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ABSTRACT

This study examines how particle shape influences collision dynamics in turbulent channel flow using direct numerical simulation
(DNS) with Lagrangian tracking and fully resolved four-way coupling. Rigid ellipsoids across aspect ratios are simulated with
inertia-driven translation, hydrodynamic forces, and quaternion-based rotation. Needle-like particles align more strongly with

the local shear, reducing turbulent scattering and producing lower collision velocities with narrower angle distributions. Nearly

spherical particles respond more intensely to turbulence, yielding broader collision statistics. Some features, such as spanwise
velocity fluctuations, remain largely shape-independent, highlighting the dominance of lateral turbulent motions.

1 | Introduction

Particle-laden flows occur widely in both natural environments
and industrial processes, from the development of riverbeds [1]
to the transport of nuclear waste [2]. In many such systems,
small, dense particles collide frequently. In many cases, these
particles are non-spherical, for example, in papermaking [3] or
within clouds [4]. Understanding both the particle-scale and
bulk-scale dynamics of such flows is essential for predicting
large-scale phenomena, such as dispersion, deposition, turbu-
lence modulation, and clogging. This knowledge allows for the
optimization of processes and ensuring the safety and reliability
of new technologies.

In recent years, advances in computational performance have
allowed direct numerical simulation (DNS) and Lagrangian
particle tracking (LPT) methodologies to aid the prediction of
particle-laden flows at industrially relevant particle inertia and
solid-phase volume fraction. These tools have successfully repro-
duced many bulk behaviors reported experimentally, including
turbophoresis and preferential concentration [5]. In fact, modern

computational fluid dynamics can now resolve particle-scale
interactions with a level of detail that often exceeds what is
achievable experimentally. As such, first-principles approaches,
particularly DNS, which resolves spatial and temporal scales
down to the Kolmogorov length scale [6], remain indispensable
for accurately studying key physical phenomena. Comprehensive
overviews of recent advances in particle-laden turbulent flows,
including developments in DNS, LPT methodologies, particle-
turbulence interaction mechanisms, and modeling challenges
across coupling regimes, are provided by [7].

It should be noted that the present study employs a point-particle
(sub-grid) approach, where the ellipsoidal particles are tracked
in a Lagrangian framework and coupled to the fluid via point-
force correlations. This approach is computationally efficient for
high particle counts but relies on established closure models
for the hydrodynamic forces, such as the drag and lift forces.
Although this work focuses on point-particle LPT, an alternative
approach is the use of fully resolved simulations (FRS), where
the flow around each individual particle is explicitly resolved
on the numerical grid [8]. Such methods provide high-fidelity
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data on the torque and stress distributions across a non-spherical
particle’s surface, which can sometimes reveal deviations from
point-particle predictions, particularly regarding wake effects and
particle-turbulence modulation in the dense regime [9]. However,
due to the high computational cost of resolving thousands of
non-spherical particles, FRS remain outside the scope of this
investigation.

Significant contributions have been made in the study of spherical
particle-laden turbulent flows at low-volume fractions (¢, <
10™°) where one-way coupling is sufficient and particles do
not influence the carrier flow. These studies have clarified the
mechanisms governing particle migration, such as preferential
concentration and turbophoresis. Preferential concentration is
strongest at moderate Stokes numbers, where particles cluster
within low-speed streaks and near-wall regions [10]. Turbophore-
sis describes the tendency of particles to move towards areas
with lower-than-average turbulence kinetic energy and has been
shown to scale with the particle Stokes number across the mod-
erate range [11]. Extensive research on near-wall dynamics has
revealed diverse particle behaviours arising from different mate-
rial properties and inertia [12]. The dynamics, both translational
and rotational, of non-spherical ellipsoidal particles has also been
studied using one-way coupled LPT simulations. However, the
majority of such studies focus exclusively on prolate ellipsoids
with aspect ratios 4 > 1, often referred to in the literature as
fibers. These works report that aspect ratio has a limited influence
on clustering, preferential concentration, or segregation [13] but
strongly affects near-wall behavior with longer fibers depositing
more readily and showing strong alignment with the streamwise
direction, with this weakening as inertia increases. The broader
implications of particle anisotropy for dispersion, alignment, and
rotational dynamics in both homogeneous and wall-bounded
turbulence are extensively discussed by Voth and Soldati [14],
who highlight how shape fundamentally alters particle—flow
coupling mechanisms.

As the particle volume fraction increases (107° < ¢, < 107%),
the feedback of particles on the fluid becomes non-negligible,
requiring two-way coupling. This is commonly implemented via
momentum exchange between the particles and the fluid [15].
Studies of wall-bounded turbulence show that large particles
enhance turbulence, whereas small particles dampen it. Inter-
estingly, this trend diminishes at low particle-to-fluid density
ratios, even when the Stokes numbers are matched. At increased
Stokes numbers, inertial particles respond sluggishly to rapid
flow variations and preferentially accumulate in low-turbulence
regions, suppressing local turbulent activity and disrupting
energy transfer across scales [6].

