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ABSTRACT

Non-spherical particle-laden flows in pipes and
channels are of importance in numerous industrial,
environmental, and biological processes, making
their study essential for understanding and
optimising particle transport, deposition, and
interaction dynamics. In this work the spatial and
orientational dynamics of rigid ellipsoidal particles
in turbulent channel flow are explored. A high-
fidelity spectral element method-based direct
numerical simulation is employed to solve for the
fluid phase which is coupled to a Lagrangian particle
tracker for modelling the dispersed particles. Particle
translational motion is governed by inertia,
hydrodynamic lift, and drag, while their rotational
dynamics is described by the Euler equations of
rotation, accounting for external hydrodynamic
torques. Quaternions are utilised to track particle
orientations over time. Full four-way coupling
between the particles and the fluid is implemented,
capturing both the influence of the fluid on the
particles and the feedback effect of the particles on
the continuous phase. The latter is modelled using a
local element-based force feedback field in the
Navier-Stokes equations. Particle-particle collisions
are also resolved. The fluid and particle phases are
validated across multiple particle aspect ratios,
Reynolds and Stokes numbers with emphasis on
reproducing spatial and orientational dynamics
consistent with the literature. Fully coupled
simulations are then conducted to evaluate collision
statistics across all regions of the channel with results
being compared to those of spherical particles to
elucidate the underpinning micro-scale dynamics
present in such flows as well as providing avenues
for further research.

Keywords: Collision dynamics, non-spherical
particles, turbulent channel flow, Lagrangian
particle tracker, four-way coupling

NOMENCLATURE

A [-] rotation matrix

Ap [m?]  projected area normal to drag
AL [m?]  projected area normal to lift
Cp [-] drag coefficient

C, [-1 lift coefficient

Fp [m/s?] drag force

F, [m/s?] lift force

Fpg [m/s?] pressure gradient force on particle
Fyuy [m/s?] virtual mass force
G [s71] velocity gradient matrix

fre [m/s?] pressure gradient force on fluid
faw [m/s?] particle force feedback source term

q [-] quaternion vector

ug [m/s] slip-velocity

z [-] direction of principal particle axis
Q [s™'] angular velocity

a [-] angle of incidence

é [m] half channel height

A [-1 aspect ratio

p* [-] density ratio

by [-1 volume fraction

Subscripts and Superscripts

p, F particle, fluid

L,D lift, drag

PG, VM pressure gradient, virtual mass
B,z bulk, shear

* non-dimensional units (bulk scales)
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1. INTRODUCTION

Particle-laden flows are ubiquitous in nature and
industry, such as in the formation of riverbeds [1]
and the transportation of nuclear waste [2]. In such
flows the collision of small, heavy, non-spherical
particles occurs frequently, for example in
papermaking [3] and in clouds [4]. Understanding
both the particle-scale and bulk-scale dynamics in
such flows is of importance to be able to effectively
predict long-scale phenomena such as deposition,
turbulence modulation and blockages. This
knowledge allows for the optimisation of processes
and ensures the effectiveness and safety of new
systems.

In recent years advances in computational
performance, direct numerical simulation and
Lagrangian particle tracking methodologies have
aided the prediction of particle-laden flows at scales
relevant to those seen in industry. These models have
reproduced many of the bulk-scale dynamics noted
in the literature such as turbophoresis and
preferential concentration [5]. The development and
optimisation of computational fluid dynamics (CFD)
has led to these methods surpassing the resolution of
experimental methodologies in the study of particle
scale interactions. This means that for reliable results
first-principles techniques with proven high
accuracy, for example direct numerical simulation
(DNS) which can resolve relevant length, and time
scales down to the Kolmogorov scale [6], currently
provide the only means of assessing certain
phenomena.

