuser for selected simulation cases. For
reference, the evolution of ¢, of Case 2 is included to facilitate direct
comparison with the results presented in Figs. 5 and 6. The mass frac-
tions of F; and F; flocs are negligible in the upstream straight channel
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Fig. 6. Development of the mass fraction ¢, of floc species F, along the diffuser length for different fiber reinjection approaches and fiber inertia.
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Fig. 7. Development of the mass fraction ¢; and ¢, along the length of the diffuser. The two-fiber floc (¢,) curve of Case 2 is included in the plot as a reference.

and increase notably downstream of the diffuser entrance, reproducing evolution of ¢, follows the same qualitative trend but with reduced
relatively similar spatial behavior as previously reported for ¢,. As magnitude and a modest downstream delay, which is consistent with
shown in Fig. 7, the mass fractions ¢; exhibit an onset of growth at the requirement that larger aggregates form by successive collision
approximately the same streamwise location as ¢, (roughly at x/H = 5) events, and lag lower-order ones in space. Variations in particle inertia
and attains most of its growth over the interval 5 < x/H < 20. The and reinjection approach influence on both the amplitude and the
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streamwise position of the ¢; and ¢, growth. In agreement with the
trends observed for ¢,, heavier fibers develop larger values of ¢; and
¢, relative to lighter fibers, consistent with the enhancement of slip and
ballistic deflection that accompanies increased inertia and that raises
contact rates.

The comparatively low absolute level and delayed development
of ¢, both reflect the mechanistic nature of early-stage aggregation
in the dilute regime and to the modeling limitation of the present
study. Formation of three- and four-fiber aggregates requires multiple
successive encounters within limited time windows; accordingly, such
aggregates are less frequent and tend to appear further downstream
than two-fiber flocs. Moreover, since the present numerical model
treats contacting fibers as irreversibly sticking rigid bodies, the reported
¢5 and ¢, should be interpreted primarily as indicators of collision
propensity driven by hydrodynamic mechanisms (fiber slip and ballistic
deflection), rather than as quantitative predictions of mature floc mor-
phology in conditions where restructuring, sliding or breakage would
be important. The correspondence between the spatial development of
¢, (Figs. 5 and 6) and the higher-order mass fractions shown in Fig.
7 reinforces the conclusion that the same hydrodynamic drivers con-
trolling pairwise encounters also govern the emergence of higher-order
aggregates.

5.3. Fiber translational motion

Fig. 8 illustrates the relative trajectories of the centers of mass of
200 fibers from Cases 1-3, and 10. All trajectories are moved to start at
x/H = -15 and y/H = 0, to visualize their relative deviation from the
x-direction. Different colors are used for visualization purposes without
carrying any specific information. A zoomed-in view, magnified by a
factor of 2, is included at the bottom left corner of each plot, focusing
on the straight inlet channel (-15 < x/H < 0). Note that some
trajectories are truncated because the fibers either collided with the
upper or lower walls or exited the domain through the outlet, in
which case they were reinjected at the inlet according to the specified
reinjection approach.

The zoomed-in views in Fig. 8 reveal that fibers with high inertia
(Cases 1-3) tend to follow nearly straight trajectories, while the lighter
fibers in Case 10, with their shorter response times, closely track the
resolved flow fluctuations. A comparison of Cases 1-3 highlights the
significant influence of the reinjection approach on the initial trajec-
tories. The difference between Case 1 and Case 2 is the reinjection
velocity. In Case 1, fibers are reinjected with velocities derived from
the resolved flow at the center of mass of the fiber segments. In Case 2,
fibers are assigned a velocity exclusively in the x-direction, correspond-
ing to the time-averaged flow at the center of mass. Fibers characterized
by higher inertia tend to retain their velocities. As a result, fibers in
Case 1 exhibit immediate dispersion upon reinjection, whereas in Case
2, deviations from the x-direction occur further downstream. If the
orientation happens to align with the reinjection velocity vector, the
fibers may dart a far distance influenced mainly by the reinjection
method. This phenomenon is evident when comparing Cases 2 and 3,
where the dispersion in Case 3 is mitigated as the fiber orientation
aligns with the reinjection velocity. It is important to note that none of
the presently used reinjection approaches are perfectly accurate, hence
the reinjection plane is positioned far upstream (i.e., at x/H = —15) to
allow the flocculation rate to reach a fully developed state before the
fibers enter the diffuser region.

