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LATERAL MIGRATION AND ROTATIONAL MOTION OF ELLIPTIC PARTICLES IN

PLANAR POISEUILLE FLOW

DEWEI QI*, M-.SIII LUO l, RAJA ARA\_.MUTHAN t, AND WILLIAM S'PRII_;Dh',I[ §

Abstract. Simulations of elliptic particulate suspensions in the planar Poiseuille flow are performed by

using the lattice Boltzmann equation. Ett;:_cts of the multi--particle interaction on the lateral migration and

rotational motion of both neutrally and non.-.neutrally buoyant elliptic particles are investigated. Low and

intermediate total particle volume fraction f_ = 13%, 25%, and 40% are considered in this work.

Key words, elliptic particulate suspensions in the planar Poiseuille flow, lateral migration, rotational

motion, multi-particle interaction, the Segrel and Silberberg effect, lattice Boltzmann simulation

Subject classification. Fluid Mechanics

1. Introduction. Particle suspensions in pressure (]riven flows (:an be found in many industrial ap-

plications such as transport and refining petroleum, paper manufacturing, pharrnaceusical processing and

environmental waste treatment. An understanding of the detailed dynamical behavior of particulate sus-

pensions in pressure driven flows (lateral migration, rotational motion, and spatial distribution of particles)

would aid designing and developing feasible and economic industrial processes. For many years the research

activity in this area has been focused on the investigation of tile dynamic behavior of suspensions in the

Poiseuille flow.

Segr6 and Silberberg [25, 26] found that a neutrally buoyant; particle migrates to an equilibrium position

between a channel wall and the channel eenterline due t;o the wall effect, the velocity profile curvature and

shear force. This phenomenon, attribu_ued _;o _;he nonlinear inertia effect;, has been confirmed in both theory

and experiments [3, 4, 16, 8], and more recently in direct numerical simulations [6, 7, 10, 11].

Feng, Hu and Joseph [6, 7] have simulated the motion of a single circular particle in the planar Poiseuflle

flow by using a finite element, method. Both neutrally a.nd non-neutrally buoyant particles were examined.

For a neutrally buoyant particle, the Segr6-Silberberg phenomenon was reproduced in the simulations and

it was found that the equilibrium position is closer to the wall at a higher flow velocity. For a non.-.neutrally

buoyant particle, when the density diffi?rence between the particle and the fluid is small, tile equilibrium

posit;ion is either close t;o the wall or to the centerline, depending on whet;her the particle leads ahead or lags

behind the fluid velocity locally. When the density difference (or the buoyancy effect) is large enough, the

part;icle always moves to the centerline regardless whel;her it; is light;er or heavier tha, n the fluid. In general,

a difference in the relative velocity across a solid particle may drive the particle to move laterally since the

side with a higher relative velocity may experience a lower pressure. Theretbre, these authors suggested

four mechanisms responsible for the particle motion in the Poiseuille flow: (1) wall lubrication repulsion,

(2) inertial lit_ clue to shear slip, (3) a lif_ clue to particle rotation, and (4) a. lift, associated with tile curvature

of the undisturbed velocity profile.
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Little information on tile motion of elliptic particle in a pressure driven flow is available in literature. In

the present paper, we report the direct numerical simulation results fbr the systems of a single elliptic particle

or multiple elliptic particles in the planar Poiseuille flow by using the lattice Boltzmann (LB) method. Both

neutrally and non--neutrally buoyant particles are investigated. Only low and intermediate wflues of the total

part;icle volume (area) fraction, i.e..[, .....13%, 25%, and 40% are considered in the simulations. Effects of

the multi-part;icle in_teract;ion on the migrat;ion and rotational motion of particles are also analyzed.