Significant contributions have been made in the
study of spherical particle-laden turbulent flows at
low-volume fractions (¢, < 107¢) where only the
effect of the fluid on the particles is considered in so
called one-way coupled simulations. These studies
elucidate the mechanisms underpinning particle
migration such as preferential concentration and
turbophoresis. Preferential concentration is seen
most strongly at low Stokes numbers where particle
clustering in low-velocity streaks and the near-wall
region is noted [7]. Turbophoresis 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 [8]. The interaction between particles and
turbulent structures in the near-wall region has been
studied in detail with a wide range of behaviours
being noted based upon the material and inertial
properties of the system [9]. The dynamics, both
translational and rotational, of non-spherical
ellipsoidal particles has also been studied using one-
way coupled Lagrangian particle tracking (LPT)
simulations. Most of the studies on this topic
examine prolate ellipsoids with aspect ratios 1 > 1,
often referred to in the literature as fibres. It was
found that the aspect ratio has little effect on particle
clustering, preferential concentration or segregation
[10]. An analysis of near-wall dynamics showed that
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orientational and translational behaviours influence
accumulation at the wall with longer fibres being
deposited at higher rates. Moreover, it was noted that
fibres tend to align with the mean streamwise flow
direction near the wall with this alignment being
increasingly unstable for higher particle inertia.
Complex behaviour is observed in the spanwise and
wall-normal directions due to fibre inertia and
elongation, with no preferential orientation or
significant segregation observed in the channel
centre where the turbulent conditions are close to
isotropic.

As volume fraction increases (107° <¢p <
1073) it becomes necessary to account for the impact
of the particles back onto the fluid in so-called two-
way coupling. This is typically done using the
method of particle force feedback on the turbulent
fluid phase [11]. Various studies in wall-bounded
turbulence found that large particles enhance
turbulence while small particles dampen it, and
interestingly it has been shown that this effect is
muted at low density ratios even when the particle
Stokes number is equivalent in each case. In the case
of large particle Stokes numbers, the particles have
more inertia and are thus less responsive to rapid
changes in the local flow, resulting in preferential
accumulation in low turbulence regions. This leads
to local turbulence attenuation or suppression
hindering the energy transfer across turbulence
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-driven turbulent
particle-laden flows have been studied extensively,
and in one study low Stokes number particle were
found to accumulate in regions of irrotational
dissipation due to vortex ejection. The authors also
noted a relationship between the relative collision
velocity and Reynolds number, especially in the case
of low Stokes number particles [12]. Work
performed simulating a particle-laden vertical
channel using a four-way coupled LPT showed that
micro particles can modify the fluid turbulence
statistics even at very low volume fractions of the
order ¢, ~ 107> because of the quantity of
collisions [13]. Four-way coupling has been applied
alongside particle non-sphericity within an LPT but
there is little literature quantifying the effect of
particle shape on collision dynamics. One study
investigated the settling of ellipsoidal particles
within isotropic turbulence, finding that ellipsoids
collide considerably more often than spherical
particles of the same volume and in these collisions
the relative velocity was higher [14]. Another study
focusing on the collision and coupling effects of high

Copyright© Department of Fluid Mechanics, Budapest University of Technology and Economics and the Authors



inertia particles was conducted in [5], revealing that
high speed particle collisions lead to larger
momentum transfer and directional redistribution,
which increases the magnitude and changes the
direction of the slip velocity. This study noted the
importance of four-way coupling when simulating
midrange Stokes numbers.

Various collision detection methods have been
developed including nearest-neighbour lists and
stochastic models. In this study we use a
deterministic partition-based method [15] for
collision detection. Post collision calculations are
conducted using a hard-sphere model. More
sophisticated collision detection algorithms for non-
spherical particles have been proposed where the
particle volume is approximated by a collection of
overlapping fictitious spheres of varying radii [16].
This representation allows for similar contact
procedures as those mentioned above for the case of
spheres.

The present study aims to advance the
understanding of collision dynamics in wall-
bounded particle-laden turbulent channel flow, with
a focus on the impacts of particle non-sphericity and
high inertia. We seek to provide deeper insights into
these complex interactions and to generate collision
conditions typical of those seen in channels of
industrial interest.