As the volume fraction increases further, to around ¢, > 1073,
the translational and rotational motion of the particle begins to
be affected by inter-particle collisions which at this point occur
very frequently. It is therefore necessary for simulations to be able
to detect and resolve such collisions which is computationally
expensive, especially in the case of non-spherical particles.
Collision-dominated particle-laden turbulence has been widely
explored; for example, one study found that low-Stokes number
particles favor regions of irrotational dissipation, and that relative
collision velocity increases with Reynolds number [16]. Four-way-

coupled LPT simulations of vertical channel flows have shown
that even microparticles at very low volume fractions (¢, ~ 107°)
can significantly modify turbulence due to the high frequency of
collisions [17]. Although some studies have incorporated four-way
coupling and non-sphericity, quantitative analysis of how particle
shape influences collision dynamics remains limited. Existing
work suggests that ellipsoids collide more frequently, and with
higher relative velocities, than spheres of equal volume [18].
For high-inertia particles, collisions strongly alter momentum
transfer and slip-velocity orientation, making four-way coupling
essential at intermediate Stokes numbers [5].

A range of collision-detection strategies have been developed,
including neighbor-list approaches and stochastic models. In
the present work, we employ a deterministic, partition-based
scheme [19] combined with a hard-sphere collision model. More
advanced algorithms for non-spherical particles approximate par-
ticle volumes using assemblies of overlapping fictitious spheres
[20], thus allowing collision handling to follow procedures like
those used for spherical particles.

Few studies have examined particle-laden turbulence under the
combined conditions of high particle inertia, non-sphericity,
and fully resolved four-way coupling. In this work, we conduct
simulations at comparatively high-particle loadings that capture
these effects simultaneously, enabling a detailed investigation of
shape-dependent collision dynamics and the mechanisms gov-
erning momentum and orientation exchange during turbulent
interactions.

This study aims to deepen understanding of collision-driven
dynamics in wall-bounded, particle-laden turbulent channel
flows, with a particular emphasis on the roles of particle non-
sphericity and high inertia. Ultimately, our goal is to provide
mechanistic insight and to generate collision statistics within
well-validated canonical turbulent channel flow.

2 | Methodology
2.1 | Fluid Phase Modeling

To obtain fully resolved predictions of the carrier-phase flow,
we employ the spectral element DNS solver Nek5000 [21]. The
code uses seventh-order polynomial approximations within each
element and is well suited for the present study due to its
open-source flexibility, efficient parallel scalability, and extensive
validation record. We simulate a turbulent channel flow at a
shear Reynolds number Re, = u, §/v; = 300, where u, is the
shear velocity, § is the half channel height and v; is the fluid
kinematic viscosity. Although higher Reynolds numbers are
encountered in industrial applications, this canonical value is
selected to provide a well-resolved turbulent channel flow that
allows for a controlled, fundamental investigation into the effects
of particle morphology on collision statistics without excessive
computational cost. The dynamics of the continuous phase
are governed by the incompressible Navier-Stokes equations,
expressed in non-dimensional form as

V-u;=0, €))
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FIGURE 1 | Computational mesh demonstrating element spacings
and increased near-wall nodal density. The size of the domain is specified
in terms of the characteristic length scale § = 0.02 m, the half channel
height.

Du;,

Dt*

=-Vp'+ R_erzuF + 16 + £y @

where uj(x*,t*) is the fluid velocity vector at position x* and
time £*, p*(x*,t*) is the fluid pressure, Rey = uy 6/vy is the bulk
Reynolds number, f; is a constant pressure gradient forcing term
and £}, is an arbitrary cell-dependent forcing term accounting
for two-way momentum exchange between the particles and
the fluid. Parameters marked with an asterisk (*) signify a
non-dimensional variable obtained from the bulk properties (3,

ug, pp), where pp is the density of the fluid.

The computational domain is discretized using a structured mesh
comprising 27 x 18 x 23 spectral elements (approximately 3.9
million grid points). Element spacing is refined in the wall-
normal direction and is uniform in the streamwise and spanwise
directions. The coordinate directions x, y, and z correspond to
the streamwise, wall-normal, and spanwise axes, respectively. The
domain and associated mesh are shown in Figure 1. A constant
time step of At* = 0.0025 is used for both the fluid and particle
solvers. This value is chosen such that both translation and
rotation are fully resolved and that collisions are well handled.
Periodic boundary conditions are applied in the streamwise
and spanwise directions, whereas no-slip and impermeability
conditions are imposed at the walls located at y* = +1. The
channel flow is driven by a constant pressure gradient in the
streamwise direction chosen to achieve the desired Reynolds
number, with magnitude:

dp* Re, 2
dx* <ReB> ‘ ®)

2.2 | Lagrangian Particle Tracking

Particle trajectories and orientations are computed using a
Lagrangian particle-tracking framework developed to run in
parallel with Nek5000. Each particle is treated as a point
mass whose position, velocity, orientation (via quaternions), and
angular velocity are updated every time step by integrating a
set of non-dimensional equations of motion. The translational
dynamics are obtained from the balance between the particle
inertia and the hydrodynamic forces exerted by the carrier fluid.
The model accounts for drag, lift, virtual mass, and pressure-
gradient forces. The Basset history force is omitted due to its high
computational cost and limited influence under the present flow

conditions. Gravity and buoyancy are also neglected to isolate
turbulence-particle interactions.

