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Abstract:
direct numerical simulation ( DNSD and experiment. The improved implementation of distributed Lagrange

The sedimentation of a single circular particle between two parallel walls was studied by means of

multiplier/fictitious domain method used in our DNS is a promising new way for simulation of particulate flows.
The settling behaviors of the particle are presented ranging in Reynolds number from O to about 700, which
showed that our results for low Reynolds numbers agreed well with that reported before. Nevertheless, for
higher Reynolds numbers our results were different from theirs. The long-term mean equilibrium positions in
our resulis were all on the centerlines but not at off-center position as reported before. In order to validate our
simulation, experiments were also conducted. The resulis showed that the sedimenting behavior simulated in

this paper agreed well with our experiment result.
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INTRODUCTION

The centering of a particle which settles at
small Reynolds numbers had been studied by
several researchers. Christopherson and Dowson
(1959) found that theoretically, when the effect
of inertia is negligible, a ball achieves eccentric
equilibriun in a vertical tube having a diameter
only slightly exceeding the diameter of the ball.
They verified their analysis with experiments.
Vaseur and Cox (1977) did experiments on the
sedimentation of a small sphere in a vertical duct
of a rectangular cross-section. They observed
that the sphere always migrated to the center-
plane of the two vertical walls when the Reynolds
number was small. Tachibana (1973), working
with spheres settling in a vertical round pipe
observed a similar phenomenon at Re = 0.093.
Perfect centering of cylinders falling in viscoelas-
tic liquids between the closely spaced sidewalls
was observed by Joseph and Liu, if the settling
velocities were not very slow.
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On the other hand, the settling behavior of
particle at high Reynolds numbers has been little
studied. Feng et al. (1994) simulated the set-
tling of a single ciucular particle through quies-
cent fluid between parallel walls by using a Navi-
er-Stokes slover-POLYFLOW based on unstruc-
tured grids C(Hu et al.» 1992) . The behavior of
a particle in a channel is classified into five dif-
ferent regimes which occur at different Reynolds
number

width. The trajectories of the particle were pre-

intervals depending on the channel
sented up to Re = 575. But to our knowledge>
no systematic experimental work on the settling
of a particle at high Reynolds numbers has been
reported. Feng et al. (1994) also mentioned
that the only verification of the irregular oscil-
lation of a particle at high Reynolds number is
Tachibana” s(1973) experiment on the settling
behavior of a sphere in a vertical round pipe.
However, their results (that the mean equilibri-
um which is away from the centerline at high
Reynolds number) was not verified.
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Our goal in this work is to re-examine this
interesting problem with an improved implement-
ation of the distributed Lagrange multiplier/ficti-
tious domain method, and compare the simulated
results with our experiments on the settling of a
‘two-dimensional* column with high aspect ra-
tio.

Particulate flows of solids in fluids are widely
used for different purposes in different industries
(Lin et al.» 2002). Among the practical appli-
cations without complicating features, many are
suitable for direct simulation. The distributed
Lagrange multiplier/fictitious domain method is a
promising new way for the direct numerical simu-
lation of particulate flows, by which the Navier-
Stokes equations governing the motion of the flu-
ids and the equations of rigid-body motion gov-
erning the motion of the particles are solved si-
multaneously without any approximations. Its ba-

1999) is to extend

the problem on a geometrically complex (possi-

sic idea ( Glowinski et al . »

bly time-dependent) domain to a largers simpler
domain Cthe “fictitious domain”), and the fluid-
particle motion is treated implicitly via a com-
bined weak formulation in which the constraint of
rigid-body motion is enforced as a side constraint
using a distributed Lagrange multiplier. Accord-
ing to this methods explicit calculation of the
hydrodynamic forces and torques on the particles
is no longer required, and a fixed structured
mesh can be used for the entire computations
which eliminates the need for repeated remeshing
and projection, and allows efficient parallel al-
gorithm and fast solution methods to be imple-
mented. This is a great contrast to the scheme
based on moving unstructured grids ( Patankar,
1997: Glowinski et al ., 2001).