2. Theory and simulation method. The fluid flow is governed by the Navier Stokes equations:

p.fOtu + pfuEru ..... Vt ) + _/V2u + pfg (2.1)

where flf, u, P, ?'t, and g are the fluid density, tile velocity field, the pressure field, tile fluid viscosity, and

the acceleration due to gravity, respectively. The equations of motion fbr the solid particle are

dU

=

= T, (2.2b)I-

where m, U, fl, I, are the mass, the linear velocity, the angular velocity, and the moment of inertia tensor

of the particle, respectively; F and T are the hydrodynamic [bree and torque exerted on the particle,

respectively.

The Navier-Stokes equations can be simulated by the lattice Boltzmann equation (LBE) [27, ..5, 18,

17, 9, 14, 1,5, ii3, 1, 2]. The motion of nonspherical particles can be handled by solving the equations of

motion for each particle [19, 20, 21]. In the past, the LBE method has been successfully used to simulate

two--dimensional (2D) rectangular particles and three-dimensional (3D) beds of cylinders in sedimentation

flows [22, 23]. In these simulations, the numerical results agree with experimental data very well and the

direct; numerical simulations by using the LBE met:hod have quantitatively captured the essential physics of

the particle-fluid-flow, and thus can be able to correctly predict the flow phenomena. Therefore, the same

method is used in this work. The details of the LBE method has been reported elsewhere (cf. [14, 1..5,2, 21])

and will not be repeated here. In the present work, it is assumed that when two particles collide, an elastic

collision occurs. In other words, the linear and angular momenta of each particle are conserved during the

collision. This hard shell scheme, developed by Rebertus and Sando [24] fbr molecular dynamic simulations

and adopted by Qi [22, 23] fbr sedimenting cylinders, will be used in this work.

a. Simulations and Results. One (:an find that {;hePoiseuille flow is determined by four dimensionless

parameters [12]

PP C 2a 4a'ep/7 2a(p_, .....p/)g----, ...... ae .... , cv..... (3.1)
p/ W' _t 7r/

where p_ is the ratio of solid density tip to fluid density fl/, W is the width of the channel, a is the radius of

the principal axis of the elliptic particle, C is the confinement ratio, 7 is the local shear rate of flow, and F_e

is the particle Reynolds number. In the planar Poiseuille flow, the shear rate

...... l-H, I

is not a const.ant and varies with coordinate z in the cross flow direction, where U,_ is the maxirnun'_ velocity

of the undisturbed flow in the channel. We use the shear rate at z = W/4 to estimate the particle Reynolds



number unless otherwise stated in this work, i.e.,

8a" g _r_
Re ....

where v is the kinematic viscosity of tilefluid. The dimensionless parameter

Re 2a_9

\Pf

(13.2)

measures the ratio of life to buoyant weight, which will be nsed later.

In tile simulation presented here, a constant body force simulating the gravity is used to achieve the

efli_ct of constant pressure gradient in the Poiseuille flow. The flow and gravity are along the y--direction, as

shown in Fig. 1. And the periodic boundary conditions are applied in the y--direction, as shown in Fig. 1.

The bounce--back boundary conditions are applied at walls as well as the surface of particles to mimic the

noslip boundary conditions. The bounce-back scheme used here for tile fluid-solid interface of a moving

particle is first; proposed by Ladd [14], improved by Aidun et al. [2], and is discussed in detail in [21].

,11
x

P_(3. 1. The planar Poiseuille flow configu'cation. Grnvi_y and flow are in the y.-direction (down,).

3.1. Neutrally buoyant elliptic single particle. Before investigating a multi-particle system, the

migration of a singe ellipt;ic part;icle is st;udied first. A computational domain of size 251 × 251 in lattice unit

is nsed. The major radius of the ellipse is a = 15 and the minor radius is b = 7.5. The confinement ratio

C = I).12 tbr all the cases. The bulk Reynolds number of suspension is defined by

Reb = --,
1/

where l{_ is the average velocity of the suspension and v is the kinematic viscosity.