For rotational motion, particle orientation is represented by
quaternions, and angular velocities are updated using Euler’s
equations for rigid-body rotation. The torques considered
include those arising from viscous resistance on a rotating
ellipsoid and the coupling between angular motion about
different axes associated with unequal principal moments
of inertia.

2.21 | Geometry of the Non-Spherical Particles

The particles are prolate ellipsoids defined by

xl 2 y/ 2 Zl 2
(5)+(5) +(5) = @
where a, b, and c are the semi-principal axes along the particle
frame axes X', )’, z/, respectively. Throughout this work, we
impose a = b and define the aspect ratio as 4 = c¢/a. The solid

phase is characterized by the particle density p,, aspect ratio 4,
and the volume fraction:

4 N
$p = 3 macy, 5)
F

where N, is the number of particles and V. is the fluid domain
volume.

Three coordinate systems are employed: the particle-fixed frame
x’, centred at the particle centroid; the global frame x; and a co-
moving frame x’’ that shares the particle centroid but remains
aligned with the global axes. Transformations between x’and
x'’ use the rotational matrix:

X/ - éx// (6)

where A is a time-dependent quaternion-derived rotation matrix,

with quaternion components q = [q,.,9;,9,,9;]" satisfying q; +
g7 + g2 + g2 = 1. The explicit form of A is given by the following
equation:

1-2(q;+93) 219 +99:) 2(q:19; — 4oq2)
é =12(q1q2 — 9oqs) 1- 2(‘1% + ‘ﬁ) 2(q295 + 90q1) 7

2

2(19s + 9092) 20295 — Qoq1) 1 - 2(‘]% +q3)

The rotation matrix in Equation (7) follows a passive rotation
convention, mapping vectors from the global frame to the
particle-fixed frame. The quaternion evolution is governed by

9o —91 =92 —4s 0
d_q 11a @ -9 92 || Qv ®)
de* 2(q g5 qo =@ || Q|

4~ @ Qo 1LQ»

where Q,,Q,,Q, are the angular velocity components in the
particle frame.
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2.2.2 | Translational Motion

The particle translational motion satisfies

dx), .

W =u,, 9
&éz—L—W + F, + Fyy + Fpgl (10)
At My D L VM pGl>

where My = (1 + 1/2p*) is the non-dimensional virtual mass
factor and p* = p,, /pp. The drag force is

AN ful|u W
)5 B ——

20*V,
where V;, = (4/3)ma**c* and uj = u}, — u;, is the slip velocity. The
projected areas associated with drag and lift are as follows [22]:

2
Ap =ma? \/cos2 (a) + <%) sin” (a) , (12)

2
A, =ma? \/sin2 (a) + (%) cos? (a), 13)

where o is the angle of incidence defined as the angle between the
slip velocity u; and the direction of the principal particle axis z'.

The dimensionless drag coefficient C}, for non-spherical particles
is calculated using the correlation proposed by Ganser [23]. The
drag coefficient is dependent upon the projected area A, and
is therefore orientation-dependent through its sensitivity to the
angle of incidence a. The correlation is expressed as

Cp 24 0.6567
— = ———— |1+ 0.118(Re, K K ]
K,  Re,KK, [ +0.118(Re, K K:)

0.4305

+ , 14)
1+ 3305/ (Re K K,)

where Re, =u; d., /vy is the particle Reynolds number com-
puted using the equal volume sphere diameter d,, = 2a1'?, K, =
1 05 1 1.8148(— log @)

S (d,/de, +29;"°) and K, =10 are the Stokes
and Newton shape factors that model the particle sphericity and
orientation, respectively, d, = \/4A, /7 and @, = 5/S, where @, is
the particle sphericity, defined as the ratio of the surface area of
a sphere having the same volume as the particle, s, to the actual
surface area of the non-spherical particle, S.

The use of this orientation-dependent, projected-area-based for-
mulation enables the simulation of a continuous range of aspect
ratios, encompassing both prolate and oblate ellipsoids, without
requiring geometry-specific recalibration or additional particle-
resolved DNS data. In contrast, correlations, such as those
proposed by Zastawny et al. [24], Ouchene et al. [25], and
Chéron et al. [26], are derived for specific particle geometries and
calibrated over restricted parameter ranges.

For the low particle Reynolds numbers considered in the
present work (Re, ~ 1), comparison with published DNS data
for prolate ellipsoids at similar aspect ratios shows that the

projected-area-based Ganser [23] formulation yields average
absolute errors comparable to, and in some cases lower than,
geometry-specific correlations (for further details see Appendix
A). This demonstrates that, within the particle Reynolds
number and aspect ratio ranges relevant to this study, the
projected-area-based model provides sufficient accuracy while
retaining broader applicability than the alternative correlations
noted above.