NUMERICAL METHOD

Equations of motion
In this paper, we will focus on the motion of

circular particles in two-dimensional flows. The

schematic of the computational domain is shown

in Fig. 1. For simplicity, we assume that the en-

tire computational domain Q is a rectangle with
4

boundary I" = U I'; . The interior of the ith par-
i=1

ticle is presented by P;(¢), 1,..., N.

The motion of fluid and particles is governed

by the following equations.

196 %
® Ve

Fig.1

=

The schematic of computational domain

Fluid motion

Pr[% +uul = pg+ Voo
in 2\ PCe), (1
Veu =0 inQ\ PG, (2)
o=—pl+ 27;20[ u] for Newtonian fluid,
(3
u = urCt) onl (4>
u=U +w xr, ondP(t),
i =1, N, (5)
wl,o=u, nmOQ\ PWO. (6
Particle motion

M, [](:';" = Mg+ F;, + F/» 7
I dﬁ =T; (8)

i i
Ui li-0 = Uiy (9
w; li-0 = wiyo- (10)

Kinematic equations

d(]it U an
d(ﬁ’i = w;> (12
X Tiag = Koge (13)
B; li-0 = Biyg. (14)

Here, u. p,> ns p,» D and o are the fluid ve-
locity, pressures viscositys densitys the rate of
deformation tensor, and the stress tensor. r; = x
— X, is the position from the center of particle

i. M;» I;» U;» w;» O, and X; are the mass:
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moment of inertia> translational velocity, angular
velocity > angular orientation and cenire of mass
of particle 1. F; and T; are the force and torque
acting on the particle i. F;” is the artificial re-
pulsive force exerted on the ith particle by the
other particles and walls at close range to prevent
particles from penetrating each other or the four
walls. In our simulation, F,” is set to be direct-
ly proportional to relative velocity between parti-

cles.

Weak form

As mentioned above, the basic idea of the
DLM method is to extend the problem on a geo-
metrically complex domain to a larger, simpler
domain, and to treat the fluid-particle motion
implicitly via a combined weak formulation in
which the constraint of rigid-body motion is en-
forced as a side constraint using a distributed La-
grange multiplier. The detailed derivation of this
weak form is omitted due to the limit of pages.
For simplicity, only one particle is considered in
the following presentation. The extension to the
many-particle case is straightforward .

Fora.e. t >0, find uc Wy, » pE L3,

AEA(L), UER?, and w€ R, satisfying
du

jg‘ol‘[a_t + Cu s Vou - g] vdx —anv
vdx + JQ277D|:u:| : DLy 1dx + (1 -
oL dU . dew ' eV —
‘Od)[M(E—g) Vil F v =
</1,v - (V+ & x I‘)>p(,)
forall v &€ W,, V & R?>, and £ € R, (15D

[qu cudx = 0 forall ¢ € L’C(Q), (16

(pou — (U + w x 1)) py =0
for all o & ACe), 17>
ul,.o = uy in 18>

as well as the kinematic Eqs. (110, (12D and
the initial condition for the particle translational
and angular velocities Fq.(9), Eq.(10).

Here

W, = e mHQ? v = u(ton I'}
Wy = v & H(Q)?|y =0on I}
12000 = {g € 12()] J.qux - 0}

and ACt) is an appropriate space by which the
constraint of rigid-body motion inside particle is
enforced. For the inner product (*, *) on A
(2, we will use the following form in this pa-
per.

<#’V>P(/') = J‘( (19)

.pl)

e vdx

Computational scheme

In this paper, a rectangular discretization for
velocity and pressure are used as shown in Fig.
2. We adopt the so-called “ Q,-P;” element,
namely, the velocity is made of piecewise poly-
nomials and the pressure is piecewise constant on
a rectangular grid. The key feature of this rect-
angular scheme is that it has good symmetry
property and pressure has almost the same degree
as the velocity. The scheme works well in our
numerical simulation as discussed in the follow-
ing section. Compared to the triangular scheme;
it allows the solution to satisfy better the incom-
pressibility condition and can give a more accu-
rate simulation of the motion of particles, espe-
cially at moderate and high Reynolds number.