Given that the flow within the straight inflow channel predomi-
nantly aligns with the x-direction, any deviation of fiber trajectories
from this axis may potentially elevate the fiber—fiber collisions. Con-
sequently, Case 1, which displays the greatest deviation from the
x-direction, also exhibits the highest flocculation rate and mass frac-
tion ¢, within the inlet channel. With a spatial lag from the diffuser
entrance plane, the fibers perceive the effect of the decelerating flow
and start to diffuse significantly. This phenomenon coincides with a
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sharp increase in the flocculation rate around x/H ~ 5 (see Figs. 5 and
6).

To quantify fiber spreading, the standard deviation of the transverse
fiber center-of-mass position y conditioned on the streamwise location
x, Var[y|x], is computed using an event-based estimator (Pishro-Nik,
2014). For each fiber trajectory, the transverse position y;(x) at which
the trajectory first crossed a given streamwise bin centered at x is
recorded. Across the N . (x) independent crossings in that bin the
mean and variance are computed as

Neross(X)
1
(x) = ————— (%), 19
0= ; ¥i(x) (19)
o’ (x)=+NC§m (1) = 70) (20)
Cross Ncross(x) P i .

The per-crossing standard deviation is used to ensure that each tra-
jectory contributed equally to the statistics and to avoid residence-
time bias. Bins with fewer than eight independent crossings are dis-
carded (Pishro-Nik, 2014).

Fig. 9 shows the per-crossing standard deviation of the transverse
fiber positions normalized by the inlet channel height, ¢ . (x)/H, as
a function of the streamwise coordinate (x/H) for the cases displayed
in Fig. 8. All cases exhibit a consistent streamwise increase of lateral
spreading from the reinjection plane up to x/H =~ 25. Upstream of the
diffuser (x/H < 0), Case 1 produced systematically larger transverse
spreading than Case 10, Cases 2 and 3, the latter two showing negligible
spreading (values close to the estimator’s noise floor). Comparing these
lateral-spread results with the flocculation development of Case 1 with
Case 2 and 3 in Fig. 5 indicates that enhanced trajectory dispersion
increases the probability of near encounters and collisions, which in
turn yields higher floc formation over the same streamwise intervals.

As particles enter the diffuser the lateral spread grows rapidly, with
the steepest increase beginning near x/H =~ 5. This behavior reproduces
the qualitative features of the trajectory plots in Fig. 8 and matches
the development length inferred from the flocculation analysis in Fig.
5, where the flocculation rate is observed to rise significantly. For
(10 < x/H < 20) the different cases display similar lateral dispersion,
and a rough saturation of dispersion is reached beyond x/H ~ 25 at
Ouross(X)/H =~ 1 in which fibers are distributed across approximately
the inlet-height scale. These observations imply that (i) reinjection
kinematics and particle inertia mainly affect the magnitude and early
evolution of the lateral spread but not the overall qualitative trend, and
(ii) within the parameter range investigated the dominant mechanism
controlling transverse dispersion is the ballistic response of fibers to the
large-scale flow deceleration in the diffuser.

To quantify the impact of wall-contact events on the suspended
population, every reinjection event is classified as either a wall-contact
or an outlet-crossing regardless of whether the fiber is an isolated fiber
or part of a floc. The streamwise region —15 < x/H < 36 is partitioned
into 320 equal bins; for each bin the number of reinjections attributed
to wall contact is accumulated and normalized by the total number of
reinjections across the entire fiber region, yielding both bin-wise and
domain-integrated wall-hit fractions.

