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ABSTRACT

The settling of non-spherical particles is poorly understood, with previous studies
having focused mainly on spherical particles. Here, a series of particle-resolved direct
numerical simulations are conducted using FLOW-3D (commercial computational fluid
dynamics software) for spheres and five regular, non-spherical shapes of sediment

particles, i.e., prolate spheroid, oblate spheroid, cylinder, disk, and cube. The Galileo

number varies from 0.248 to 360 and the particle Reynolds number Re, ranges from
0.00277 to 562. The results show that a non-spherical particle may experience larger drag
and consequently attain a lower terminal velocity than an equivalent sphere. If Re, is
sufficiently small, the terminal velocity is less affected by particle shape as characterized
by the particle aspect ratio. For relatively large Re,, the shape effect (represented by the
Corey shape factor) becomes more significant. Empirical correlations are derived for the
dimensionless characteristic time ¢,,, and displacement s,., of particle settling, which
show that 7,,, remains constant in the Stokes regime (Re, < 1) and decreases with

increasing Re, in the intermediate regime (1 < Re, < 10%), whereas s,., increases

progressively with increasing Re, over the simulated range. It is also found that in the

Stokes regime, particle orientation remains essentially unchanged during settling, and so
the terminal velocity is governed by the initial orientation. In the intermediate regime, a
particle provisionally settling at an unstable orientation self-readjusts to a stable
equilibrium state, such that the effect of initial orientation on the terminal velocity is
negligible. Moreover, an unstable initial orientation can enhance the vertical displacement

and may promote vortex shedding.
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HIGHLIGHTS

® Settling of non-spherical particles is investigated using commercial computational
fluid dynamics software.

® At low particle Reynolds numbers, an increase in particle aspect ratio may
correspond to a reduction in terminal velocity.

® The characteristic time remains constant throughout the Stokes regime and decreases
with increasing particle Reynolds number in the intermediate regime.

® An unstable initial orientation may promote vortex shedding from particles settling

in the intermediate regime.
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[. INTRODUCTION

The settling of particles in fluids is key to many natural and industrial processes,
such as sediment dynamics in alluvial rivers,"? transportation of marine microplastics,>*
proppant settling in hydraulic fractures,™® and chemical and powder processing.’
Although particulate flows are generally turbulent and involve large amounts of particles,
an improved understanding of the settling of a single particle in quiescent fluid is a
prerequisite for modelling complex particle-laden turbulent flows. However, most
existing models of particulate flows assume the grains to be spheres when in fact the most
commonly encountered particles in practical applications are non-spherical.>* Such
simplification inevitably ignores the key roles played by particle shape and orientation in
the settling process. Studies are urgently needed to gain better insight into the settling of
non-spherical particles in quiescent water.

When a heavy particle falls through a static fluid, the particle accelerates due to
gravity and increasing fluid drag is exerted on its surface. As the submerged weight of the
particle is balanced by fluid drag, its acceleration terminates, enabling the particle to fall
at a nearly constant velocity, called the terminal velocity. The drag force is one of the

fundamental forces that affect the settling process, which can be defined as

1 2T 52
Fd=5 dhW Zdn > (1)

where C, is the drag coefficient; p, is the fluid density; W is the settling velocity;
and 4, i1s the diameter of a sphere of equivalent volume to that of the particle. Accurate

estimates of settling velocity and drag coefficient are of particular importance because
other parameters can be readily inferred. Notably, the terminal velocity of a particle,

denoted m,, can be simply derived by equating the drag force to the submerged weight

4
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of the particle. The drag coefficient C, in Eq. (1) is however very challenging to

determine because it depends on many parameters including the particle Reynolds

number and particle shape.! Herein, the particle Reynolds number is defined as

Re,=Wd, /v, with v being the kinematic viscosity. Except at sufficiently small Re,,
where an analytical solution exists for spheres based on Stokes’ law, in which C, is
inversely proportional to Re,, no general solution can be found for determining the drag

coefficient of particles of any shape. Based on a large number of theoretical and
experimental investigations of settling behavior, numerous empirical models have been
developed to predict the drag coefficient and settling velocity of spherical particles!!!?
and non-spherical particles.'*!® To account for the shape effect of non-spherical particles,
various approaches have been proposed to define particle shape. Of these, the Corey shape