Fig.2 Velocity and pressure mesh ( *represents pre-
ssure discretization point)

For time discretization, the Marchuk-Yanen-
ko operator splitting scheme is used to solve the
initial value problem Egs. (150 — (18). This
scheme allows decoupling of the principal nu-
merical difficulties including the incompressibil-
ity condition, the advection and diffusion terms
and the constraint of rigid-body motion in p,
Ce).

In addition, the buoyant force is considered
while predicting the position of particles at a new
time step in our scheme. This improved the ac-
curacy for the prediction of the particle” s posi-
tions, particularly when p; is nearly equal to

o -
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RESULTS AND DISCUSSION

We now discuss the results obtained using
the above algorithm for the motion of a circular
particles settling in a two-dimensional channel
filled with Newtonian fluid.
simulations discussed here,

In our numerical
we assume that all
dimensional quantities are in CGS units.

Simulation results

According to Feng et al . (1994) simulated
resultss the lateral migration behavior of a set-
tling circular particle between two parallel walls
with width L = 4D (D is the diameter of the
particle) is classified into five regimes which oc-
cur at different Reynolds number intervals. In
regime A (0.1 < Re < 2), the particle drifts
monotonically to a steady equilibrium on the cen-
treline of the channel independent of the initial
position of the particle. In regime B (3 < Re <
Re., D> the centre of the channel is still the
equilibrium position, but the approach to it is
not monotonic. There is an initial overshoot fol-
lowed by a damped oscillation. In regime C
CRe.; < Re <60, the steady equilibrium posi-
tion at the centre of the channel becomes unsta-
ble; and the long-term behavior of the particle is
a weak oscillation around an equilibrium position
slightly off-centre. In regime D (60 < Re <
300D, the particle oscillates with much larger
amplitude around a mean equilibrium position
that is further away from the centreline. In re-
gime F. ( Re >300), the behavior of the particle
becomes unstable and break down into less regu-
lar patterns .

In this work, the settling behaviors of a cir-
cular particle between two parallel walls were al-
so studied at different Reynolds number with our
DLM code. We first compared our computed
drag coefficients with the standard drag and those
by Feng et al. (1994) as shown in Fig.3. We
note that our and Feng’s results agree well with
each other. This indicates that the accuracy of
the DLM method to compute the streamwise ve-
locities of the particle in a wide range of Reynol-
ds numbers is good. In Fig. 3, The standard
drag is an empirical correlation of experimental
data on a fixed cylinder in an unbounded domain

1975). We note that the

(Suker and Brauer

wall confinement generally decreases the settling
velocity and inversely increases the drag coeffi-
cient of the particle; and that this effect decreas-
es with Re.

1060 : :
Standard drag
----&---- Feng's result
100+~ A

&  Qur simulation

A

0.1

0.1 1 1l0 100 1000

Re

Fig.3 Drag coefficients of a particle settling in chan-
nels as compared to the standard drag and the numer-
ical result of Feng et al.(1994)

The settling trajectories of the particle in our
simulations are shown in Fig.4. We can see that
the behaviors of the particle at low Reynolds
numbers ( Fig. 4a and Fig.4b) agree well with
the results (regime A and B) presented by Feng
et al. (1994) . Nevertheless, our results for the
subsequent regimes are different from theirs. It
is clear from Fig. 4 that the long-term mean
equilibrium positions in our results ( Figs. 4a,
4b,4¢) are all at the centerline, but not at off-
center position as presented by Fent et al.
(1994). We think that this difference does not
conflict with the agreement of drag coefficient
Cd as mentioned above; because the lateral mi-
gration and long-term equilibrium position of the
particle are mainly determined by the wake of
the particle and the interactions between particle
and the walls.