First, four simulations of a single neutrally buoyant; elliptic particle with different; initial positions in the

x-direction (the cross flow direction) are performed at Heb ..... 140.625. In each of tile four runs, the elliptic

part:icle nfigrates to the equilibrium posit;ion approximately 0.156W away from a wall. This equilibrium

posit;ion is independent; of the init;ial orient:at;ion and posit;ion, as shown in Fig. 2. However, it takes a much

longer time tbr a particle with an initial position close to the center of channel to reach the equilibrium

position because the shear rate at the channel center is zero. The Segr6-Silberberg phenomenon is observed



in tilesystemofaneutrallybuoyantellipticparticlein theplanarPoiseuilleflow.Theresultsshowthatthe
particlealwayslagsbehindtile flowlocallyandtheeitherofvelocitycurvatureindeedpushestheparticle
towa,rdthewall.ThismechanismhasbeendearlyexplainedbyFeng,Hu,a.ndJoseph[7].
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FIt1. 2. The migration of a neutrally buoyant, elliptic particle with different initial positions xo. There are jb'ur simuh_tions

for single ell_q)se at l:_eb -- 140.625. All distances are normalized by the width of chr_nnel l_ _. The same is applied to other

figures. The wiggles are caused by the discrete effect of the solid particle.

The ellipse ahvays rotates at its equilibrium state because the pa.rticle still experiences a shear fbrce.

The angular velocity is periodic in time. The rotational rate at the final equilibrium statue is plotted in Fig. 3

for the neutrally buoyant particle.
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FIO. 3. The angular velocity as _ flu_.ction of time for a neutrally buoyant particle.

In order to describe the orientation of the particle, an averaged angular distribution across the channel

is used:

.f(e) .... (a(e-_(_))_,, (a.a)

where a is a Dirac function, and ('}t is the average performed over an ensemble of trajectories O(t) at:. a

given position x. The averaged angular distribution f(O) gives the probability of ellipse along angle 0. The

angular distribution funct.ion is normalized to unity over the interval of [0, -_]. Fig. 4 shows that the ellipse is



muchmorelikelyto alignitslongaxiswithtileflowdirection(y--direction)becausetheparticleexperiences
aweakertorquefromtheflowwhenit isin alignmentwiththeflow.
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PIo..l. The m_gular distribution function of ne*_trally b_toyant particle.

3.2. Non-neutrally bnoyant single particle. When 5he parsicle density is slightly larger than fluid

density ([._ = 1.005, Re = 6.08, and G = 27.7), the pa.rticle leads the flow velocity locally and the relative

velocity at the side of the particle (:loser to the wall is increased, resulting in a lower pressure due to a higher

relative velocity on this side. The particle migrates to a wall due to the pressure difference and stabilizes at

a position (;loser to a wall than does a neutrally buoyant particle. In this case the ratio of die lift to buoyant

weight S ..... 0.22.

When the solid density is sufficiently larger than t,he fluid density (p_ = 1 .I)1, Re = 6.08, and G = 55.4),

the particle motion resembles that of sedimentation. The wall repulsion overpowers the inertial liR and the

velocity curvmure effect, and the particle moves to the cent, erline. Figure 5 shows the migrations tbr the

cases of p_ = 1.005 and p, = 1.01. For the purpose of comparison, the migration for a neutrally buoyant

ellipse (p_ = 1) is also shown in the same figure. It is clear that sedimentation is tile major fbrce driving

tile particles from tile wall to the channel center when the density of ellipse ]s large enough (e.g., p._ = 1.01).