14,20,21

factor!® (CSF) is the most commonly used shape descriptor, and is defined as

CSF=d /\d,d, , where d_, d, ,and d, are respectively the shortest, intermediate,

and longest form dimensions of the particle. Sphericity ¢ is another widely used shape

descriptor, %2223

and is given by the ratio of the surface area of the volume-equivalent
sphere to that of the actual particle. Circularity X is the ratio of the perimeter of the
maximum projection area of the particle to the perimeter of a circle that has area equal to
the maximum projection area. This descriptor is able to reflect the irregularity of particle

contours and is thus very suitable for particles with sharp corners and large obtuse

angles.?* In addition, for highly irregular particles, the parameter ¢, which is the ratio
¢/ X , is another effective shape descriptor.!”?>® However, these aforementioned

empirical models cannot provide sufficient effective information to quantify the whole

process of particle settling. Consequently, the time and space scales that are required for
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a particle to reach its terminal settling state have not yet been resolved.
Particle orientation also has a vital effect on settling non-spherical particles. In

general, a non-spherical particle could fall at any orientation without rotation at

sufficiently small Re,,*”* but will assume a stable orientation and tend to fall with the

maximum projection area normal to the direction of settling motion at relatively large

Re, 829 Besides, particle orientation can appreciably modify the drag coefficient.!®!®

Over the past decade, particle-resolved direct numerical simulation (PR-DNS) has been

carried out to establish correlations between C, and particle orientation.’***> However,

such correlations are based on the assumption of a stationary obstacle exposed to a
moving fluid, therefore neglecting the effects of secondary motions and wake structures.>*
Moreover, most existing numerical studies considering the influence of particle
orientation on free settling have been confined to two-dimensional modeling.*>-” Overall,
there is a need for a three-dimensional model that can properly address the effect of
particle orientation on the settling process of non-spherical particles.

The present work sets out to unravel the effects of particle shape and initial
orientation on the settling of non-spherical sediment particles in quiescent water. Using
the commercial computational fluid dynamics (CFD) software FLOW-3D (version 11.2),
a series of PR-DNS simulations are performed for a range of particle sizes, shapes, and

distinct initial orientations. Based on the computational results, key parameters that

characterize the settling process, including terminal velocity », and drag coefficient
C,, are analyzed to reveal the influence of particle shape on settling. Furthermore, the

time and space scales required to reach terminal settling are also investigated. In addition,
the settling processes of non-spherical particles in the Stokes and intermediate regimes

are presented, thereby probing into the effect of initial particle orientation.
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II. METHOD

A. Computational fluid dynamics (CFD) model

The commercial CFD software FLOW-3D, developed by Flow Science, is used to
conduct PR-DNS simulations of particle settling in otherwise quiescent fluid. FLOW-3D
utilizes a fractional area/volume obstacle representation (FAVOR) technique®® and
provides a general moving object model that can simulate rigid body motion that is
dynamically coupled with fluid flow. The FAVOR method defines complicated geometric
shapes through fractional areas and volumes within rectangular elements and has proven
to be one of the most efficient methods to treat immersed solid bodies.>**

Assuming the fluid to be incompressible, the continuity and momentum equations

based on the FAVOR method are given as

aU,. - _ an

e N 2
ox, ot @

U, ou.
%+—j%:—La—p+g[+ﬁ, (3)
ot V,ax,  p;ox

where subscripts i and j=1,2,3 denote x, y, and z directions; x, are Cartesian
coordinates; ¢ is time; U, =u,4, =(qu,vAy,wAz) in which w, is the i-th velocity
component and 4, is the corresponding area fraction; ¥, is volume fraction; p is

pressure; g, 1is the i-th body acceleration component; and f, is the i-th viscous

acceleration component. The viscous acceleration components in Eq. (3) are calculated

as

fi= ! (wsxl. - o, J, 4)
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where wsx; are wall shear stress components; and T, = 4,7, =24, ,u(sl.j — 549, /3), in
which 4z is dynamic viscosity, s, =(8ul. /Ox;+0u,/ ax,.)/ 2 1is the strain rate tensor,

and 51.]. is the Kronecker delta function. Compared to the continuity equation applied in

stationary obstacle problems, -an /0t on the right-hand side of Eq. (2) is equivalent to

an additional volume source term and exists solely in mesh cells around the boundary of
the moving object. The term is evaluated as

oV, S,
8_; = v . Vit (5)

cell

where 7, is the volume of a mesh cell; S, n , and V,

are respectively the

surface area, unit normal vector, and velocity of the moving object in the mesh cell.
According to kinematics, the general motion of a rigid body can be divided into

translational motion and rotational motion components. Newton’s second law describes

the translational motion of a rigid body as

dVG
m =F, 6
" (6)

