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The rotational states of three-dimensional nonspherical particles including cylindrical and
disk-shaped, as well as prolate and oblate, ellipsoidal in a Couette flow are studied by using a lattice
Boltzmann simulation. We discover that rotation of a nonspherical particle exhibits several different
states, depending on the ranges of the particle Reynolds numbers and the geometric shape of the
particle. As the Reynolds number increases, the rotation transits from one state to another
state. ©2002 American Institute of Physic§DOI: 10.1063/1.1517053

Jeffery studied a single ellipsoid in a simple shear flowuse the lattice Boltzmann equati¢hBE)*~1° for the fluid
by ignoring the inertial effect of the partictetde concluded part and the six-dimensional equations of motion for the
that the final state of a spheroid depended on its initial oriparticle!®=° The particle is allowed to rotate and translate
entation and possesses the minimum energy dissipation. Tafreely without any restrains. The LBE model used in the
lor was the first to experimentally validate Jeffery’s hypoth- present work is a 15-velocity lattice BGK modfel*4in three
esis for a prolate and oblate ellipsoid in a creeping Couettéimensions.
flow in a qualitative manner.Later, Karniset al3 conclu- We use &,y,z) and ’,y’,z') to represent the space-
sively showed by experiment with the maximum Reynoldsfixed and body-fixed coordinate system, respectively. Angle
number about 10, in contrary to Jeffery’s theory, that the 6 is the polar angle between the vorticity vectargxis) of
inertial effect brings nonspherical particles to a final rotationthe flow and the symmetric axis of revolutioz’{ of the
orbit in which an ellipsoidal particle rotates with its long particle, ande is the angle between thez plane and the'z
body perpendicular to the vorticity vector of flow. The theo- plane if the body-fixed coordinate system is initially over-
retical work of Harper and Chafig qualitatively confirmed lapped with the space-fixed coordinate system. The compu-
the experimental observation of Karrés al. for a neutrally  tational domain sizél, X N, X N, ranges from 6%4to 128 in
buoyant dumbbell in a linear shear flow. However, Harperthe simulations. We only consider particles with the symme-
and Chang’s analysis is only valid for the Reynolds numbetry of revolution. The rotational motion is affected by both
less than 1, thus cannot be applied to large Reynolds numbéne confinement ratiar;=N,/c and the aspect ratio,
cases. Some analysis and simulations at zero Reynoldsc/a, wherec anda are the length of the semi-axis and the
numbef’ were reported. The most recent numerical andradius of revolution, respectively. In this work, we keep the
experimentd° work for a single nonspherical particulate confinement ratiad ;=4 and aspect ratio,= 2. The effects
suspension at moderate Reynolds numbers are twaf these ratios on the rotational motion shall be reported
dimensional in nature, because one of the rotational axes mlsewhere. Two walls are placed»>at 0 andx=N,+1, re-
fixed in space. Therefore, rotational behavior in a large Reyspectively. The shear is imposed by moving the two walls
nolds number in a three-dimensional couette flow is unwith opposite velocities, (Q,0) and (0;-U,0). Periodic
known. boundary conditions are imposed in theand z-directions.

This Brief Communication summarizes our recent workThe particle Reynolds number is defined By=4Gc?/v,
on simulations of the dynamic rotational behavior of a non-where the shear raté =2U/N, and v is the fluid kinematic
spherical particulate suspension of various geometric shapesscosity.
in a Couette flow with the Reynolds number up to 467. We  We conducted a number of simulations with different
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nonspherical particle shapes to fully investigate the rotational 8
motion of a nonspherical suspension in the Couette flow. We g 812
discover that the rotational motion of a nonspherical partlcle
has several different states depending on the ranges of th1
particle Reynolds number and the particle shape. As the Rey-® “ 0.8
nolds number increases, the rotational motion of a nonspheri-& ,L 0.6
cal particle sharply transits from one state to another. 5 0.4
We first report the results of an prolate ellipsoid with the @
revolution symmetry, i.e., with two equal short semi-ages E 0.2
=b, andc=2a. We find three final rotational states corre- :'j 0
sponding to different ranges of the Reynolds numbers be—
tween 0 and 467. The first state corresponds to a low Rey-g ™
nolds range 8.R<<205. In this low Reynolds number state, B-0.4
the particle rotates about its short symmetric axis that is par-g.o,s
allel to the flow vorticity vector periodically and the long
axis of the particle is always perpendicular to the flow vor-
ticity vector. We call this first state “tumbling.” The prolate
ellipsoid is rotating stably within a shearing plafparallel to Gt
xy plane. The shearing plan is an orientational attractor. The
word “tumbling” was first used by polymer scientists to de-
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scribe the orientational states of rodlike molecules in liquid- E - b)
crystalline polymerg? Several states such as tumbling, wag- 2 3 T B
ging, flow aligning, log-rolling, and kayaking were identified 3 0.8 __ o [« *‘“\‘{Aii!.'»frl"m\” -
in the polymers and these states depend on initial onentanona *( y‘.l ‘.”‘#ﬂiﬁ-.
shear rates, the strength of the nematic interactions as well a’e 0611 )!- }l-’ | : mh s1
Brownian motions. The similar phenomena “tumbling” and & ., F' W | || |
“log-rolling” are found in this work and will be reported 8 [ : nil '
shortly although the physical origin is entirely different from g 0.2f 1 (il ‘
that of polymeric nematics. - At
Figure Xa) shows the evolution of the directional co- -g oF Ll : il
sines §;,S,,53) = (cosB,cosy,cosd) at R=322 which is 3_0,2f_ i, : '
typical in the low Reynolds number range, whéey, and 6 % C '
are the angles betweet-axis andx-, y-, andz-axis, respec-  §04F
tively. If the initial orientation of the particle differs from the 0_ F
final state, it is unstable and thus quickly enters to the final o -
state of6=90°. In the low Reynolds range, when the ellip- §-0.8 =
soid reaches the final rotational stai, is a periodic func- & & 00 500 300 200 500 500