The lift coefficient satisfies [22]:

C
el = [sin” (@) cos? (a)| , (15)
ICpl
and the lift force is [22]
O PP (7 xu] xu’ (16)
L= Zp*V; L>-L [u s s

The pressure-gradient and virtual mass forces are as follows [5]:

1 Duj
Fpog = — 1
PG p* Dt* ’ (7)
1 Du; (18)

Fyy = — .
YM ™ 20+ Dt

The translational equations of motion (Equation 10) include the
pressure-gradient and virtual mass forces for physical complete-
ness, noting that these specific closures were originally derived
for spherical particles. Computation of the lift coefficient in
Equation (15) is adapted for non-spherical geometries using an
analytical trigonometric relationship dependent on the angle
of incidence. Although it is recognized that such point-particle
correlations may lose accuracy under conditions of flow sepa-
ration at high angles of incidence or complex wake interactions
(phenomena not fully resolved in the LPT framework), the high
particle-to-fluid density ratio ensures that these auxiliary forces
remain secondary to drag and particle inertia.

2.2.3 | Rotational Motion

Aoy, 2000 - A, + (4 A, — Q)]

z'y! z'y!

de= Rez(B, + A27,)(A + 12)p*a*?

2 * *
¥ (1‘ m) Oy ar

dQi,  20[(A* = Dd?, , + (A2 + 1)(wf, , — Q;,)]

'y’ x'z! x'z!

dex Reg(ay + 127)(1 + A12)p*a*?
2
2 _1)ono,
()

do;, 20 (w;xr - Q)

dt* — RegzQay)p*a2

19)

The final equations of motion for the rotation of the prolate
(4 > 1) ellipsoid particles are given by Euler’s equations of
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rotation presented below in a simplified dimensionless form in
Equation (19) [13].

It should be noted that while the hydrodynamic torques in
Equation (19) are derived from the Jeffery formulation, which
is strictly valid for inertia-free ellipsoids in Stokes flow, they are
implemented here within a full rigid-body rotational framework.
By solving Euler’s equations, we explicitly account for the parti-
cle’s principal moments of inertia. This ensures that the angular
velocity is a predicted state variable rather than an instantaneous
function of the local fluid velocity gradient. This approach is
consistent with the treatment of translational inertia and provides
a reasonable estimate for the low to moderate particle Reynolds
numbers observed in this study, where the viscous torque domi-
nates over fluid-inertia-induced torque corrections [13]. Here the
elements of the deformation rate tensor (d,, and d,) and the
spin tensor (@, @, and w,,) are defined as follows:

1 auzr auy’ 1 aux’ auzr
dZ’y"E <6y’ +W>’dx’2’_§ (62’ + 6x’>’
_ 1 5uzr auy’ _ 1 auxr 5uzr
Dzy =3 dy! oz’ )’ oz =3\ T ax )

1 [(du, Ouy
Wyt —E (a—y,—ﬁ> (20)

Elements of the deformation-rate tensor and spin tensor are
obtained from the transformed velocity gradients:

G[/j/ = éG[jé71 (21)

The non-dimensional coefficients o, = 3, , and y, for a prolate
ellipsoid (4 > 1) are defined as [27]

I S SR & o V/ g
-1 ey \aeve-1)
2 A ln(A—\w-l)
A2-1 qe_1y? \a+ve-1

Equations (8)—(10) are advanced in time using a fourth-order
Runge-Kutta method, whereas the rotational Equations (19) are
integrated using the mixed explicit-implicit scheme of [27] due to
their stiffness. The particle solver shares the same time step as the
fluid solver.

(22)

Yo

2.2.4 | Coupling

At higher volume fractions, particle-fluid momentum exchange
isincluded via a source term in the Navier-Stokes equations. The
acceleration added to fluid cell i is as follows [15]:

Npi Ayy
g o Lo
WV Ao

(23)

where V[ is the cell volume and N,; is the number of
particles within the cell. Only contributions from hydrody-

TABLE 1 | Fixed parameters.

Fixed parameter Value
Number of particles, N, 300000
Particle volume, V, 6.55x107*
Volume fraction, ¢, 1.4 x107*
Shear Stokes number, St™ 50
Density ratio, p* 400
Shear Reynolds number, Re, 300
Bulk Reynolds number, Reg 4900

namic forces (drag, lift and virtual mass) are included in the
acceleration term.

Inter-particle collisions are detected using a circumscribed
bounding sphere with a radius equal to the particle’s semi-major
axis. Although this approach simplifies the contact geometry and
inherently overestimates the collision cross-section, particularly
for the needle-like particles, it serves as a computationally
efficient and conservative model for high-inertia interactions.
However, as the primary focus of this study is the investiga-
tion of translational collision dynamics, this approximation is
considered sufficient to capture the dominant physical trends.
Future work will look to incorporate more resolved collision
models, such as the multi-sphere assembly approach [20], to
further refine orientation-dependent interaction statistics. A
deterministic binary collision detection method [28] is employed:
Particles are binned into a coarse mesh each time step, and
potential collisions are identified by examining relative velocities
and positions within each cell. A secondary pass identifies missed
interactions. Collisions are assumed perfectly elastic and are
resolved using conservation of momentum and kinetic energy,
with particle positions adjusted to remove overlap.