where V,_ isthe mass center velocity of the rigid body; F is the total force on the body;
and m, is rigid body mass. Euler’s equation describes rigid body rotation in a frame of

reference fixed at the centroid of the rotating body as

chi—c;)+(ox(lco)=TG, (7)

where ® is the angular velocity of the rigid body; I is the diagonal inertia matrix

relative to the principal axes of the rigid body; and T, 1is the total torque about the mass

center. The present paper considers the free settling of a single particle, so the total force

and total torque include only hydrodynamic and gravitational forces and torques.
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The CFD model solves the governing equations of fluid motion [Egs. (2) and (3)]
using a finite volume/finite difference method.*' Pressures and velocities are coupled
implicitly and solved by using a generalized minimal residual method, which is the
default solver of FLOW-3D. The momentum advection algorithm adopts a first-order
upwind scheme. For coupled rigid body motion [Egs. (6) and (7)], both the explicit and
implicit general moving objects methods work well since heavy object problems are

considered in the present paper.

B. Study cases

A series of numerical cases are used to investigate the influences of particle shape
and initial orientation on the settling of non-spherical particles. Table I summarizes the

simulation parameters. In all cases, the fluid is specified as water at 20 °C (p, = 1000

kg/m®, v = 1x10° m?/s), and the particles are assumed to be composed of siliciclastic
sediment of homogeneous density 2650 kg/m>. Eight spherical equivalent diameters are

considered, 1.e., 4, = 0.015625, 0.03125, 0.0625, 0.125, 0.25, 0.5, 1, and 2 mm.

Consequently, the value of the Galileo number varies from 0.248 to 360. The Galileo

number Ga is the ratio between gravitational and viscous forces, and is defined as

Ga = \/‘p , /o ~1gd,
14

: (8)

where p, is particle density; and g is gravitational acceleration. As indicated in Table

I1, six particle shapes are considered, including spheres and five regular non-spherical
shapes, i.¢., prolate spheroid, oblate spheroid, cylinder, disk, and cube, with the first four
shapes being axisymmetric. Although particles in natural and industrial processes are

generally irregular, it is justified to choose regular non-spherical particles as the object of
9
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the present study because most accurate models for predicting the behavior of non-
spherical particles in fluids have been based on studies on regular particles, for which the
characterization of the particle shape is not complex.'®

Among the parameters listed in Table I, [ is defined as the angle between the plane
in which the maximum projection area of a particle lies and the horizontal plane
perpendicular to the direction of settling motion (and thus provides a reasonable

description of the particle orientation). g, denotes the initial orientation of a particle
upon release. As previously noted, a particle settling at sufficiently small Re, exhibits

no preferred orientation. If Re, is relatively large, a particle tends to fall with its
maximum projection area normal to the direction of settling motion, i.e., at a state of
B =0°. Therefore, the typical initial state of B, =0° is chosen to exclude any influence
of orientation variation; the combination of different particle sizes and shapes leads to 36
cases. A further 32 cases that consider two distinct initial orientations ( 3, = 45° and 90°)

are simulated for axisymmetric particles with four selected spherical equivalent diameters

(d, = 0.015625, 0.0625, 0.25, and 1 mm). Overall, a total of 68 numerical cases are

considered, and the particle Reynolds number Re, ranges from 0.00277 to 562,

covering both the Stokes regime (Re, <1) and the intermediate regime (1< Re, < 10°).

In this paper, the Corey shape factor CSF is used to describe particle shape, noting
that CSF suffices for regular particles.*” The projection area protocol, which is associated
with the lowest operator-dependent errors compared to other methods,* is applied to
determine the form dimensions of a given particle (see Table II). Particle settling is
simulated in a domain of dimensions 84, x84, in the x and y directions. The size of the

domain in the z-direction is carefully determined to ensure the whole-process modeling

10
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of particle settling can be achieved without exceptional computational cost. A resolution

of 12 grids per 4, isused, which can successfully resolve the geometry of both spherical

and non-spherical particles considered in the present study. Periodic boundary conditions
are imposed in the horizontal directions to mimic an unbounded domain without wall
effect, and a free surface and a stationary wall are implemented at the upper and bottom
boundaries. More information on validation of the CFD model is given in the Appendix.
In addition, a dual-Euler whole-attitude solver is used to reproduce the variation in
orientation of particles, based on the time series of particle angular velocities output from

the CFD model. A brief description of the method is given in the Supplementary Material.