As shown in Fig.4, the lateral migration be-
haviors at high Reynolds number in our simula-
tions can be described as follows: For the case of
Re = 54.6 (Fig. 4c), the particle sediments
eventually along the centerline. It is the same as
that presented in regime B. Nevertheless, the
way in which the particle approaches the center-
line is different from that in regime B. It consists
of a monotonic approach to the centerline and a
“ wagging ” movement caused by vortex shed-
ding. For the case of Re = 163.0 (Fig.4d), the
approach of the particle to the centerline is simi-
lar to that at Re = 54.6. The difference is that
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the particle sediments either eventually settle
along the centerline, or oscillate regularly about
the centerline at a constant frequency and ampli-
tude. It is reasonable that; when the Reynolds
number is higher than about 60, the wake vorti-
ces become unsteady and persistent vortex shed-
ding can be observed. In our simulation, due to

the confinement of the walls; the wake vortices

line up vertically. For the case of Re = 675.0
(Fig.4e), the approach to the centerline is no
longer monotonic. An initial overshoot can be
observed again as that in regime B. The long-
term behavior also is that the particle settles
along the centerline and oscillates regularly about
the centerline at a constant frequency and ampli-
tude .
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Fig.4 Simulation results: settling trajectories of a circular particle between two parallel walls
(a) Re=1.7; (b) Re=13.4; (¢) Re=54.6; (d) Re=163.0; (¢) Re=675.0

Comparison with experimental results

we did

experiments on the sedimentation of a ‘two-di-

In order to validate our simulation;

mensional’ column with aspect ratio of 12 in a
vertical duct of width 40 . The cross-section of
the duct was a rectangle with aspect ratio of 8 so
that the effect of the two widely spaced walls
might have been negligible. The fluid used in
the duct was an aqueous solution of sirup> whose
density and viscosity can be changed with the

concentration of the sirup. So it was possible to
make careful observation on the behavior of the
column ranging in Reynolds number from O to
about 1000. Fig.5 shows the experimental re-
sults in which the trajectories of the column at
different Reynolds numbers are presented. We
can see that our simulated trajectories all com-
pare well with the experiments at different re-
gimes. The experimental results also showed that
the mean equilibrium positions of the particle at
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Fig.S5 Experimental results: settling trajectories of a particle in a vertical duct
(a) Re=2.3; (b) Re=11.4; (¢) Re=48.6; (d) Re=161.6: (e) Re=682.0
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all tested Reynolds numbers were at the center-
line. Some typical features, such as the over-
shoot at Re = 13.4 and 675.0, the “ wagging”
movement when the particle approaches the cen-
terline at Re = 163.0; were all correctly simu-
lated although quantitative discrepancies exist for
understandable reasons. This means that our
DLM code can give a relatively more accurate
simulation of the particle” s motion.

CONCLUSIONS

According to Feng’ s simulation results, the
settling behavior of a circular particle between
iwo parallel walls is classified into five regimes
which occur at different Reynolds number inter-
vals. In this paper, this interesting problem is
re-examined by means of direct numerical simu-
lation (DNS) and experiment. The settling be-
haviors of the particle are presented ranging in
Reynolds number from O to about 700. It was
found that our results for low Reynolds numbers
agreed well with results presented by Feng et al .
(1994 ). Nevertheless,

numbers our results were different from theirs.

for higher Reynolds

The long-term mean equilibrium positions in our
results were all located at the centerline, but not
at an off-center position as presented by Fent et
al .(1994) . In order to validate our simulation,
the experiments on the sedimentation of a ‘ two-
dimensional” column with aspect ratio of 12 in a
vertical duct were also conducted. The result
showed that the sedimenting behavior simulated
in this paper agreed well with our experiment.
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The mean equilibrium positions of the particle at
all tested Reynolds numbers were at the center-
line.
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