Particle-wall collisions are treated as perfectly elastic using
the same bounding-sphere approximation employed for inter-
particle interactions. This restitution-based approach assumes
the rebound occurs at the particle centroid, effectively neglecting
the torque generated by the lever arm between the actual particle-
tip contact point and the center of gravity. Recent high-fidelity
modeling [29] indicates that explicitly resolving the particle-wall
contact point and the exchange between translational and rota-
tional momentum can significantly alter near-wall orientations
and concentrations. However, due to the focus on the transla-
tional collision dynamics, and the high particle numbers consid-
ered, a computationally efficient simplified model was used.

3 | Results and Discussion

We first focus on validation of the model and the collision
dynamics of both needle-like (prolate ellipsoids) and near-
spherical particles. The fixed parameters for the model are
outlined in Table 1. Two volume equivalent particle morphologies
are considered with the case specific parameters given in Table 2.

The particles were injected into the domain with random initial
position and orientation. The initial velocity was inherited from
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TABLE 2 | Case-specific particle phase parameters.

Case a* c* A

Near-spheres 0.002492 0.002517 1.01

Needles 0.001462 0.007310 5
] — Present

o Marchioli and Soldati (2007)

1673 16-2 R e

y

FIGURE 2 | Profiles of mean fluid streamwise velocity for turbulent
channel flow at Re; = 300 compared to results from [22].

the fluid, and the initial angular velocity was set to zero. Statistics
are reported for the full run-time; transient effects from particle
injection were monitored and found to be negligible, with initial
condition biases dissipating within a few Stokes time units.
Analysis breaks the flows into two distinct regions where the flow
conditions are known to differ significantly, namely, the viscous
sublayer (VS) (0 < ly*I < 0.027), close to the wall where the flow
is strongly dominated by shear, and the bulk flow (BF) (0.2 <
[y*| <1.0), near the channel center where the turbulence is more
isotropic. The data of over 1000 binary collisions were collected
for each morphology in each region and used to compute collision
statistics.

To ensure a rigorous comparison between the different morpholo-
gies, the needle-like and near-spherical particles are modeled as
volume-equivalent. Given that both cases employ the same mate-
rial density, the individual particle mass, total solid mass loading,
and volume fraction are identical across all simulations. Conse-
quently, any observed differences in turbulence modulation or
collision statistics are not artifacts of mass loading but arise solely
from the particle shape and the resulting orientation-dependent
hydrodynamic forces.

3.1 | Validation
3.1.1 | Fluid Phase Validation

A single-phase turbulent channel-flow simulation (unladen) was
performed to obtain a statistically stationary turbulent flow
field at Re. = 300. Figures 2 and 3 present the mean stream-
wise velocity profile, the root-mean-square (RMS) of velocity
fluctuations, and the dominant shear stress component. These
quantities are compared with the reference data in [30], showing
generally good agreement, with only minor deviations observed
in the shear stress. This validation confirms the accuracy and

fa —— Present
0.15 4 RMS o Marchioli & Soldati (2007)

0.10

0.05

—0.05¢

FIGURE 3 | Profiles of RMS of velocity fluctuations/shear stress for
turbulent channel flow at Re, = 300 compared to results from [22]. RMS,
root-mean-square.

0.8
—8— |cos(6y)|
0.7 —&— |cos(6))|
—e— |cos(6;)]
0.6
%
7 0.5
o
S
0.4
0.3
0265 02 0.4 0.6 0.8 10
,

FIGURE 4 | Profiles of absolute direction cosines for needle-like
particles.

reliability of the numerical setup for representing turbulent
channel flow.

3.1.2 | Orientational Dynamics Validation

Here a one-way coupled multi-phase turbulent channel flow at
Re, = 300 laden with needle-like particles of aspect ratio 4 = 5.0
(parameters given in Tables 1 and 2) was simulated. We quantify
particle alignment by evaluating the cosine of the angles (6,.6,,6,)
between the axes of the co-moving frame x'* and the particle’s
principal axis z'. These quantities, known as the direction cosines,
cos(6;), provide a measure of how strongly a particle aligns with
each axis. Values of cos(6;) ~ 1 indicate strong alignment with
axis i, whereas cos(;) ~ 0 indicate little or no alignment. The
corresponding probability density functions (PDFs) are obtained
using Gaussian kernel density estimation [31].