11



216

217  TABLE I. Summary of simulation parameters.

P; (kg/m3) v (mz/s) P, (kg/m3) d, (mm) By (°)

1000 1x10° 2650 0.015625-2 0, 45 and 90

218

219  TABLE II. Summary of six particle shapes considered in this work. Semi-axes lengths
220  of'theellipsoid are a, b, and c;the diameter and height of the cylinder and disk are
221 and h (d<h forthecylinder, d >h for the disk), respectively; and the edge length of
222  thecubeis a.

Shape d, d, d, CSF

Sphere d, d, d, 1.00

Ellipsoid 1 (prolate spheroid, a =4b=4c) 2a 2b 2¢  0.50
Ellipsoid 2 (oblate spheroid, a=5b=2c) 2a 2b 2¢  0.50
Cylinder (h=2d) W +d? d d 0.67

Disk (h=1/4d) W +d? d h 0.25

Cube V3a V2a a4 0.64

223

224
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III. RESULTS AND DISCUSSION

A. Particle settling with maximum projection area normal to fall direction

1. Terminal settling state

The terminal settling state and terminal velocity of a particle are simultaneously
attained when the submerged weight of the particle is balanced by fluid drag. Terminal
velocity is a fundamental hydrodynamic parameter that both directly and indirectly

governs sedimentary processes.”’ Here, the terminal velocity #w, and spherical

equivalent diameter & are normalized following Dietrich', such that:

3
L 9)
(p.—p;)gv
_ 3
g \Ppr)ed’ 10

PV

where W

", is the dimensionless terminal velocity; and d, is the dimensionless

spherical equivalent diameter. Figure 1 illustrates the variation in W, with 4, obtained

t

for different shapes when g, =0°. It appears that a non-spherical particle attains a lower

terminal velocity than its spherical counterpart, with the difference in terminal velocity
becoming increasingly evident as the particle size increases. This trend is further

confirmed in Figure 2 which shows the variation in ¢ with particle Reynolds number

Re, where ¢ is defined as the relative deviation of the terminal velocity of a non-

spherical particle from that of its spherical counterpart with the same J, as follows:

W,
=P 2 100%. (11)
W,

t—sphere

For a specific non-spherical particle shape, 6 remains essentially unchanged in the
13
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Stokes regime, whereas ¢ decreases progressively with increasing Re, in the

intermediate regime. Fig. 2 also shows that & varies with particle shape. In addition to

the CSF, the aspect ratio obtained by dividing 4, by d_ 1is selected here to account
for the shape effect. In the Stokes regime with low Re,, ¢ is largely dependent on

aspect ratio, with larger particle aspect ratio corresponding to smaller terminal velocity.
The foregoing observations indicate that the longest and shortest form dimensions may

govern terminal velocity in the Stokes regime. Therefore, elongated, flat particles may

reach almost equal values of terminal velocity despite their distinct shapes. When Re,

exceeds 10, the computed & generally decreases with decreasing CSF, and little
consistency is observed between ¢ and the aspect ratio. In short, when the viscous force
dominates, the terminal velocity is less affected by the non-spherical particle shape, which
can be characterized by the particle aspect ratio. When the inertial force becomes
dominant, the shape effect tends to become significant, and should be represented by
CSF instead of aspect ratio.

Figure 3 illustrates the drag coefficient C, as a function of particle Reynolds
number Re, . Results obtained from the spherical drag law proposed by Clift and

Gauvin'' are also included for comparison. The computed C, curve for spheres exhibits

satisfactory agreement with Clift and Gauvin’s empirical relationship, confirming the
validity of the present model. Non-spherical particles are predicted to experience

relatively larger drag than equivalent spheres, with the difference between drag

coefficient values progressively increasing as Re, increases.

When a particle moves through a fluid, the total drag exerted on its surface can be

divided into pressure drag (or form drag) F,, and friction drag F,. We consider the

14
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drag ratio F, / F,, which is defined as the ratio between friction drag and pressure drag

of a particle at the terminal settling state. Figure 4 illustrates the dependency of the drag

ratio £,/ F,, on particle Reynolds number Re,. The computed F,/F,, of spheres

settling in the Stokes regime is approximately 2, close to the theoretically derived value.?

Moreover, the computed F, / F,, of a specific shape remains constant throughout the
Stokes regime and gradually decreases as Re, increases in the intermediate regime. For

given Re,, the value of F,/F,, generally increases with increasing CSF. These

results suggest that when the inertial force becomes significant or the particle shape

deviates from spherical, pressure drag gradually dominates over friction drag.
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2. Characteristic time and displacement

Although the settling velocity and drag coefficient have been extensively studied for
both spherical and non-spherical particles, limited attention has been paid to the time and
space scales required for a particle to reach its terminal settling state.