2. METHODOLOGY

2.1. Fluid Phase Modelling

To generate accurate predictions of the flow
field we utilise the spectral element method-based
DNS code Nek5000 [17] to fully resolve all relevant
length and time scales. The solver employs an order
seven spectral method on each element. We simulate
a turbulent channel flow at shear Reynolds number
Re, = u,.6 /vy = 300, where u.is the shear velocity,
6 is the half channel height and vy is the fluid
kinematic viscosity. The reasons for using Nek5000
are twofold, firstly the open-source nature of the
solver makes it suitable for modification and
extension, secondly the code comes with efficient
parallelisation and an extensive history of validation
making it an efficient and safe choice. The governing
equations for the continuous phase dynamics are the
incompressible Navier-Stokes equations, which are
given in dimensionless form as follows:

V-ur =0, (@))

Duj
Dt~

O]

1
= =Vp* = VAui + frg + fow,
€p

where  uj(x*,t*) is the fluid velocity vector at
position x* and time t*, p*(x*, t*) is the fluid pressure,
Reg = ugd /vp is the bulk Reynolds number, f7. is
the constant pressure gradient forcing term and f£%,,

is an arbitrary cell-dependent forcing term
accounting for two-way momentum exchange
between particles and fluid. Parameters marked with
an asterisk () signify a non-dimensional variable
obtained from the bulk properties (8,ug, pr) Where
pr is the density of the fluid. These governing
equations are solved on a discretised, structured grid
which consists of 27 x18x23 seventh-order
spectral elements, equivalent to 3.9 M nodes. Mesh
refinement is used in the wall-normal direction,
while the distribution of elements is uniform in the
streamwise and spanwise directions. For our
simulation (x,y,z) correspond to the streamwise,
wall-normal and spanwise directions respectively.
The simulation domain and corresponding mesh are
illustrated in Figure 1.

Figure 1. Computational mesh demonstrating
element spacings and increased near-wall nodal
density

The solver uses a constant time step of At™ =
0.0025. Periodic conditions are imposed in the
streamwise and spanwise directions to ensure that the
flow remains cyclic. The top and bottom walls at
y* =41 respectively are subject to no-slip and
impermeability conditions. The flow is driven by a
constant pressure gradient, chosen to obtain a
specific Reynolds number, applied in the streamwise
direction, the magnitude of which is given as
follows:

*

dp
dx*

- (Ref)z, 3)

ReB

2.2. Lagrangian Particle Tracking

For the tracking of particle trajectories and
orientations through the flow, a Lagrangian particle
tracking code has been developed to run in parallel
with Nek5000. Each particle is represented as a
point with its location, velocity, quaternions and
angular velocity being updated each time-step by
solving a set of dimensionless equations. The
equations for the linear motion are derived through
considering the balance between the particle’s
inertia and the fluid. We consider the effects of the
following forces: lift, drag, virtual mass and the
pressure gradient. The Basset history force is
neglected due to its limited impact relative to its
computational cost, also neglected are the effects of
gravity and buoyancy to allow us to more easily
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isolate the effect of the turbulence on the particles.
For the rotational motion we use quaternions to
track the orientation of the particles and update the
angular velocity using Euler’s equations of rotation.
For these, we consider the torque due to the
resistance on a rotating ellipsoid and the cross-
coupling between angular velocities along different
axes, which arises because the principal moments of
inertia are not all the same.