This can be seen more clearly from the averaged angular distribution across the channel. In a sedimentation

flow, the orientatk)n of an ellipse along the cross flow direct;ion is dominant due to the wakes associated with

the nonlinear inertia effect. The angle 0 (cf. Fig. 1) of the ellipse as a function of time is depicted in Fig. 6

for the cases of p_ = 1.0(15 and p, = 1.01. The ellipse of p_ = 1.01 turns quickly to the horizontal direction or

the cross flow direction around 0 = 0 °, while the ellipse of p_ = 1.005 turns to the flow direction or vertical

direction, oscillating approximately around 0 = 83 °. It, is evident that when p_ = 1.01 the sedimentation

eflhc5 is dominant since the long end of the particle turns to the horizontal direct, ion and the particle moves

to the centerline (x/W = 1/2), where the shear rate vanishes. In contrast, the particle with p, = 1.005 turns

to the vertical direction and moves toward to the wall. This behavior may be attributed to the combined

effect;s of the Poiseuille flow and sedimentation. The shear lift and the wall effect force t;he part;icle t;o orient

in the vertical direction, tluang, Hu an(] Joseph [11] pointed out that the particle may turn to the vertical

direction due to {:he wall effect at a small particle Reynolds number in a sedimentation flow. Similarly, the

wall effect also contribu_;es to t:he determination of the particle orientation when p_ .... 1.005. In these two

cases, the particle ceases to rotate due to the sedimentation and the wall effect. However, the rotational

behavior of a neutrally buoyant ellipse is ensirely diff>rent fl'om thai, of the above two buoyant cases of p_ > 1.
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F_o. 6. The rotational angles of ellipse as a function of time ]br the cases of p,_ 1.005 and 1.01 at: Reb 140.625.

The neutrally buoyant; particle is always rot;adng, an(] is much more likely to align its long axis with the

flow direct, ion than with the cross flow direction, as previously discussed and shown in Fig. 4.

As previously mentioned, the neusrally buoyant particle lags slighdy behind the local velocity of _.he

_mdisturbed flow and the particle moves toward the wall. When _he particle is slightly lighter than the fluid

(p._ = 0.9995, Re = 6.08, C ...... 2.77), the lagging velocity increases. The relative velocity at the end of _.he

particle closer to a wall (of. Pig. 1) becomes larger, and the inert, ial lift pushes the particle to the centerline.

At an even lighter particle density (p._ = 0.995, Re = 5.08, G = -27.7), the lagging velocity further increases,

and a stronger wall repulsion forces the particle to move across the cent;erline, where the part;icle experiences

the same repulsive forces in opposite direction by symmetry of lhe flow. Therefore, t;he particle swings

back and forth, oscillating about the centerlitm as shown in Fig. 7. Again, when t_he sedimentation effect is

dominant for the particle of p_ ..... 0.995, the particle ceases to ro_uate on average in t;ime. Whereas for the

particle with less buoyancy (p_ = 0.9995), i_. never stops rotating, because the sedimentation effect is not,

dominant in _his case.
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FIG'. 8. The snap shots of the particle co_fig'a_'ations of 23 neutrally buoyant elliptic pa_'ticles with the vol'u'me fraction

f_ .... 13c;_ at time steps (f'rorn left to right) t --- O, :.tOO, 000, and 400,000.

3.3. Neutrally buoyant multi-particles. To study the multi-particle inl;eraction, i;he motion of 23

neutrally buoyant elliptic particles in lhe Poiseuille flow is simulated with the same computational domain.

In this case, the particle volume (area) fraction fo. is 13%, and l;he bulk R.eynolds number is 140.625. Three

snap shots of the particle configurations at t .... 0, 300,000, and 400,000 are shown in Fig. 8. It is clearly seen

that the particles move to the positions between the walls and the centerline. There are t,wo maxima in the

averaged volume fraction distribution across the channel and these maxima are located between the wails

and centerline, as shown in Fig. 9. However, the maxima are closer to the centerline for the multi--particle

system than IIL)rthe single particle system because multi-particle interaction reduces the curvature effbct of

the flow. It seems that the particles tbrm clusters, as shown in Fig. 8. With a careful observa.tion, it is found

theft there are two small shoulders at the averaged velocity distribution across the channel shown in Fig. 10.