The motion of a spherical particle falling through a fluid is described theoretically

by the Boussinesq-Basset-Oseen equation,? expressed as

aw 3 2 cdW  do
m+oam,)—=(m —m,)g—F,—=d*(n = _==
( P m f) dt ( p f)g d 2 ( S ) ) do (t—G)l/z

(12)

n

where m, is the mass of fluid displaced by the sphere; «,, is the added mass coefficient;

and o is a dummy variable. In Eq. (12), the term on the left-hand side denotes particle
inertia, and includes the added mass effect when an accelerating (or retarding) particle

moves in a fluid. In practice, it is common to assume ¢, =0.5. On the right-hand side

of Eq. (12), the first term is the submerged weight of the particle, the second term
represents the fluid drag, and the third term is the Basset force (due to particle acceleration
because of unsteady viscous shear on the surface of the particle).

Guo* derived a simple closed-form solution for the motion of a sphere settling
through a fluid by applying Rubey’s drag law* to Eq. (12) and combining the added mass
and the Basset force into an integrated term. Guo was able to determine analytically the
time-dependent settling velocity, acceleration, and vertical displacement of a spherical
particle. However, for a non-spherical particle, even when the orientation variation is
neglected and the drag force approximated by an empirical relationship, it is extremely
difficult to obtain analytical solutions for the added mass and the Basset force. In practice,
empirical relations have to be introduced in order to describe the characteristic time and

characteristic displacement of a settling non-spherical particle.

20
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Here, we focus on cases with g, =0°, where particles accelerate to the terminal
settling state with negligible change in orientation. The characteristic time ¢, and
characteristic displacement s,, are defined as the time and vertical displacement taken

for a particle to reach 95% of its terminal velocity. A general dimensional analysis gives

the following expressions:

s =3 — tfs/v =/i(Re,), (13)
5. == (e, ). (14)

n

where ¢

.. and s, are dimensionless characteristic time and displacement. Figure 5

depicts the behavior of ¢, and s,, with Re,, as logarithmic plots. Linear fitting is

used to obtain two asymptotes for the Stokes and intermediate regimes, with their

intersection set at Re, = 1. As shown in Fig. 5(a), the dimensionless characteristic time

t,.. 1s assumed constant throughout much of the Stokes regime, and then decreases with

increasing Re, in the intermediate regime. The dimensionless characteristic

displacement s,,, increases monotonically with increasing Re, over the simulated

range, with the linear slope observed in the Stokes regime reducing in the intermediate
regime [Fig. 5(b)]. These results suggest that the Stokes and intermediate regimes are
characterized by two distinct acceleration mechanisms. Based on the two asymptotes, the
logarithmic matching approach proposed by Guo*® is used to establish the following

correlation formulae:

fys, =2.226(1+ Re, '™

)—0.222

, (15)

Sos54 = 1 .716Rep°'998 (1 + Rep3.409

)70.209

(16)
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The above correlations are evaluated using the coefficient of determination R* and

mean relative error MRE , which are defined as

N .

S

RP=1-E— (17)
2(7751m _nzlm)
k=1
1 N n:al_nzim

MRE = — S| —Tc_| 18
N; o (18)

cal

where 775" is the k-th data value obtained from the correlation functions; 7™ is the k-

th data value from the numerical simulations; 7°™ is the mean value of the simulated

data; and N is the number of pairs of data points. In general, higher R*> and lower
MRE correspond to better model performance. As demonstrated in Table III, our

theoretical model exhibits rather good performance with high R*> and acceptable

MRE . The proposed correlations indicate that the time and space scales required for a

non-spherical particle to reach its terminal settling state may vary with Re,, and provide

convenient methods that give effective estimates of the magnitudes of the characteristic

time and displacement. It should be noted that the proposed correlations are only valid

within the simulated range of Re, for a particle-to-fluid density ratio p, / p; of 2.65.

Future work will be extended to the Newton regime ( Re, > 10’ ) and incorporate a larger

range of density ratios.
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TABLE III. Performance of proposed correlation formulae Eq. (15) for dimensionless
characteristic time and Eq. (16) for dimensionless characteristic displacement against

underlying simulated data.

