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Abstract: The sedimentation of evlindrical pollutant particles which fall through a fluid is investigated . Differing from previous research work,
particle oscillation and effect of particle on the fluid are considered, and the torque exerted on a particle when viscous fluid flow around a
particle is gol through experiment and included in the pumerical simulation. ‘The computational results showed that the sedimentation velocilies
of particle increase slowly with the increase of particle aspect ratio $. For disk-like particle, when the motion direction of particle is parallel to
axis at particle, patticle falls more slowly than the case of perpendicular to axis of pasticle; while for tod-fike particle, it is inverse. For
sedimentation of a crowd of high-frequency oscillating cylindrical particles with arbitrary initial erientation, both vertical velocity and horizontal
velority nscillate dramatically, the degree of oscillation of the former is stronger than the later. A crowd of particles fall more quickly than an
isolated pariicle. Particles lend te strongly align in the direclion of gravily. The computational results agreed well with the experimental ones
and helpful for controlling of pollutant particles.
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Introduction

What pollutant particles suspend in air or water is one of the main environmental pollution. Usually
the pollutant particles move in the form of sedimentation. The restraint of environmental pollution can be
achieved by controlling the sedimentation of pollutant pasticles. Therefore, it is important to comprehend
the laws of sedimentation of particles. And sedimentation of particles is also one of the most basic kinds of
motien of {luid-particle suspension und is the basis of some laboratory techniques for determining the
distribution of particles sizes in a particulale dispersion.

The sedimentation of particles has been extensively studied . However, there is less known about the
sedimentation of cylindrical particle, as a matter of fact, a lot of pollutant particles are cylindrical. Koch
and Shagfeh (Koch, 1989) considered the sedimentation of axisymmetric, nenspherical particles in dilete
suspension including only two body interparticle interactions and demonsirated that due to the coupling
between cenler-of -mass and orienlation motion, particle “clumping” or “streaming” should occur. Tumey
et al . (Tumey, 1995) examined the sedimentation of polymethyl methacrylate rods using NMR imaging
and presented the hindered settling funclion for a range of volume loadings. Herzhaft et al. { Herzhaft,
1996 measured the mean sedimentalion velocity, vartance of the sedimentation veloeity, and the
orienlation distribution and found a sieady state where the eylindrical particles “clump” together and tend Lo
align in the direction of gravity with occasional “flipping” . Mackaplow et al . (Mackaplow, 1998) siudied
the sedimentation of particle suspension at low Reynolds number using both Monte Carle and dynamic
simulations . For homogeneous, isotropic suspensions, the Monte Carlo simulations show that the hindrance
of the mean sedimentation speed is linear in particle concentration up to some extent. The dynamic
simulations, however, show that interparticle hydrodynamic inlcructions cause the spatial and orieniational
distributions to become inhomogeneous and anisotropic. Maost of the particles migrate into narrow sireamers
aligned in the direction of gravity. Up lo now, there are no numerical resulls about sedimentation of
cylindrical particles with consideration of particle oscillation, the torque caused when viscous {luid flow

around cylindrical partiele. Actually, 1n the case of low Reynolds number, the sedimentation of cylindrical
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particles is always accompanied with the oscillation, and the torque caused when viscous fluid flow around
cylindrical particle plays a key role for the rotation of particles.

Tt is the purpese of the present work 1o report on numerical resulls, under the consideration of above
[aclors, which show the effect of particle aspect ralio on the mean sedimentation velocity, the motion of
particles with arbitrary inilial oricntation.

1 Numerical model
1.1 Ferce acling on a cylindrical particle

Fig.1 shows cylindrical particle and two cases of sedimentation. In the paper, we restrict ourselves to
suspensions meeting the conditions that both the particle and fluid Reynolds numbers are much less than
unity, so inertia can be neglected. The force acting on a eylindrical particie consists of three parts:

The first part is the net gravity of particle in [luid. I equals to the difference of gravity and buoyancy
acling on the particle;

F, = (p, — p)V,g = 2nb(p, - pla’g, (1)
where V, is the volume of particle, ¢ is the particle aspecl ratio, a is the radius of particle.
The sceond part is hydrodynamic force on a ecylindrical particle with high-lrequency oscillating
{ Pozrikidis, 1989):
F, = ,mRe{A"[BD rABY 4 ATM +ﬁ(é0 D - B“)]A : U(,ef“"}, (2)
whete the v is the viscosily, Re is 1o get the real parl, A is a transformation malrix, A4 =
cosf siné . . . . . . . .
) ] . f is the angle of particle’ s axis lo x axis of Cartesian coordinates. 8 is a parameler
- sinf  cosy
rellecting the inleraction among particles, and is laken 1o be about 2/3 according lo the experimentlal results
(llerzhaft, 1996) . I} is the frictional resislance tensor for steady Stokes flow, B” is the Basset force, A

is & frequency factor, A” = - iwa’/v, e is the oscillaling frequency, v is the viscosity, M is the added
v

mass force, U, is the random oscillating velocity. Here 1A 1 = O(1), s0o w = 0(—2) , then we can
a

simplify Fq.(2) into:
F, =¢,BeoswtA™ DA » Uy + e,(coswr — sinat)A B A4« Uy + c.sinatd " MPA - Uy +