tion in time. Gt
As the Reynolds n.umber continuously mcrease.s to th%IG 1. The directional cosiness1,s2,s3) of the z'-axis of the prolate
second range, approximately 20R<345, the rotational g cr6iq against timés) at R=32, (b) R= 350.
behavior of the prolate ellipsoid undergoes a sharp transition.
At its final state the prolate spheroid precesses about th8og-rolling.” It looks like logs rolling on a river. Figure b)
vorticity with a nutational motion. In other words, the end of shows the directional cosines Rt= 350. The angular veloc-
the revolution axis of the prolate spheroid describes a spherity in this “log-rolling” case is (v, ,»,)=(0,0,0.385). It
cal ellipse with its major axis a$p=90° and minor axis at appears that the vorticity direction is a stable orbit attractor.
¢=0°. 6 has a minimum valu#&; at $=0° and ¢=180° Aidun, Lu, and Ding(1998 and Ding and Aidur{2000
and a maximumd, at $=90° and¢$=270°. We call this reported that when the Reynolds number increased to a criti-
state “precessing and nutating.” As the Reynolds numbercal value, the ellipsoid rotation was stopped at a critical Rey-
increases in the range, the mean valuedahonotonically  nolds numbeiR; due to the effects of streamline separation
decreases. Obviously, unlike the first state, the particle anguhat generated a negative torque on the nonspherical par-
lar velocity vector of the second state is neither parallel noticles. The critical Reynolds number in Ding and Aidun’s
perpendicular t@-axis. In this state, angular velocity is pe- work (2000 was R.=81 for a 3D oblate ellipsoid an&.
riodic in time. =29 for 2D elliptical particle. Their numerical results are in
When the Reynolds number passes beyond 345 approx@ood agreement with Zettner and Yoda’s experimental results
mately, the rotational motion of the particle undergoes anin a two-dimension space. However, our simulations show
other sharp transition. In the high Reynolds number rang¢hat as the Reynolds number increases rotation may transit
R>345, the prolate ellipsoid in its final state rotates about itSrom one state to other but is never stopped. The difference
long symmetric axis parallel to the flow vorticity vector, i.e., lays on that our simulations are in a 3D space while the
#=0°, with a constant angular velocity. We call this statesimulations of Aidunet al. were in a 2D space due to a
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FIG. 2. w, against time(GY) (@) for a cylinder atR=390 andR=400 and  FG, 3. The directional cosiness2,s3) of thez’-axis of the disk-shaped
(b) for a disk-shaped particle &=150 andR=280. particle as a function of time d8) R=150 and(b) R=280.
particle’s axis fixed in an unstable orbit direction. ferent flow patterns and, in turn, lead to that a cylinder lacks

“precessing and nutating” state.

We have also had simulations for a disk-shaped patrticle,
with r,=1/d=1/2. There is only one transition point B
~230. WhenR< 230 the disk-shaped patrticle is “rolling”
about the short symmetric axighich happens to be' -axis)

arallel to the flow vorticity ¢=0°) vector. WhenR

We have repeated simulations for a cylindrical particle
with the aspect ratio,=1/d= 2,1 andd being the length and
the diameter of the cylinder, respectively. For this cylindrical
particle, we only find one transition point in the Reynolds
number, approximately equal to 395, in the interval of O
<R<467, as opposed to two transition points for the prolat 230, it is “tumbling” about the diameter of the diske..
ellipsoid with the same aspect ratig. The two states below —90°) periodically. The results for the disk-shaped particle
and above the transition Reynolds number correspond tQtR 150 andR =280 are shown in Fig.(®) for the angular
‘tumbling” ( #=90°) and “log-rolling” (6=0°), respec- ye|qcity and in Fig. 3 for the orientation. Unlike the cylinder,

tively. That is, there exists no intermediate state of “precessihe disk- -shaped particle transfers from a “rolling” to a “tum-
ing and nutating” (0%< #<90°). Figure 2a) shows the an- bling” state atR= 230.

gular velocity componeni, (w,=wy=0) as a function of The transition mechanism in the rotational motion is due
time atR=390 and 400, corresponding to two states beforgo the changes in flow pattern. At the low Reynolds numbers,
and after the transition, respectively. the particle is rotating about its short symmetric axis parallel

A cylinder has two flat ends of circles sharply connectedto the flow vorticity and the long body is perpendicular to the
by a cylindrical surface while the prolate spheroid has onevorticity vector. Torques exerted on the particle by shearing
smoothly curved surface. The different shapes cause the divould bring the long body tumbling along flow direction.
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orbit attractor at the higher Reynolds number.
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