The locat;ions of the shoulders on lhe veloci W distribution correspond to the maxima of t;he volume [rat;don

dist;ributi(m across the channel, indicating that the average(] velocity of particles is suppressed at areas of

higher particle vo]ume fraction f,,. This is expected becallse higher effective viscosity due to higher particle

volume fraction reduces the velocity gradient in these areas.

Next, the averaged rmAti-particle angular distribution function is used to describe the orientation of
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multi-ellipses:

N
1

i= ]

where N is the total number of particles and i indicates the i-th particle° The results in Fig. 10 show that

the neutr_lly buoyant elliptic particles have a much higher probabifity _o align in the flow direction than in

the cross flow direction.

To investigate the effect of the total particle volume fraction f(_ on migration, the sinmlations of 44

and 70 elliptic particles are conducted, corresponding to f_, = 25% and 40%; and Rev = 71.81 and 75.78,

respectively. The results show that the maxima of the average particle volume fraction distribution across

the ehannel become broader and the minimum gradually disappears as the total particle volume fi'action .f(,

increases (Fig. 9). It is observed that the rotational motion of an individual particle is also suppressed by

the interactions fi'om it:s neighboring particles. Thus, the lift due to rotation is reduced and t)articles may

move more closely to the centerline. The velocity dist, ribution of flow becomes [tatter (cf. Fig. 11). These

results s_ggest that the Segrei-Silberberg etf_ct becomes weaker d_le to muM-particle interaction, as the total
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3.4. Non-neutrally buoyant multi-particles. When the I)article density is slightly lighter than the

fluid density (e.g., p,_ = 0.9995), the two maxima t)etween the walls and the centerline on the averaged

partMe volume fraction distribution across the ehannel become much wider, as shown in tqg. 12, compared

to "that: of "the neutrally buoyant particles (F'ig. 9). As _uhe particle density further decreases _uop, .... 0.993, the

two maxima finally merge together, thus the volume fraction distribution across the channel now has only

one wide maximum around the centerline as shown in Fig. 12. The two shoulders on the curve of velocity

profile become more prominent and the velocity profile becomes flat. The probability of ellipses aligning

with the flow is also greatly reduced, as shown in Fig. 13.

Finally, t;he syst;em of 44 buoyant elliptic particles (.f, ..... 25%) w?uh p, ..... 1.002 and p, ..... 1.015 are

studied and compared with the system of 44 neutrally buoyant; particles (p,_ ..... 1.0). When particles are

slightly heavier than the fluid (p, ..... 1.002), "they move to the region closer lo the walls than do _uhe neutrally

buoyant particles due to the inertial lift: forces. In this case, the behavior of the multi-particle system is similar

to that of a single particle. As shown in Fig. 15, the maxima of the averaged volume fraction distribution

across the channel are located more closely to both walls ti)r slightly heavier particles (p, = 1.01)2) than for
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neutrally buoyant particles. As the particle density increases to p, = 1.015, more particles move fror)_ the

wall regions to the central region. By comparing the angular distribution functions of the neutrally buoyant

particles and the heaxiest particles (p_ = 1.0:15) in Fig. 16, it can be seen that when p_ = 1.0115 the likelihood

of particles aligning with the flow is greatly reduced by sedimentation, which turns ellipses from the flow

direction to the cross flow direction.

The inertial lift, associated with the curvature et_bct in this case still exists, although it is relatively weak.

Therefore, the averaged particle volume fraction distribution across the channel, the angular distribution

function, and the velocity distribution, respectively shown in Fig. 15, 16, and 17, demonstrate the combined

effbcts of the Poiseuille flow and sedimentation. It is clearly shown in Fig. :l7 that the velocity profile for the

heavier buoyant I)articles of p_ = 1.015 is broader than that for the lighter buoyant particles of p._ = 1.002,

and the velociW profile for the lighter buoyant particles of p._ ..... 1.002 is broader than (;hat for the neutrally

buoyant particles.