(3)
e[ (2k + 1cosawt — sinwt]A"(éD - D - B“)A - Uy,
where ¢, = - = — kua = 2k pa S S lt;—a«'/ri
ere ¢, = — f@,C; = — Kfd,Cy = HeL 4 = Yy MELE = 20"
The third part is the Stokes resistance, it can be expressed as:
Fy =- FG,BA_lDA (U -U,), {4)

where U, is the particle velocity, U is the luid velocily at center of particle. When a erowd of particles
are simulated, the { in different positiens are different because of the wake of paricles, which can be

expressed as Eq. (5) approximately based

Y
-, o Y on Fig.2 (White, 1974)
o X Us 1

U=U -u=U-~-C

( i, lVZ )
v CXPY — Adpy 17
iUn (5)
N | i . .
where € is 1.76, then force acting on a

Fig. 1 Skeich map of sedimentation of cylindrical particle Cyhndnca] pal‘llClC 151
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F=F +F,+ F,. (6) u
1.2 Torque acting on a cylindrical particle w Uy

The torque acting on a cylindrical particle has two parts, the first pant

1s the resistant torque caused by rotation of particle ( Cox, 1970):
1
3
where s =1n""(2¢), d is the diameter of patticle.

T, = — sauol’dl1 - a(ln2 - 1.8333)]14, (7)

¥

. . . Fig.2 wylindrical particle
The second part, T,, is the torque caused when viscous fluid flow '3 Wake of eylindrical panicle

around cylindrical particle. T, changes with the orientation of particle and

always tries to cause the particle to turn back to a steady orientation. When the Reynolds number is large,
T, will be much smaller than T, . In the case of sedimentation, T, and T, have similar quantities, so we
must consider T, and T, simultaneously. There is not ready equation for T, till now. In order to get the
expression of T,, we measure the T, in a wind tunnel as shown in Fig.3. Fig.4 shows the relationship

between T, and & with dilferent particle aspect ratio 9.

Torque
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Fig.3 Experimental facility Fig.4  Relationship hetween T and &
®: $=10.6; a: $=20; v: $=25;
®: $=30; m: $=35; %: $=40

Fitting e curves in Fig.4 with 3-order polynomial, we have expressions of T, for different ¢:
T, = F(0,8°,8,¢,2), (8)
where a is a constant.
Then torque acting on a cylindrical patticle is:
T=7T+7,. (9)
1.3 Motion equation and rotation equation for particle

Motion equation of cylindrical particle is:
[x]z Fo+ F, + F, _ pp—p,[gl+[ﬂ| (‘zl[on]"_[bl bzl[%—Um], (10)
¥ ", e g @y agd Uy, by bAly - U,

where @, and b, stand for related terms in Egs. (1), (3) and {4).

Rolation eguation of particle is:

1

Q:J—{T,+T2.l, (11)
where
Jo = %(Gaz + '), (12)

here [ is the length of particle.
2 Results and discussion
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Before caleulating Eq. (10}, the B® and M* should be determined. Here B™ and M" are obtained
by fitting the curves given from experimental results (Loewenberg, 1993} with 6-order polynomial. The
expressions are:

BY =15.96 + 13.81¢ - 55.52¢7 + 166.46¢" — 241 .47¢° + 167.324° - 43.974°, 0.0l < ¢ < |
B7 =18.98 - 2.79¢ + 0.20¢° - 0.01¢°, 1 < ¢ < 100
BT =11.35 + 10,894 + 44.31¢° — 94,744 — 179.694" + 480.89¢° - 254.63%°, 0.0l < ¢ < |
BT =20.46 - 2.64% + 0.198* - 0.014°, 1 < ¢ < 100

MY =2.58 + 10,199 — 71.279"° + 258.37¢° — 470.034° + 411.06¢° - 137.2¢°, 0.01 < ¢ < |
M =3.58 +0.10¢ - 0.0014°, 1 < ¢ = 100
M —4.58 - 21.65% + 138.454" — 459.84¢° + 783.358" - 652.67¢° + 210.25¢°, 0.01 < ¢ < 1
MY =3.58 +0.43% - 0.03¢", 1 < ¢ < W00
2.1 The sedimentation velocities of cylindrical particle

When a particle with initial orientation § = 7/2 falls through a fluid. During the sedimentation, the
particle keeps 8 = #/2. In this case, the sedimentation velocities are shown in Fig.5. For the case of 6 =0,
the resulis are shown in Fig.6. In the Fig.5 and 6, the curves are the experimental results {Heiss, 1952)
and the solid round points represent calculated results in this paper. The calculated resulls agreed with
experimental ones very well. From the figures, we can see that: (1) Both two cases of 6 =0 and 0 = /2,
the sedimentation velocities of particle increase slowly with the increase of particle aspect ratio $. (2) For
disk-like panicle (¢ < 1), the pasticle with § = x/2 falls more slowly than the case with & = 0; while for
rod-like particle {# > 1) it is inverse. (3) For disk-like particle, sedimentation velocities for both cases of §
= /2 and & =0 do not differ largely, and difference of velocities for two cases decreases with Lhe increase
of ., however, for the rod-like particle, the difference will increase with the increase of ¢,
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Fig.5 The sedimentation velocities of particle with & = /2
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Fig.6 The sedimentation velocities af particle with & =4
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2.2 Sedimentation of high-frequency oscillating particles with arbitrary initial orientation