Figures 4 and 5 quantify the alignment behavior of the needle-
like particles. Figure 4 presents the profiles of the absolute
mean direction cosines as a function of the wall-normal distance,
whereas Figure 5 shows the corresponding absolute direction-
cosine PDFs separated by flow region. As shown in Figure 4,
particles tend to align with the mean streamwise direction in the
near-wall region due to the strong local shear. This alignment
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FIGURE 5 |

Absolute direction cosine PDFs by wall normal location for needle-like particles, (left) streamwise alignment, (right) wall normal

alignment, and (bottom) spanwise alignment. BF, bulk flow; VS, viscous sublayer; PDFs, probability density functions.

decreases rapidly toward the channel center, where no preferen-
tial orientation is observed. This behavior is qualitatively consis-
tent with the observations in [13], where similar simulations were
performed for particles with aspect ratio A = 3 in a channel flow at
Re, = 150. The stronger alignment observed in the present study
is expected given the larger aspect ratio of our particles.

Figure 5 further supports these trends: strong streamwise align-
ment is observed within the VS, which diminishes in the BF
region. The spanwise and wall-normal components exhibit simi-
lar behavior, showing strong anti-alignment with their respective
axes near the wall, followed by a progressive weakening toward
the channel center. This validation confirms that the particles
respond to the local flow conditions as intended and high-
lights important differences between the flow regions that help
explain the variations in collision dynamics observed across
our cases.

3.2 | Particle Collision Dynamics

Two multiphase turbulent channel-flow simulations were carried
out at a shear Reynolds number of Re, = 300. The channels
were laden with two volume-equivalent particle morphologies
representing needle-like particles and near-spherical particles
(see Table 2). The relatively high Stokes number of the particles
was selected to ensure that the collision behavior is representative
of conditions relevant to the nuclear industry. The number of
particles, and thus the overall volume fraction, was chosen so that
collisions occur frequently and four-way coupling is required to
fully capture the collision dynamics. When a collision is detected
the code records statistics for each particle which are used to
produce PDFs using Gaussian kernel density estimation.

3.2.1 | Relative Collision Velocity

The relative collision velocity |u;| = ||u;“71 - u;z ||, where u;;l and
u’, are the velocities of particle one and two, respectively, is the
magnitude of the difference between the velocity vectors of the
particles at the point of collision. Higher values indicate more
energetic collision while lower values indicate that the particles
are moving more similarly.

Although the relative collision velocity is presented in non-
dimensional form, its magnitude is physically significant when
compared to the local transport scales. On the basis of the mean
streamwise velocity profiles (see Figure 2), the particle velocity
u* peaks at approximately 1.2 in the BF and ranges from roughly
0.0 to 0.6 within the VS.

Figures 6 and 7 show the relative collision velocity PDFs of
the near-spherical and needle-like particles in the VS and BF
region, respectively. Clear differences between the morphologies
are evident. In the VS, the needle-like particles exhibit less
variation in relative velocity than the near-spheres. This is directly
attributable to the strong streamwise alignment established in the
validation phase (see Figure 4), rather than collisional damping as
the model employs fully elastic inter particle and wall collisions.
As particles align with the local shear, their velocity vectors
become more uniform, leading to less energetic interactions. The
difference in variance between the two PDFs is smaller in this
region because the shear-dominated environment near the wall
constrains the motion of both morphologies in a similar way.

In the BF region, the relative velocity is lower because the weak
mean shear exposes neighboring particles to more uniform fluid
velocities. Here, the variance difference between the morpholo-
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FIGURE 6 | Collided particle absolute relative velocity PDFs show-
ing collisions in the viscous sublayer. PDFs, probability density functions.

17.5¢

FIGURE 7 | Collided particle absolute relative velocity PDFs show-
ing collisions in the bulk flow region. PDFs, probability density functions.

gies becomes more pronounced. As shown by the direction-cosine
PDFs in Figure 5, particles in the BF exhibit more isotropic
orientations than those in the VS. However, the needle-like
particles still display far less velocity variation than the near-
spheres. This may occur because the elongated geometry of the
needles provides a filtering effect, where the particle averages
the fluid velocity along its major axis, effectively damping the
response to small-scale, high-frequency turbulent fluctuations.
In contrast, the near-spherical particles lack this orientational
stability and are more susceptible to isotropic scattering by the
chaotic, small-scale motions present in the BF, leading to the
broader relative velocity distributions observed.

3.2.2 | Relative Collision Angle

The relative collision angle uy = cosfl[(u;‘71 . u;z) / |u;"71 | IuZZI] is
the angle between the velocity vectors of colliding particles in
radians. High angles (approaching ) indicate head on collisions
while low angles (approaching 0) indicate glancing collisions.
Figures 8 and 9 show the relative collision angle PDFs of the
near-spherical and needle-like particles in the VS and BF region,
respectively.

FIGURE 8 | Collided particle relative collision angle (radians) PDFs
showing collisions in the viscous sublayer. PDFs, probability density

functions.
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FIGURE 9 | Collided particle relative collision angle (radians) PDFs
showing collisions in the bulk flow region. PDFs, probability density
functions.

