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Effects of container geometry on granular convection
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The James Franck Institute, The University of Chicago, 5640 South Ellis Avenue, Chicago, lllinois 60637
(Received 26 February 1997

In this work we use computer simulations to examine the effects of boundary conditions on convection in
vibrated granular systems. A two-dimensional model reproduces experimental results on the form of the
convective velocities and the reversal of the convection rolls. We then look in detail at the role of the wall
preparation and discuss a possible mechanism to account for the range of observed behaviors.
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[. INTRODUCTION to in this paper as a “normal roll.” In containers where the
walls have been tilted outward, motion can be seen in which

Granular systems are everywhere. From the powders usdble particles move down in the center of the container and up
by pharmaceutical companies to the boulders that Compris@long the sides. This will be called a “reversed roll.” We are
rock slides, granular materials of all shapes and sizes influnterested in what conditions produce this second sort of be-
ence our lives. Many people wish to predict and control thehavior and how the transition between the two types of rolls
behavior of large ensembles of such particles. An importan®CCurs.
question that arises in many contexts is how granular mate- Therefore, the simulations are designed to allow us to
rials respond to shaking. Whether this vibration is purposelook at a granular material in a variety of enclosures. The
ful, designed to produce a mixture of two Speciesl or accisystem in question is a two-dimensional model of the experi-
dental, resulting from the motion of a railway car or a tractorments (see Fig. 1. There is a container with a base and
trailer, the effects of the oscillations can vary widely. Somewalls. The walls can be vertical or rotated out at some angle
of the variables include the material being shaken, thef. The base is smooth, but the side walls have half spheres of
strength of the shaking, and the container in which the shakdiameterd,, glued to them at random intervals. The free
ing occurs. In this paper, we focus mainly on the last factorgrains are spheres with average diameiteThe whole con-
the shape and surface preparation of the vessel that holds tkginer is shaken up and down with frequericgnd amplitude
vibrated granular material. A. The strength of the driving is characterizedlIbythe ratio

Experiments have demonstrated that shaken granular sysf the container’s acceleration to gravity. As the aim of this
tems can exhibit a wide range of behaviors such as fluidizapaper is to recreate experimental systems, parameters were
tion, surface waves, convection, and compacfibj2]. Here chosen to match those used in the experiments. This fixed the
we study convection, which has been examined in connegsize of the particles and the frequency of the oscillatices
tion with heaping 3,4] and size separatidi®]. In this work,  Table ).
we focus not on the effects of convection, but on its causes. It has been noted that the shape of the container in which

Two experimental paperfs,7] provide a great deal of
guantitative information about granular convection. The goal
of this work is to simulate the systems studied, reproduce the
experimental results, and use the computational systems to
gain insight into the physical mechanisms at work. When a
granular material is driven at the right strength, convection
results. This motion is usually observed for accelerations
ranging from one to ten times gravity. Lesser forcing leads to
compaction, while stronger driving produces period-
doubling behavio{7-10, bubbling[11], or total fluidiza-
tion, although the size and aspect ratio of the granular bed, as
well as the material used, have a large effect on what behav-
ior occurs under which conditions.

For a container with rough vertical walls and an aspect
ratio of order one, the convection rolls are such that particles
move up the center of the container in a wide swath and £ 1. picture of the system. The average diameter of the free
down the sides in narrow bands. Conservation of particlgarticles isd and the diameter of the particles affixed to the walls is
flux implies that the upward motion is therefore slower thang ; (hered,,/d=2). The angle that the walls form with the vertical
the downward motion. This sort of behavior will be referredis given by 6 (here =20°). The whole container oscillates with

amplitudeA and frequencyf. The coordinate system used in this
paper is (,z), wherez is the height above the base ands the
*Electronic address: grossman@cs.uchicago.edu horizontal distance from the center of the container.
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TABLE I. Physical parameters used in the simulations. The interaction of surfaces in contact are described by
_ _ two regimes: one determined by the coefficient of static
Particle average diametedY=0.9 mm friction, one by the coefficient of sliding friction. Therefore,
characteristics variation id=+0.1 mm Walton's model assumes that including friction results in
wall 6—0°—25°: wall particle two types of co_II|S|0ns: sticking a_nd slldl_ng. In th(_a former
characteristic diametersig/d)—0.25, 0.5, 1.0, 2.0 kind, the behavior of the tangential relative velocity at the
Ittt S point of contact is modeled in the same way as the normal
Forcing r=7.8 relative velocity:
parameters f=20, 25, 30 Hz
Collison €,=0.97, €,=0.44, 4=0.092 v =—ewi®,
parameters €,=0.831,¢'=0.31, u"=0.125
I
0o =(vy—Tw) — (VT ,), 2

the granular material is being shaken as well as the condition

of the surfaces of the container can materially effect the bewherey, is the tangential component of the linear velocity
havior. Therefore, the main characteristics that we will varyand r o is the contribution of the rotational motion. Equa-
are the angle of the sidewalls with the verti¢a) and the  tions (1) and(2), coupled with the requirements of momen-

sidewall roughness, as quantified by the ratio of the diametegym conservation, are enough to determine the postcollision
of the particles glued to the wall to the average diameter ofe|ocities ¢ ,i ' w}) of the particles in terms of the