The domain-integrated wall-hit fractions are found to be approx-
imately 16.7% for Case 1, 15.9% for Case 2, 15.8% for Case 3, and
only ~ 2.5% for the low-inertia Case 11. These values reveal a clear
dependence on particle inertia: lighter fibers closely follow streamlines
and predominantly exit the domain through the outlet, whereas heavier
fibers develop larger slip velocities inside the diffuser that produce
stronger transverse motions and an elevated probability of wall contact.
In the present very dilute regime, the per-particle collision probabil-
ity per transit is already small (©@(10~2 —10~1)). Therefore, localized
concentration reductions caused by wall removal and reinjection al-
ter the absolute collision probability only at the same order (ie., by
roughly the reported wall-hit percentages) and do not change dominant
mechanism enhancing local contact rates.
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Fig. 8. Relative trajectories of fibers of Cases 1-3 and 10. Each line represents the trajectory of a single fiber. Colors distinguish different trajectories. Some
trajectories end mid-domain as the analysis was stopped before fibers reached the walls. The streamwise axis is compressed to keep the panel compact and to

highlight transverse and wall-distance variations.

~CL: p = 1380 hg/m?, Greinj = (e, thy, 1) [k, Breing = (@, Wy, @2), Breinj = rand.
—C2: p = 1380 k!//mJa Ureinj = (Uzs 0,0)[k=0, Greinj = (Wes Wy, Ws); Preinj = rand.
- --03: p = 1380 kg/m?, treinj = (U, 0,0)|k=0, Greinj = (We, Wy W), Breinj = (1,0,0)

-=-C10: p=138kg/m®, tireinj = (Ua,0,0)|k=0, @reinj = (Wa, Wy, W:), Preinj = rand.

1.2

0.8

Ocross (x)/H
<o
[=2]

04r i
0.2r 1
0 1 1 1 1 1 L
-15 10 15 20 25 30 35
z/H

Fig. 9. Standard deviation of the transverse fiber positions normalized by inlet
height along the length of the diffuser.

Fig. 10 shows the streamwise distribution of the wall-hit fraction.
Upstream of the diffuser (-15 < x/H < 0), Case 1 — whose reinjected
fibers include nonzero transverse velocity components — exhibits a
higher wall-hit fraction than Cases 2 and 3, whose reinjections are
constrained to the streamwise direction and therefore remain closely
aligned with the mean flow. Inside the diffuser (x/H > 0), the wall-hit
fraction increases notably for the heavier cases as inertia-driven (bal-
listic) deviations from the streamlines promote transverse motions and
subsequent fiber-wall contacts; by contrast, the light-particle Case 11
maintains a low, approximately constant wall-hit fraction consistent
with near-tracer behavior. Farther downstream the heavier cases con-
verge toward similar wall-hit levels, indicating that particle inertia
together with the diffuser geometry sets a comparable wall contact rate
regardless of reinjection kinematics once the flow has fully expanded.
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Fig. 10. Distribution of the wall-hit fraction along the length of the diffuser.

To further explore the influence of reinjection approaches and fiber
inertia, the development of fiber slip velocity is also analyzed. The slip
velocity vector is defined as (i, = 5,—F,), where 7, represents the fluid
velocity experienced by the fiber along its trajectory, and 7;) denotes
the fiber’s translational velocity. For this analysis, the fiber region
(=15 < x/H < 0) is divided into 320 bins of uniform thickness along
the x-direction, and the time-averaged magnitude of the slip velocity
is calculated for fibers with centers of mass within each bin. Fig. 10
presents the normalized magnitude of the average fiber slip velocity,
(léy;1/U,) along the length of the diffuser, where U, is the fluid bulk
velocity. The results reveal a strong correlation between slip velocity
and fiber inertia. The lightest fibers considered (p = 1.38 kg/m?)
consistently exhibit a very low ratio of [i;,|/U, throughout the dif-
fuser, regardless of their reinjection kinematics. For fibers with higher
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Greinj = (Way Wy, W), Prein = (1,0,0)

Fig. 11. Magnitude of average fiber slip velocity normalized by the fluid bulk velocity (U,) along the length of the diffuser.

densities, the curves are grouped, indicating the influence of inertia
on slip velocity behavior. The diffuser creates a localized deceleration:
light fibers responded rapidly and therefore remained closely coupled
to the fluid (small slip), whereas heavier fibers lagged and developed
larger slip.