In this work we consider non-spherical ellipsoid
particles given by the equation:

X' 2 y, 2 7 2
CRGRCE
a b c

where a,b and ¢ represent the lengths of the three
semi-principal axes in the x',y" and z' directions
respectively. We enforce that a = b in all cases and
define the aspect ratio A = ¢/a. The solid phase can
then be characterised by specifying the following

bulk parameters: the particle density p,, the aspect
ratio and the volume fraction ¢,, defined as follows,

_4 2 NP
$p =gmatey s (5)

where N, is the number of particles and V; is the
volume of the fluid geometry. The particle dynamics
are modelled using three reference frames: the
particle frame x’' = [x’,y’,z'] with its origin at the
particle’s centroid and its principal axis z’, the global
(fixed) frame x = [x, y, z] and the co-moving frame
x" = [x",y",z"]which shares its origin with the
particle centroid and has axes parallel to the fixed
frame. Transformation between the co-moving frame
and the particle frame can be performed as follows:

x' = Ax”r (6)

Where 4 is the time-dependent rotational matrix with

elements expressed in terms of four quaternions q =
(90, 91, 92, q3] T satisfying  the constraintg? + 2 +
a3 +q5=1

The time evolution of the quaternions is used to
update the orientation of the particles and is
computed as:

G0 —¢1 —92 —q3][ 0
dq _ 1|91 G0 —93 Q2 Qyr 8)
a" 2|92 Gz Go  —q1|| Qy|

3 —q2 @1 o 11LQ,

where Q,/, O, and Q,. are the components of the
particle angular velocity expressed in the particle
frame. The particle equations of motion and rotation
are given below:

dx;
p *
T = U 9)

ouy 1
at*pzM_m[FD+FL+FVM+FpG], (10)

where u;, denotes the dimensionless fluid velocity,
Myy = (1+ 1/2p") is the dimensionless virtual mass
factor where p* = p,,/pr is the dimensionless density
ratio. Here, Fy, is the drag force acting on the particle
and is given as follows [18]:

_ ApCpluslug

Fp 2p'vy (12)

where vy = (4/3)ma*?c* is the dimensionless volume
of the particle, u; = uj — u;, is the slip velocity, and
Ap and A, are the partial projected areas normal to
the direction of the drag and lift forces respectively
[18]:

Ap = n'az\/cosz(a) + (%)2 sin?(a) , (12)

AL = nastinz(a) + (%)2 cos?(a), (13)

where « 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 the non-spherical particles is given
by [19]:

Cp 24

AT [1+0.118(Re, K ;)

0.4305 (14)
+ :
1+ 3305/(Re,K;K,)

0.6567]

where Re, = uid,,/vpis the particle Reynolds
number computed using the equal volume sphere
diameter d,, = 2a1'/3, K, = %(dn/dev +20:°5) and
K, = 1018148(-log ®)°*"** gra the Stokes and Newton
shape factors that model the particle sphericity and
orientation, respectively, d, =./44p/m and &, =
s/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 lift coefficient ¢, is
determined by the following [18]:

|G

T |sin(a) cos?(a)]. (15)

The lift force F;, is therefore given by [18]:

_ 1 * @ u)y * *
F, = Zp*Vz;‘ALCL el [z x u}] x u. (16)

The local pressure gradient force Fp; is [5]:

1 Duy

Fre =0 7
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The virtual mass force F,,, is given by [5]:

1 Dup

Fyy = .
VM = 3 De

(18)

The final equations of motion for the rotation of the
prolate (2> 1) ellipsoid particles are given by
Euler’s equations of rotation presented below in a
simplified dimensionless form [10] :

dl 20[(1 = ADdy, + (1 + 22 (" — Q1)

e Reg(Bo + Ayo)(1 + A*)p*a*?
2 * *
+ (1 - m) 0y,
aa; 20[(A* = Dy + A2 + D(w" e, — ;0]
dt* Reg(ay + 12y,)(1 + 22)p*a*?
2 * *
1) aa
dQ;I _ Zo(w;lxl - Q;l)
dt* ~ Regz(2ay)pra?’