In the VS, we see a wider spread of collision angles in general
when compared to the BF region. This behavior has several
potential causes. The strong velocity gradients near the wall cause
particles at different wall-normal positions to approach with
misaligned velocities. Intermittent sweep and ejection events
produce unpredictable particle motions. Finally, collisions with
the wall can reflect particle velocities, further increasing the
range of relative collision angles. All profiles peak at small values
indicating predominantly glancing collisions. This is expected
given that the particles are advected through the domain in the
streamwise direction which represents the largest component of
velocity for all particles.

From Figure 8, we observe similar overall profiles between the
different morphologies with slightly less variance observed for
the needle-like particles likely due to the strong alignment of
elongated particles with the streamwise direction in this region
(see Figure 4) and the suppression of wall-normal and spanwise
velocity fluctuations arising from strong near-wall shear.

In Figure 9, we see that the relative collision angle of the
needle-like particles is more strongly peaked than that of the
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FIGURE 10 | Collided particle streamwise velocity magnitude PDFs
showing collisions in the viscous sublayer. PDFs, probability density
functions.
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FIGURE 11 | Collided particle streamwise velocity magnitude PDFs
showing collisions in the bulk flow region. PDFs, probability density
functions.

near-spheres in the BF. The reasons for this are largely similar
to those for the relative collision velocity. As established by the
direction cosines in Figure 5, whereas the BF is more isotropic,
the elongated geometry still provides hydrodynamic stability. This
makes the needles’ trajectories more predictable and aligned with
the local flow structures, whereas the near-spheres are more
prone to turbulent dispersion, leading to a broader range of
approach angles.

3.23 | Velocity Components

The velocity components of each particle at the time of collision
are recorded and used to compute PDFs. All velocity components
are generally lower in the VS than the BF region due to the no-
slip condition enforced at the walls of the channel making the
fluid velocity and thus the particle velocity components smaller.

Figures 10 and 11 show the streamwise component of velocity in
the VS and BF region, respectively. The dimensionless velocities
u* follow the bulk-scaled formulation used throughout the
simulation. Consequently, the velocity values in the BF (Figure 11)

17.5}¢
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FIGURE 12 | Collided particle wall-normal velocity magnitude PDFs
showing collisions in the viscous sublayer. PDFs, probability density
functions.
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u*

y
FIGURE 13 | Collided particle wall-normal velocity magnitude PDFs
showing collisions in the bulk flow region. PDFs, probability density
functions.

correctly center around 1.2 matching the peak mean transport
speed established in the validation phase (Figure 2). Conversely,
in the VS (Figure 10), velocities remain below unity as the parti-
cles are sampled in the low-momentum region near the wall. In
the VS, we see that the streamwise velocity is more variable for the
near-spheres, likely because their isotropic shape allows greater
response to turbulent fluctuations, whereas needles are stabilized
by their strong streamwise alignment with the flow as established
in Figure 4. In the BF region, we see similar profiles for both the
needles and the near-spheres with slightly higher speeds noted
for the needles. One potential reason for this is because their
elongated shape promotes alignment with the local flow, reducing
dispersion and allowing more efficient motion through turbulent
eddies. A notable feature in Figure 10 is the bimodal distribution
observed for the near-spherical particles. This bimodality arises
as a physical consequence of particles sampling distinct turbulent
structures in the VS, namely, low-speed streaks and high-speed
sweep events.

Figures 12 and 13 show the wall-normal component of velocity
in the VS and the BF region, respectively. The spread of wall-
normal velocities is higher in the BF region than in the VS for

Chemical Engineering & Technology, 2026

90f12

85UBD17 SUOLULIOD dAIER1D 3|ceatdde ayy Ag peuenoB a2 saoile YO ‘SN JO S3|NJ 0} Aeiqi8uliuO AB]1AN UO (SUOIIPUCD-PUR-SLLLIBY WD AB | 1M Aeiq 1 putjuo//SAny) SUORIPUOD PUe SLLB | U1 39S *[9202/90/.2] Uo ARiqiT auluo A8|IM ‘90us|poXT 980 PUE UifeaH o} aimisu| uoieN ‘IOIN AQ Z9Z0. 199/200T 0T/I0p/w0d" A3 (1M ALl 1jul U0/, SANY WOJ) papeo|umod ‘9 ‘9202 ‘SZTYTZST



14

12

10

PDF

0.00 0.05 0.10 0.15 0.20 0.25

FIGURE 14 | Collided particle spanwise velocity magnitude PDFs
showing collisions in the viscous sublayer. PDFs, probability density
functions.
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FIGURE 15 | Collided particle spanwise velocity magnitude PDFs
showing collisions in the bulk flow region. PDFs, probability density
functions.

both particle morphologies due to the absence of wall constraints
and the more isotropic turbulence. Near the walls, the strong
shear and no-slip boundary condition suppress such fluctuations,
with wall interactions and intermittent sweep and ejection events
contributing additional wall-normal motion.