As illustrated in Fig. 11, the fibers in Cases 1-8 exhibit a similar
evolution trend, again dependent on their inertia with minimal influ-
ence from their inlet kinematics. Upon reinjection, the fibers rapidly
develop a relative velocity with respect to the carrying fluid, reaching
a local peak at x/H =~ —9. Following this location, the slip velocity
magnitude initially decreases and then stabilizes at a relatively constant
value within the region —5 < x/H < 0. This observation aligns with the
findings from Fig. 5, confirming the establishment of a fully developed
flocculation regime prior to the fibers entering the diffuser. A sharp
increase in the magnitude of the relative velocity between the fibers
and the fluid occurs at x/H = 2. In Case 2, the averaged slip velocity
increases rapidly from 0.06U, at x/H = 2 to a maximum of 0.56U, at
x/H = 6. Similarly, in Case 1, it grows from 0.08U, at x/H = 6 to a
peak of 0.79U, at x/H = 6. As previously discussed, this substantial
increase in relative velocity, coupled with the oriented hydrodynamic
resistance tensor, is the key mechanism driving fiber flocculation in
the diffuser (Andri¢ et al., 2016). For fibers with moderate inertia
(p = 460 kg/m®) in Cases 6-8, the magnitude of the fiber slip
velocity generally decreases from x/H = 6 to the end of the diffuser
section at x/H = 21, except for a localized peak at x/H = 11, after
which the slip velocity stabilizes at approximately 0.6U,. This behavior
can be attributed to the fact that fibers, after undergoing a ballistic
deflection, make a transition into the viscosity-dominated regime of
motion where their velocity approaches that of the flow. A similar
trend is observed for fibers with higher inertia, although stabilization
of their slip velocity occurs further downstream. A fully quantitative
identification of the exact peak position would require a dedicated
parametric study, which lies beyond the present study; nevertheless
the L, -scaling may explain the observed peak qualitatively within
the parameter range considered. For instance, for the cases with p =
1380 kg/m> the observed local maxima at x/H ~ 5.1, 11, 16, 20 lay
close to 1,2,3,4x L, supporting a relaxation/overshoot interpretation
in which particles required O(z,) to adjust to diffuser deceleration.

5.4. Fiber alignment

The alignment of the fibers can be characterized by the orientation
of the fiber’s orientation direction (p) relative to any direction of
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interest. It can be quantified using the cosine function, cosy, where y
represents the angle between the fiber principal axis and the direction
of interest. For example, a value of |cosy| ~ 1 indicates perfect align-
ment (parallel), while cos(y) = 0 indicates a perpendicular alignment
to the direction of interest. The alignment trends are further analyzed
using the probability density function (PDF) of the cosine function
cosy. The PDF is computed using f(¢) = N,/N, where ¢ = & and
¢ is the ith variable of interest (e.g., cosine function of a specific angle
between fiber principal axis and x-direction), N is the total number
of samples used, N, is the number of fibers that fall within a given
bin [¢, ¢ + A¢] with a bin size of Ap = (¢,,x — Pmin)/Np and Ny is the
number of bins (Njobuenwu and Fairweather, 2016). The normalization
condition Zl’f f (¢;) = 1 ensures the PDF integrates to unity.

The alignment of the fibers with respect to the x-axis is studied in
Fig. 12. Fig. 12(A) shows the evolution of fiber alignment, quantified
by the average absolute value of cosa, where « is the angle between
the fiber’s principal axis and the streamwise direction (x). This value
is averaged within each of 320 bins of uniform thickness along the
streamwise direction of the fiber region —15 < x/H < 36. Fig. 12(B)
presents the probability density function (PDF) of the direction cosine.
It is important to note that the statistics presented in Fig. 12(B) are
sampled exclusively from fibers traveling within the straight inflow
channel —-15 < x/H < 0.

In Fig. 12(A), light fibers (p = 1.38 kg/m?) reinjected along the
x-axis (Case 11) maintain a strong alignment with the streamwise
direction throughout the horizontal inlet channel (-15 < x/H < 0),
as also evidenced in Fig. 12(B), where the PDF of the average direction
cosine of the angle « exhibits a sharp peak at cosa ~ 1 with minimal
distribution across other orientations. This strong alignment indicates
that light fibers in Case 11 predominantly retain their orientation,
experiencing limited reorientation as they move downstream. The ini-
tial alignment with the streamwise flow, combined with low inertia,
enables these fibers to stay oriented along the flow direction with little
resistance, reducing collisions and contributing to low flocculation,
as previously observed in Fig. 6. Light fibers reinjected with random
orientations (e.g., Cases 9 and 10) demonstrate a tendency to reorient
along the flow, gradually shifting from cosa ~ 0.51 at x/H ~ -15
to cosa ~ 0.75 at x/H =~ 0 (Fig. 12(A)). The PDF of the average
direction cosine in Fig. 12(B) further illustrates this reorientation trend,
showing two peaks at cosa = 1 alongside flatter
regions, indicating incomplete alignment across the population by the
time of measurement, and suggesting that some randomness persists.
This broader orientation distribution fosters more frequent interactions