Correlation R? MRE (%)
Eq. (15) 0.9971 5.948
Eq. (16) 0.9988 3.453

Stokes regime Intermediate regime
10- 1l L Loyl L L1l L ol L Lol L '
107 107 107" 10° 10" 10° 10°
Re
p
O sphere *  ellipsoid 1 +  ellipsoid 2
X cylinder ¢ disk 0  cube
-------- Asymptotes Logarithmic matching

FIG. 5. Dependence on particle Reynolds number Re, of (a) dimensionless

characteristic time ¢

.. and (b) dimensionless characteristic displacement s,., .
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B. Particle settling for different initial orientations.

1. Stokes regime

In this section, results from numerical cases with 4, =0.0625 mm and Re,
ranging from 0.1 to 0.2 are analyzed to investigate the effect of initial orientation on the
settling of non-spherical particles in the Stokes regime. Note that similar results are found
for cases with @, =0.015625 mm and 2x107 < Re, <3x 107, and so are not included
here.

Taking ellipsoid 1 as an example, Fig. 6 shows the temporal variations in orientation
angle [, settling velocity W, and vertical displacement s. It can be seen that S
remains constant during the settling process for cases with different g, [Fig. 6(a)]. This
suggests that the orientation remains essentially unchanged for non-spherical particles
settling in the Stokes regime, in agreement with previous findings.?’-?® As a result, a non-
spherical particle reaches a terminal velocity that depends on the initial orientation of the

particle [Fig. 6(b)]. And particles with larger g, tend to settle faster, yielding longer

vertical displacements [Fig. 6(c)].

To account for the effect of particle orientation, we consider crosswise sphericity ¢ ,

which is the ratio between the cross-sectional area of a volume-equivalent sphere and the
projection area of the actual particle perpendicular to the flow.!® According to the

definition of f, particles with large £ should have relatively small projection areas
and consequently develop large ¢, .
Figure 7 illustrates the influence of particle orientation on terminal settling state by

showing the resulting variations in terminal velocity w, and drag ratio £, /F,, with

¢, . In general, larger ¢ leads to larger #,, indicating that the particle experiences
24
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lower total drag at larger . In addition, F,/F,, tends to increase as ¢ increases,

implying that the contribution from friction drag may increase despite reduction in total

drag when the particle is oriented away from [ =0°. Figure 8 presents contour plots of

vertical flow velocity in the vicinity of particles of different shapes and initial orientation

B, =45° at the terminal settling state. Cases with g, =45° are of particular interest

because the particles display asymmetric forms in the vertical plane. As shown in Fig. 8,
the velocity contours exhibit a highly symmetric pattern and turn out to be similar for
different particle shapes. The particles seem to move in combination with the surrounding

fluid, and so the effect of asymmetry of the solid shape is marginal. Arguably, this

accounts for the sustainability of random orientations.
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2. Intermediate regime
Here numerical cases with ¢, =1 mm and Re, ~100 are selected to probe into

the effect of initial orientation on the settling of non-spherical particles in the intermediate
regime. As can be seen from Fig. 9(a), particles of ellipsoid 1 shape tend to attain the
same terminal settling state with S =0° irrespective of their initial orientation,

consistent with the previously mentioned settling behavior at relatively large Re,.*”

Variation in particle orientation has a vital effect on the settling process, about which more
details are given later in this section. Yet, due to the identical orientation attained at
terminal settling, the effect of initial orientation on terminal velocity can be negligible
[see Fig. 9(b)]. Except for the disk, similar results have been found for other particle

shapes. At the terminal settling state, periodic oscillations about £ =0° are observed
for the disk particle [Figs. 9(d) and 9(e)]. Such results are in accordance with previous
observations by Stringham et al.*” at a higher value of Re,.

Fig. 10 depicts two-dimensional visualizations of the settling trajectory and
orientation variation of different particles with 3, =90°. The red dashed line denotes the

centroid trajectory and the black solid line with blue endpoints denotes the location of the
revolution axis. The time increment between each visualization is 0.02 s. During the
settling process, the revolution axes of elongated particles (ellipsoid 1 and the cylinder)
become gradually oriented normal to the direction of settling motion, while those of flat
particles (ellipsoid 2 and the disk) turn to be parallel to the settling direction, thus the