(19)

Here the elements of the deformation rate tensor
(d,y andd,s,) and the spin tensor (w,ry,w,,
andw,,) are defined as follows:

d _1 aui,+6uj1
vt = 2\ey e )

_1 6ui/ au]"
W2y =9\ " b )

The velocity gradients in the particle frame G;/;» can
be obtained by transforming the velocity gradients
from the fixed frameg;; = du;/0x;:

(20)

Goy =AG; A (21)

The non-dimensional coefficients a, = f8,, and y, for
a prolate ellipsoid (1 > 1) are defined as [20]:

I NN e
Er AT 2 "G veE=1)

_ 2 A—VIZ—1 (22)
yo_lz—l (12—1)3/211 A+1/12_1 :

The governing equations Egs. (8) to (10) are
integrated in time using a fourth-order Runge-Kutta
(RK4) algorithm, while Eq. (19) is integrated using a
mixed explicit/implicit  differencing  scheme
presented in [20] due to the stiffness of the equations.
In both cases the time-step is chosen to be the same
as for the continuous phase solver.

For higher volume fractions, as considered in
this work, it is essential to account for the particles’
impact back onto the fluid and this is done by adding
an additional source term in the Navier-Stokes
equations. The acceleration applied to cell i is given
by [11]:

5

Npi
R l au?’j
2w Vi* :

J
where V;is the volume of the computational cell, and

j is an index that iterates over the number of particles
contained within a cell, N, ;.

All inter-particle and wall collisions assume that
the particles are spherical with radius equal to the
largest semi-major axis. A deterministic binary
collision search algorithm is also used, based on [21].
At each time-step, particles are distributed into cells
of a coarse mesh. The collision algorithm detects
collisions by comparing relative displacements and
velocities within each cell. A secondary search
identifies missed collisions. Collisions are resolved
using kinetic energy and momentum conservation,
with particles deflected to account for penetration.
Collisions are assumed fully elastic.

(23)

3. RESULTS AND DISCUSSION

Here we focus on the collision dynamics of
needle-like particles and compare our findings to
those of nearly spherical particles. The fixed particle
phase parameters have been chosen to match those
of the study [5] and are shown in Table 1. Two
particle shapes are considered, and the case specific
parameters are outlined in Table 2. Here St* =

(p*d;f)/18vp is the dimensionless shear Stokes
number where d,,, = 4aA'/3.

Table 1. Fixed simulation parameters

Fixed Parameter Value
Number of Particles N, 300,000
Particle Volume V' 6.55 x 1074
Volume Fraction ¢, 1.4 x 107*
Shear Stokes Number St* 50
Density Ratio p* 400
Shear Reynolds Number Re, 300
Bulk Reynolds Number Reg 4,900

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

The particles were injected into the domain with
random initial position and orientation. The initial
velocity was inherited from the fluid and the initial
angular velocity was set to zero. Our analysis breaks
the flows into four distinct regions where the flow
conditions are known to differ, namely the viscous
sublayer (VS) (0973 < |y*| < 1), the buffer
layer (BL) (0.834 < |y *x| < 0.973), the log-law
region (LL) (0.8 < |y *| < 0.834) and the bulk
flow (BF) (0 < |y*]| < 0.8). We quantify the
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alignment of particles by considering the cosine of
the angles (6, 8,, 6,) made between the axes of co-
moving frame x" and the principal particle axis z'.
These are known as the direction cosines denoted
cos(6;). Values cos(8;) = 1 indicate the fibre is
aligned strongly with axis i, while cos(8;) = 0
indicate the fibre is unaligned with axis i. The
following PDFs are calculated using a Gaussian
kernel density estimation.

6

---- BF
-
--— BL ;
---- Vs ’

|cos(8)]

Figure 2: Absolute direction cosine PDFs by wall
normal location for needle-like particles, (top)
streamwise alignment, (middle) wall normal
alignment and (bottom) spanwise alignment

The alignment of the needle-like particles is
quantified in Figure 2. We see strong alignment with
the streamwise direction close to the wall with the
alignment weakening towards the centre of the
channel. The spanwise and wall-normal directions
behave similarly with strong anti-alignment with the
respective axes close to the walls which again
weakens toward the channel centre. These findings
are consistent with previous studies investigating
needle-like particles [10], thus providing validation
of the orientational dynamics of the model.