-1 and cosa ~
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Fig. 12. (A) Development of the average direction cosine of the angle a between the fiber principal axis (p) and the global x-axis along the diffuser length, (B)
Probability density function of the direction cosine, PDF(cos ) of the angle a between the fiber principal axis and the x-axis for fibers traveling within the inlet

channel —15 < x/H < 0.

and collisions among fibers, thus increasing flocculation likelihood, as
seen for Cases 9 and 10 in Fig. 6.

In Fig. 12(B), Case 3 which involves heavier fibers with the refer-
ence density p = 1380 kg/m? reinjected similarly to Case 11, exhibits
two peaks at cosa ~ —1 and cosa = 1, indicating a strong parallel
alignment with the streamwise direction. For Case 4, where heavy
fibers are initially oriented perpendicular to the streamwise direction,
the PDF shows a peak at cosa ~ 0, indicating a strong preference
for perpendicular alignment. Fig. 12(A) illustrates that both Case 3
and Case 4 show a shift toward random alignment by the diffuser
entrance, potentially influenced by several factors. First, heavy fibers,
owing to their higher momentum, do not immediately respond to flow
direction changes, leading to oscillations around the flow direction or
transient random orientations as they gradually adjust. Additionally,
shear-induced rotation near channel walls and high-gradient regions
may apply asymmetric forces across fibers, which can disrupt initial
alignments and promote more randomized orientations. In Fig. 12(B),
for reference fibers with randomly set initial orientations (Cases 1, 2,
and 5), the PDF of cos a show relatively flat profiles, varying by approx-
imately 3%, indicating a random distribution of fibers orientation with
no clear preferential alignment within the inflow channel. As noted
earlier, this broader distribution of orientations increases the likelihood
of fiber-path crossing and interactions, contributing to higher amount
of flocs formed in cases where the fiber orientation is randomly set
upon reinjection compared to cases initially aligned along the x or
y-axis.

Interestingly, Fig. 12(A) shows that the average fiber orientation
relative to the streamwise direction converges to [cosa| ~ 0.6 at the
end of the diffuser, regardless of fiber inertia or reinjection kinematics.
This value closely matches the theoretical expectation for randomly
oriented fibers, where the average absolute value of cosine is |cosa| =
3 ~ 0.63. The observed alignment suggests that fiber orientations
are largely randomized by strong velocity gradients, turbulence and
flow instabilities, with the slight deviation from the theoretical value
likely due to flow-induced biases or directional preferences within the
diffuser.

Fiber inertia strongly influences the evolution of fiber alignment.
Fig. 12(A) shows that heavy fibers exhibit smoother orientation curves,
reflecting more stable orientations and synchronous flipping at specific
locations. Their greater momentum and resistance to rapid directional
changes result in less frequent orientation adjustments compared to
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lighter fibers, highlighting that fiber inertia strongly affect the timescale
of reorientation. Regarding the impact of reinjection linear and angular
fiber velocity on fiber alignment, a comparison between the results
from Cases 1 and 2 for heavy fibers (p = 1380 kg/m?), and Cases 9
and 10 for light fibers (p = 1.38 kg/m?) indicates that changes in linear
velocity have minimal impact on fiber alignment with respect to the x-
axis (see Fig. 12(A)). However, varying the reinjection angular velocity
appears to significantly affect the orientation evolution, as highlighted
by the results from Case 5.