L =0° state is eventually reached. In addition to the vertical fall, a horizontal component

can be observed in the settling path, associated with the varying orientation.
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FIG. 9. Time histories of orientation angle f, settling velocity W , and vertical

displacement s for (a-c) ellipsoid 1 and (d-f) disk with d =1 mm.
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Given that gravitational force induces no torque about the mass center, torque arising
from hydrodynamic forces is responsible for particle rotation. According to Mande and
Rosendahl®, friction torque always acts to damp rotational motion, whereas torque
stemming from the offset of the center of pressure from the geometric center (i.e., the
mass center) accounts for particle readjustment. Figure 11 illustrates the pressure
distribution around ellipsoid 1 at different instants of settling for g, =90°. During the
initial period, the particle moves at its initial orientation (i.e., g = 5, =90°) [Fig. 11(a)].
Although the particle experiences no torque under such circumstances, this can
instinctively be interpreted as a state of unstable equilibrium. Once it experiences a certain
level of disturbance, the particle starts to deviate from the state of unstable equilibrium,
and the pressure distribution is no longer symmetric around the particle [Figs. 11(b) and
11(c)]. This change promotes additional torque due to the displacement of the center of
pressure, thus forcing the particle to rotate. Eventually, a state of stable equilibrium is
reached whereby the center of pressure is consistent with the geometric center, and the
torque vanishes [Fig. 11(d)]. The terminal settling state of a particle is commonly
characterized by this stable equilibrium state without regard to secondary motions like
oscillation.

Based on the above description, the settling process of a non-spherical particle in the
intermediate regime may be divided into three chronological stages. In Stage 1, the
particle provisionally settles at an unstable equilibrium state. In Stage 2, the particle self-
readjusts to the stable equilibrium state. In Stage 3, the particle progressively attains the
terminal settling state where secondary motions may occur. Notably, particles with certain
initial orientations may not experience Stage 1 and even Stage 2. Moreover, the settling

velocity can dramatically increase in Stage 1, leading to a considerably longer vertical

31



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

displacement [see Figs. 9(c) and 9(f)]. Particles with d, =0.25 mm (Re, =10) exhibit
qualitatively similar settling behavior to those with @ =1 mm, yet appear to be oriented

directly to the stable equilibrium state of £ =0° without exhibiting oscillations in Stage
2 (Fig. 12).

As a settling particle rotates due to hydrodynamic torque, the rotational motion of
the particle can in turn appreciably affect the flow field around it and may thus promote
specific wake structures. Fig. 13 visualizes the flow fields around particles of different

shapes with ¢, =1 mm and B, =90°. The ©, method proposed by Dong et al.*® is
used for vortex identification. An iso-surface of Q. =0.52 is chosen to capture the

vortical structures. As illustrated in Fig. 13(a), the wake of ellipsoid 1 initially consists of
two thread-like vortices that are attached to the particle. As the particle rotates, instability
develops, and vortex shedding occurs. The detaching vortices push the flow near and
around the particle upwards, forming a low-pressure region that generates a torque on the
particle in the opposite direction. This additional torque along with inertia can further lead
to particle oscillations because new vortices can detach on the other side when the particle
reaches the opposite inclination and so on, each time it changes orientation. Notably, the
vortical structure is closely related to the particle shape. Similar to ellipsoid 1, a double-
threaded wake structure is observed for the cylinder [Fig. 13(c)], whereas flatter particles
like ellipsoid 2 and the disk present a so-called hairpin structure*>->* [Figs. 13(b) and

13(d)]. Vortex shedding is less pronounced for particles with ¢ =1mm and g, =45°.
This is mainly because the absence of Stage 1 leads to relatively low Re, in Stage 2.

For particles with & =0.25 mm however, no vortex shedding is observed for all

simulated shapes and initial orientations. The foregoing suggests that the occurrence of
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vortex shedding depends largely on the magnitude of Re,. An unstable initial orientation

may promote vortex shedding because larger Re, can be reached and rotational motion

is induced. In turn, vortex shedding can affect the settling motion by causing the particle
to oscillate in Stage 2 and Stage 3.
Figure 14 presents contour plots of the vertical flow velocity component around

particles of different shapes for ¢ =1 mm and g, =90°. Sinuous wake structures

associated with varying particle orientation can be observed. Moreover, the velocity
distribution in the wake exhibits an asymmetric pattern even as the particle approaches
the state of stable equilibrium [Figs. 14(a) and 14(d)]. In fact, the high-velocity zone is
located close to the downward-rotating end of the particle, reflecting the effect of
rotational motion on the flow field.