No.4 Numerical simulation of the sedimentation of cylindrical pollutant particles in (uid 437

The calculation for two hundreds of high-frequency oscillating particles with arbitrary initial orientation
is performed . Fig.7 is the resulis of a typical pariicle versus iime, (a) is the sedimentary velocity which is
normalized relative to the maximum veloeity that an isolated cylindrical particle can achieve, in which the
upper is the vertical velocity u, and the helow is the horizontal velocity u,, (b) is the orientation & of
patticle versus time. Fig. 8 is the comresponding experimental results ( Herzhaft, 1996). In order to
determine whether a steady state can be reached, the mean vertical veloeitics, the mean horizontal
velocities and the mean projecled angles, ensemble averaged over lwo hundreds of particle irajeclories are
plotted versus time ¢ in Fig.9. Fig. 10 is the corresponding experimental resulls ( Herzhafi, 1996), in
which for each time, ¢, the number of instantaneous velocities of projected angles used in the stlatistical
ensemble varied between 20 and 70. The calculated and the experimental results are the same roughly . Tt
can be seen from the figures that;

(1) In Fig.7a, both vertical velocity u, and horizontal velocity u, oscillate dramatically, the degree
of oscillation of the former is stronger than the later. The vertical velocities are usually greater than 1, its
mean value is about 1.5. This means that a crowd of particles fall more quickly than single particle. The
values of horizontal velocity fluctvate around 0.
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Fig-9  The mean values over two hundreds of particie trajectnries Fig 10 'The eorresponding experimental results ( Herzhaft, 1996)

with arhitrary initial orientation

(2) In Fig.7b, the orientation of lypical particle changes versus time and tends lo align in the
vertical direction, this means the particles will range along gravity. During the change of orientation, there

are fluctuations with very small amplitude because of high-frequency oscillating of particle, this
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phenomenon is not observed in the experimental results (Fig.8b) .

(3) In Fig.9, the velocities seem to reach a steady slate after cerlain time, where (u,) Muctuates
around a value larger than 1 and (u,} around zero. The mean projected angle also reaches a steady state
after cerlain time, where it fluctuates around a value about 1.2 rad which corresponds Lo particles perfectly

aligned in the vertical direction.

3 Conclusions

The method put forward in this paper can perfectly predict the sedimentation of cylindrical particle in
fluid .

When a single particle falls through a fluid with a constani orientation, the sedimentation velocities of
parlicle increase slowly with the increase of particle aspeet ralio ¢, For disk-like particle, the particle with
§ = /2 falls more slowly than the case with # = 0; while for rod-like parlicle, it is inverse. For disk-like
particle, the sedimentation velocities for both cases of & = x/2 and & = O do not differ largely, and
difference of velocities for two cases decreases with the increase of $ . However, for the rod-like particle,
the difference will increase with the increase of $.

For the sedimentation of a crowd of high-frequency oscillating particles with arbitrary initial
orientation, both verlical velocity and horizonial velocity oscillate dramatically, the degree of oscillation of
the former is stronger than the later. The veriical mean sedimentation velocities for a crowd of particles are

larger than an isolated vertical particle. The particles lend to strongly align in the direction of gravity .

References:

Cox R G, 1970, Long slender bodies in a viscous fluicd [4]. J Fluid Mech, 44. 792—821.

Heiss 1 F, Coull ], 1952. The effect of orientation and shape on the settling veloeity of non-isometric particles in a viscous medium[J}. Chem
Eng Prog, 48:133—140.

Herzhaft B, Guazzelli E, Michael B M ¢ af., 1996. Experimental investigation of the sedimentution of a dilute fiber suspension| J1. Thys
Review Letters, 77: 200293

Koch D L, Shagfeh K 8 G, 1989, The instability of suspension of sedimenting spheroids{J]. J Fluid Mech, 204: 521—542.

Loewenberg M, 1993 . Stokes resistance, added mass, and Basset force for arbitrarily oriented, finite-length oylinders[ ). Phys Fluids, 5:
765—767.

Mackaplow M B, Shagfech £ $ G, 1998, A numerical study of the sedimentation of fiber suspensions[ J|. J Fluid Mech, 376: 149—182,

Pozrikidis G, 1989. A singularity methed for unsteady lineanized flowl[ J]. Phys Fluids, A1(%): 1508—1512.

Tumey M A, Cheung M K, McCarthy M et af ., 1995. Hindered settling of rod-like particles measured with magnetic resonance imaging( 1]
AICHE §. 41: 251—257.

White F M, 1974, Viscous fluid flow[ M]. McGraw-Hill Book Company.

({Wecsived for review September 11, 2001 . Accepled Oriober 24, 2001)