6. Conclusions

The present study investigated the flocculation behavior of rigid
fibers suspended in flow through a diffuser, focusing on the effects
of fiber reinjection approaches and fiber inertia. The motion of the
fibers was numerically simulated using the rod-chain model for rigid
fibers, as used by Lindstrom and Uesaka (Lindstrom and Uesaka, 2007)
and Andri¢ et al. (2013). Large Eddy Simulation (LES) was applied
to resolve the detailed flow dynamics and fiber-flow interactions. Ad-
ditionally, short-range attractive forces responsible for floc formation
were considered.

The analysis of the mass fraction of two-fiber flocs identified four
distinct growth flocculation regimes, each characterized by different
growth rates. The first regime, from x/H = —15 to x/H ~ -7, is
marked by an initial rapid rise in floc formation, followed by a more
gradual nearly linear growth. The reinjection approach plays a key
role in the evolution of the flocculation process in this region. In the
second regime, spanning from x/H = —7 to x/H = 5, flocculation
proceeds at a constant rate across all cases, indicating that fiber motion
has reached a fully developed state, and it is now independent of the
reinjection approach. The third regime, from x/H = 5 to x/H = 19,
exhibits a sharp increase in the flocculation rate due to the ballistic
deflection of the fibers. As the flow velocity decreases in the diffuser,
the velocity difference between the fibers and the flow, combined
with the influence of hydrodynamic resistance tensor, causes signifi-
cant deflection of fiber trajectories. This ballistic deflection leads to
increased fiber—fiber collisions, enhancing flocculation, and emerges
as the dominant mechanism driving flocculation within the diffuser.
Finally, in the fourth regime, downstream of x/H = 19, flocculation
approaches a nearly fully developed state.
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The degree of flocculation in the straight inflow channel is highest
when fibers are reinjected with random orientations and their linear
velocity components are derived from the three-dimensional instanta-
neous flow field. When fibers are reinjected with only the streamwise
component of the time-averaged velocity, flocculation decreases, and
it is further suppressed when fibers are aligned with the flow direction
upon reinjection.

The impact of fiber inertia on flocculation behavior was also ex-
amined, revealing that denser fibers exhibit greater flocculation ten-
dencies. Lighter fibers, in contrast, align more closely with streamlines,
experience lower slip velocities, and undergo fewer collisions, leading
to reduced floc formation. Additionally, the reinjection approach plays
a more pronounced role in flocculation dynamics for heavier fibers,
demonstrating that the interplay between fiber inertia and reinjection
kinematics significantly influences floc formation and growth.

The analysis of fiber alignment within the diffuser provided key
insights. Regardless of fiber inertia or reinjection kinematics, the ori-
entation of fibers with respect to the streamwise direction converged
to a common value by the outlet duct, suggesting that turbulence
within the diffuser randomizes fiber orientation, resulting in a relatively
uniform alignment downstream. However, heavier fibers exhibited less
reorientation compared to lighter fibers due to their higher momentum
and greater resistance to flow-induced rotation, indicating that inertia
influences the timescale of fiber reorientation.

To place the reinjection study in context, it is emphasized that rein-
jection is a modeling assumption and that quantitative inlet statistics
for reinjected fibers are not available from measurements. A refer-
ence reinjection condition (Case 2) is therefore adopted to represent
a fully developed, predominantly streamwise approach flow in a sta-
tistically unbiased manner. The remaining prescriptions (e.g., retaining
additional translational velocity components or imposing aligned ori-
entations) are treated as sensitivity tests to bracket the influence of
non-equilibrium inlet kinematics on the onset of aggregation near
the diffuser entrance. Establishing reinjection conditions in a predic-
tive, device-specific sense would require dedicated experiments and/or
higher-fidelity two-way coupled simulations, which is beyond the scope
of the present work.

Despite offering valuable insights into rigid-fiber flocculation in
an asymmetric diffuser, the present study has several limitations. We
model irreversible sticking and treat formed flocs as rigid bodies,
with focus on early-stage, predominantly two-fiber collisions in a di-
lute regime; consequently, floc deformation, bond breakage, internal
rearrangement and the downstream persistence of large multi-fiber ag-
gregates are likely underestimated. We also assume a fixed fiber length
and omit contact physics such as friction and short-range repulsion,
while only dilute suspensions are considered. These simplifications
limit the applicability of our results and motivate future extensions
to finite-strength bonds, deformable flocs, variable fiber lengths and
higher volume fractions (with two-/four-way coupling).
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