Overall, our results provide insight into the settling process of non-spherical particles
in the intermediate regime. The initial orientation of non-spherical particles plays a key

role in the settling process and so should be taken into account for particulate flows.
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0.60 s.
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FIG. 13. Vortices in the wake of particles of different shapes for 4, =1 mm and

B, =90° during orientation readjustment: (a) ellipsoid 1, #=0.12~0.22 s, (b) ellipsoid 2,

t=0.18 s, (c) cylinder, ¢ = 0.20 s, and (d) disk, # = 0.30 s. An iso-surface of Q, =0.52

is chosen to capture vortical structures.*®
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IV. CONCLUSION

This study has investigated the effects of particle shape and initial orientation on the
settling of non-spherical particles. Commercial CFD software FLOW-3D was used to
perform a series of PR-DNS simulations of the settling in otherwise quiescent water of
spheres and five types of regular, non-spherical sediment particles, i.e., prolate spheroid,
oblate spheroid, cylinder, disk, and cube. A dual-Euler whole-attitude solver was used to

reproduce particle orientation behavior. In the study, the Galileo number was varied from

0.248 to 360 with the particle Reynolds number Re, ranging from 0.00277 to 562.

Based on the computational results, the main findings are summarized as follows:

(1) A non-spherical particle experiences larger drag and consequently attains a lower

terminal velocity than its spherical counterpart. For sufficiently small Re,

when the viscous force dominates, the terminal velocity is less affected by the

particle shape (characterized by the particle aspect ratio). For relatively large

Re, when the inertial force becomes dominant, the shape effect becomes

significant, and should be represented by the Corey shape factor. When the
inertial force becomes significant or the particle shape deviates from a sphere,
then pressure drag may dominate over friction drag.

(2) Empirical correlations were derived for the dimensionless characteristic time

t,.. and dimensionless characteristic displacement s, of particle settling. It

was demonstrated that ¢, remains constant in the Stokes regime and decreases
as Re, increases in the intermediate regime; increases logarithmically

S95*

with increasing Re, over the simulated range, whereas the slope in s,;, with
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Re, observed in the Stokes regime reduces in the intermediate regime.

(3) In the Stokes regime, the orientation of a non-spherical particle remains

essentially unchanged during the settling process. A non-spherical particle with
different initial orientations can attain various terminal velocities which increase

with crosswise sphericity ¢ . The flow velocity distribution in the vicinity of a

particle of any shape exhibits a highly symmetric pattern. A given particle
appears to move in tandem with the surrounding fluid, such that the effect of its

asymmetry is marginal.

(4) In the intermediate regime, a non-spherical particle provisionally settling at an

unstable orientation tends to readjust itself to a stable equilibrium state. In
general, such a particle may experience three stages during its settling process:
settling provisionally at an unstable equilibrium state; self-readjusting to the
stable equilibrium state; and progressively approaching the terminal state where
secondary motions may occur. Due to the identical orientation attained at
terminal settling, the effect of initial orientation on terminal velocity is negligible,
while an unstable initial orientation can result in a longer vertical displacement
and may promote vortex shedding. It is therefore important to consider the initial

orientation of non-spherical particles when modeling particulate flows.

In many real-world situations, particles do not settle in isolation. Vortices induced by
nearby particles can significantly influence the overall settling behavior, e.g., causing
repulsion in dual-particle cases,’! promoting clusters for monodisperse particles,’? and
altering the orientation of rod-like particles.’® Direct inter-particle interactions (collisions)
also play an important role in the dynamics of particles particularly when in a dense

regime.>*> Therefore, we intend to carry out future research into the behavior of multi-
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particle systems. Moreover, the present work has provided us with a unique basis to

investigate the settling of irregular particles; this work is underway.

SUPPLEMENTARY MATERIAL

The Supplementary Material provides a brief description of the dual-Euler whole-

attitude solver used to model variation in particle orientation.
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APPENDIX: VALIDATION OF THE CFD MODEL

The settling of a solid sphere in quiescent water was experimentally investigated by
Mordant and Pinton>® who derived the temporal variation in settling velocity from
measurements of the Doppler shift of an ultrasonic wave scattered by a moving particle.

Two cases with ¢ =0.5 mm and 1.5 mm are simulated to validate the applied CFD

model. The particle density is o, =2560 kg/m’, the water density is p, =1000 kg/m’,

and the dynamic viscosity of water 1 =8.9x10"* kg/m/s. The simulation setup is the
same as previously described in Sec. II.B except that three mesh resolutions are tested,
1e., Ah=1/10,1/12,and 1/14 d, .

Fig. 15 shows that there is good agreement between the simulated and measured
settling velocities, thus validating the model, and demonstrating that a mesh resolution of

Ah=1/12d, 1s sufficiently fine to produce accurate results.
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