4. Conclusions. The lattice Boltzmann method has been emI)loyed to simulate the dynamic migration

and rotational behavior of a single elliptic particle and multiple elliptic particles in the planar Poiseuille flow.

The buoyancy efibct on the lateral migration of the particles is analyzed. The total particle volulqle fractions

of 13_:, 25% an(] 40(X_,, are considered in the simulations. Several conclusions (:an be drawn from this work.

First of all, for the system consisting of a single neutrally buoyant elliptic particle or muRiple particles,
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F_J. 16. The aw;raged angular distribution acrose the channel for th.e same cases as in Pig. 15.

the Segrd-Sill)erberg phenomenon is clearly observed in the simulations. A single elliptic particle migrates

to an equilibrium position between the walls and the centerline of channel due to the inertial lif_ associated

with "the curvat;ure of velociW profile. The equilibrium position of the particle in the cross flow direction

is independent of t;he initial position and orientation of the particle. At _uhe equilibrium, an ellipse is

much more likely to align its long end along the flow direction _.han along the cross flow direction, because

the torque tYom the flow on the particle is weaker when the particle align its long axis with the ttow.

Our simulations demonstra.te that bhe Seg%-Silberberg effect also exists in a multi-particle system, and is

responsible for driving the particles away from the eenterline. Consequently, the particle volume fraction

distribution across the cha.mlel has two maxima located at both side of the centerline and has one minimum

at the centerline. The velocity profile has two shoulders corresponding to the maxima in the particle volume

fraction distribution. As the total particle volume fract:ion increases, the maxima in the particle volume

fraction distribution become wider and the minimum disappears gradually. In the mean time, the shoulders

in the velocity profile become more _-md more prominent and t:he velocity profile becomes more and more

blunL It; is (:lear thai; the Seg%-Silberberg phenomenon in a single ellit)tic t)article system is caused by

the wall lubrication repulsion, a.n inertial lift due to shear slip, a lift due to rotation and a lift associated

with velocity curvature. However, the Seg%-Silberberg efl_ct is greatly reduced as the _ota.1 particle voh_me

] 1
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fraction increases, and virtually v,nnishes as the total particle volume fraction increases beyond 40%, because

muir, i-particle interaction changes velocity profile and reduces rotational motion of the particles. Ellipses

prefbrentia.lly align its long axis along the flow direction fbr the values of the total particle volume fl'aetion

considered here.

Secondly, when the particle densiW is slightly heavier than the fluid, a single particle leads ahead the flow

and moves to a position away from the channel centerline, because the inertial lift points to the wall. When

the particle density is large enough, the particle moves back to the centerline. ][n this case, the slip velocity

overshadows the effect of the velocity profile. The wa.ll ]ubrication repulsive force becomes dominant and

the particle motion is similar to sedimentation. The ellipse turns to the cross flow direction. The behavior

of the two--way migration of the ellipse is the same as that fbund by Feng, Hu and Joseph [6, 7] and Huang,

Feng and Joseph [10, 11] fbr a circular particle. This two--way migration behavior remains in a multi--particle

system, i.e., the particles slightly lighter than the fluid move away from the eenterline, and t;he particles

which are heavy enough move baek to the cent:erline. The likelihood /;hat the ellipses align their long axes

with the flow direction is greatly reduced due to the sedimen_uation effeet.

And finally, when _he particle density is smaller than _he fluid density, a particle lags behind the velocity

of flow, the inertial lift, and wall repulsion grow an(] push the particle to the centerline. As the density dif--

ference between the particle and the fluid (buoy_mcy) increases, the particle is concentrated at the centerline

region. Oscillations about the centerline are observed in some cases. For multi-particle systems, the maxima

in "the particle volume fraction distribution _x:ross the channel increases, while both the _ngular distribution

an(] the velocity profile become flat, as respectively shown in Figs. 14 and 16, due to buoyant forces and

multi-particle interactions.
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