In the VS, we see less variance in the wall-normal velocity for the
needle-like particles, a result that is physically consistent with the
strong alignment quantified in Section 3.1.2 (Figure 4). Here, the
combination of proximity to the wall and the particles’ tendency
to align with the flow reduces the angle of incidence and thus
the lift and drag forces on the needles, resulting in minimal wall-
normal velocity fluctuations and the lower variance observed in
the PDFs. In the BF region, we see largely similar profiles with
slightly less variance for the needle-like particles.

The spanwise velocity is shown in Figures 14 and 15 in the VS
and BF region, respectively. We see that regardless of region
and morphology the PDFs for spanwise velocity peak around
the same values and show similar spreads, with this likely due
to the lack of force and walls in this region. We observe that
needle-like particles show slightly less variation in the spanwise

velocity in both the BF and VS, this is likely resulting from their
elongated shape dampening lateral motion when compared to
more isotropic morphologies.

4 | Conclusions

This work demonstrates that the present numerical framework
can reliably capture both fluid turbulence and the particle-flow
interactions relevant to high-Stokes number particle-laden flows.
Fluid phase predictions agree well with established channel flow
simulations, whereas the orientational dynamics confirm that
elongated particles respond to shear in a physically consistent
manner, exhibiting strong streamwise alignment near the wall
and more isotropic behavior in the BF region.

The collision dynamics analysis conducted in this work high-
lights key differences and similarities between how particles of
different aspect ratio collide in various regions of the flow. Needle-
like particles experience lower relative collision velocities and less
variable collision angle distributions in the BF region. This can be
attributed to their enhanced alignment with the local flow and
reduced susceptibility to turbulent scattering. Nearly spherical
particles on the other hand respond more historically to turbulent
fluctuations, producing broader distributions in both collision
velocity and angle. Further analysis of the velocity components
supports these trends showing that needle-like particles experi-
ence damped wall- normal and spanwise fluctuations and more
directional motion overall.

Despite these differences, some features are largely morphology
independent. Specifically, spanwise velocity statistics are gov-
erned by the dominance of turbulent lateral motions rather than
particle geometry or collision effects. Overall, these results show
that particle shape plays a significant role in collision outcomes,
primarily through its influence on alignment and response to
shear. These effects become most pronounced in regions where
turbulence is strongest and the flow is unconstrained.

Although the present study focuses on the translational kine-
matics of collisions, which directly dictate the collision energy
and approach angles critical for agglomeration modeling, it is
recognized that particle shape also exerts a profound influence
on rotational dynamics. As demonstrated by [9], particle shape
strongly modulates the relative rotation between particles and the
surrounding fluid in turbulent channel flows. These rotational
fluctuations likely influence the effective collision cross-section
and tip-velocities during interactions. Incorporating these shape-
dependent rotational statistics represents a natural extension of
the present work.

A limitation of the present study is that particle-fluid inter-
actions were represented using reduced-order hydrodynamic
closures for drag, lift, and torque rather than fully resolved
particle-scale flow simulations. In particular, the translational
and rotational dynamics rely on correlations and asymptotic
formulations that are most accurate within the low particle
Reynolds number regime considered here. Although the adopted
models capture the dominant trends in particle alignment
and collision kinematics, quantitative predictions may differ
for flows involving stronger inertial effects, higher particle
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Reynolds numbers, or more complex near-contact hydrodynamic
interactions. Nevertheless, the present framework provides a
computationally efficient approach for investigating the influ-
ence of particle morphology on collision statistics in turbulent
channel flows.
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Appendix A: Particle Reynolds Number and Model Applicability

The particle Reynolds number Re, was evaluated to access the validity
of the drag and rotational models employed in the present study. The
probability density function of Re, obtained from our simulations is
shown in Figure Al. The average particle Reynolds number was found
to be approximately Re, ~ 1.0, with the majority of particles remaining
within the low-Reynolds-number regime.

The particle Reynolds numbers observed within the present simulations
are consistent with the range of applicability of both the Ganser drag
correlation [23] and Jeffery’s rotational formulation. Comparisons were
performed against DNS data and the empirical correlations reported
in [32]. In particular, the Ganser drag correlation was compared with
the correlation proposed by Ouchene et al. for the specific case of Re,
= 1.21 and particle aspect ratio 4 = 1.25. This case was selected as it
is representative of the parameter range encountered in the present
simulations
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FIGURE Al | PDF of particle Reynolds number observed in non-
spherical turbulent channel flow simulations. PDFs, probability density
functions.
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FIGURE A2 | Comparison of drag coefficients observed from Ganser
drag correlation [23] and Ouchene et al. [32] over angles of incidence.
Correlations are compared to outputs obtained from fully resolved DNS
simulations. DNS, direct numerical simulation.

This comparison can be seen in Figure A2. The Ganser correlation
captures the overall trend of the drag coefficient with increasing angles
of incidence, showing good agreement with DNS results at intermediate
angles. Although more accurate at lower angles of incidence the Ouchene
correlation begins to overpredict the drag coefficient compared to the DNS
at higher angles. Within this low particle Reynolds number regime, it is
therefore preferable to employ the Ganser formulation due to its stable
behavior across the entire range of orientations and its lower average error.
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