6
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Figure 3: Collision PDFs by wall normal location

I — BF(A=1)

Figure 4: Collided particle absolute relative
velocity PDFs separated by flow region
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o

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Figure 5: Collided particle relative collision angle
(radians) PDFs separated by flow region

We observe that both the near-spheres and
needles collide more often closer to the walls, likely
due to turbophoresis within the channel leading to
preferential concentration in the near wall region (see
Figure 3). The needles collide with a higher
probability in the very near wall region but the
distribution falls more quickly as we move from the
wall. Interestingly we also note an increased
probability of collision around the channel centre
with the needles. Looking at the absolute relative
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velocity |u,| of collided particle pairs it is clear that
the needles and near-spheres differ significantly, as
shown in Figure 4. While the mean relative velocity
is similar in all regions the PDF for the needles
shows much less variation, particularly in the bulk
flow region. This could be due to the ability of
elongated shapes to align more easily with the local
flow and collide more predicably. The same
relationship is seen for the relative collision angle
(the angle between the velocity vectors of two
colliding particles), as shown in Figure 5. Here we
again see less variance in PDFs for the needle-like
particles indicating that more often these particles
collide with velocities nearly parallel, uy = 0, and
this is likely due to the increased tendency of needle-
like particles to algin with the local flow.

ar
35 — wr =)
-- BF (A=5)

. —— LL(A=1) i
3.0 LL (A=5) / 1
BL (A=1) / 4

95| - BL(=5)
— VS (A=)
== VS (A=3)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
w*

i

Figure 6: Collided particle streamwise velocity
magnitude PDFs separated by flow region

— BF(A=1) |

50

10

0.00 0.05 0.10 0.15 0.20

Figure 7: Collided particle wall-normal velocity
magnitude PDFs separated by flow region

The mean components of velocity for the nearly
spherical particles are in good agreement with the
existing literature [5], with similar PDFs observed in
all flow regions. The mean streamwise velocity is
similar in magnitude between the spherical and
needle-like particles, but we do note slightly higher
speeds for the needle-like particles in the bulk flow
and log-law regions, as shown in Figure 6.

7
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-= BF (A=5)
17.5 P — LL{A=1)

TAY == LL (A=5)
— BL{A=1)
== BL (A=5)
— VS(A=1)

- VS (A=5)

Figure 8: Collided particle spanwise velocity
magnitude PDFs separated by flow region

The mean velocity in the wall-normal direction is
again similar between the spheres and needles at
uy, ~ 0. Here we again observe that the needles have
less variance in their speed (Figure 7.), particularly
in the very near wall region where the alignment with
the streamwise direction is strong. Here the
proximity to the near wall boundary layer combined
with the particles’ tendency to align with the flow,
lead to the angle of incidence and thus the lift and
drag forces on the needle particles to be quite small.
This results in minimal wall-normal velocity
fluctuations and the lower variance observed in the
PDFs. The mean velocity in the spanwise direction is
slightly higher at around uj; =~ 0.02, and this is
consistent across both spheres and needles in all the
regions considered in Figure 8. Again, we see less
variation in the PDFs for needles compared to
spheres, but this effect is muted compared to the
wall-normal direction with, both particle types
performing similarly overall.

4. CONCLUSIONS

Numerical simulations of flows of needle-like
and nearly spherical particles under similar
conditions have been compared. Our findings
indicated that needle-like particles exhibited strong
alignment with the streamwise direction near the
walls, resulting in higher collision probabilities very
close to the walls and around the channel centre. A
reduced variance in the relative collision velocity and
angles for the needles relative to the spheres was also
observed, particularly in the bulk flow region. While
the mean velocity components for near-spheres
aligned with the existing literature (for perfect
spheres), needle-like particles showed slightly higher
mean streamwise velocities and less variation in
wall-normal and spanwise speeds, especially near the
walls due to their strong alignment with the flow.
These results underscore the significant impact of
particle shape on particle collision behaviour and
suggest that further research should be undertaken.
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