. . 1:V2,01
the freely moving particlesd,, /d). initial conditions ¢,,0,,w1,0,) and the collision param-

eterse, ande;.
Il. MODEL FOR COLLISIONS For sliding collisions, the behavior can be calculated us-

. . : . ing the traditional coefficient of sliding frictiom. Here the
In this work, we examine a two-dimensional granular sys-,

i deled ter. Th ol d force in the tangential direction has a magnitude proportional
€m as modeled on a computer. The parlicles used alg ynq force in the normal direction and is directed so as to

spheres of varying sSizes but constant dens!ty. There are W duce the magnitude of the tangential relative velocity. Spe-
key characteristics of granular systems. First, there are n&fically

interparticle forces; the only way one grain can interact with

another is through physical contact: a collision. Second,

such collisions are inelastic; energy is lost. Thus, as a whole, Fi=—uF, sgr{v{e'), 3

granular systems are dissipative. There are a variety of theo-

res used o Simulate such colisofi2 1, bt e hate pwhere ., and F, are the frces exered on parice 1 by

ett's model that was proposed by Waltb,m] and 'Eested by particle 2 and are related to the velocities through conserva-
tion of momentum, e.g.,F,=my(v,;—vn)=—My(v)

Foerster, Louge, Chang, and All[d5]. The advantage of . -nl nz2

this choice is that it allows for particle rotation and includes_U”Z)' In fact, this model assumes instantaneous collisions,

frictional effects, which have both been recognized as ke)gp tech_mcallfytI;n gnlet ?re acftl:r?lly |mpuls$s(A ;u_rtfhe.rt .
elements in granular convecti¢ae]. iscussion of the implications of the assumption of infinitesi-

This is a completely deterministic model: in a collision, mal collision times occurs later in this sectibithus, again,

the final velocities of the particle are unique functions of thef[he final velocities can be calculated as a function of the

initial velocities and the three constants used to parametriz'é"t"’le velocities and the two collision parameters, this time

the degree of inelasticity and friction of the particle-particle andu. . . .
interaction. The first parametey, is the normal coefficient of The remaining detail of the model is how one determines

restitution. This parameter, in some guise, appears in almog\{hether an interaction is a sticking or a sliding collision. For

all models. It represents the energy loss into heat due tE)elative velocities with small tangential components, the

deformation of the particles during a collision. Quantita—Staﬁc cont:_;\ct point of th? sticking_model;inget) describes'
tively, it is the factor by which the component of the relative the behavior. For _re_latlve \_/e_I00|t|es_W|th_ Iarge_tangentlal
velocity normal to the plane of collisiote.g., parallel to the components, the frictional sliding motidnsing ,) is more

line between the centers of the colliding parti¢glssreduced: apprqpriate. Thus, assuming that they dc.) not coexist and the
transition between the types of behavior is a smooth one, the

rel’ rel crossover point should occur at the relative velocity for

Un =7 €nln s which both models give the same prediction. Quantitatively,
el this condition can be expressed as
Upn =Un1— Un2, (1)
rel
where unprimed quantities describe the system before the ~Un trans

- - . . —er > - ickin 4
collision and primed quantities are for after. The negative [v®] Uratio — sticking, @

sign in front of €, indicates that while before the collision

the particles are moving toward each other and the normal

X X . i _ . rel
relative velocity ()[f') is negative, afterward, they are sepa- Un trans

. rel’ . .. | re | <Uratip— Sliding,
rating andv,” will be positive. Ut
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plrans— (1te)
ratio = (Tt e (1+1/g)’

position

wherev'®' andv® are as defined in Eqél) and(2), €,, €,

and . are the collision parameters, ahdis the prefactor in
the moment of inertia of the colliding particlése., | ;.= 2/5

for spheres on.=1/2 for diskg. With this condition, the
models for sticking and sliding collisions described above,
and conservation of linear and angular momentum, the final
velocities for any set of initial conditions are now well de-
fined. Note that the positions of the particles are unimportant
except in the determination of the normal and tangential di-
rections. This model can be extended to describe particle-
wall collisions: The wall is treated as a particle with infi-
nite radius. If the wall is made of a different material from
the partic]es, there is no reason to expect the collision param- FIG. 2. Motion of the base of the container over the course of a
eters to be the same. cycle. The free parameters are the amplitudg ¢f the oscillation

and the frequencyf() or, equivalently, the period#=1/f ). The

base trajectory is a series of parabolas. Thus the velocity varies
linearly betweentuv,.,, Wherev,,=8Af, and the acceleration

Experiments on granular convection are usually done wittas a constant magnitude af,,s=32Af?. Thus the normalized
hard parncleS, Such as glass beads or Steel ba”s or popwceleranon |§‘:32Af2/g, Whereg is the gl’avitational accelera-
seeds. In order to ensure that the collision parameters acction at the surface of the Earth.
rately represent experiment particles, we turn to Foerster
et al. [15]. They observed binary collisions between sodashort. Implicit in this view is that for hard particles, the nor-
lime glass spheres as well as collisions between the spherasal coefficient of restitutiore, is very close to unity. Since
and an aluminum plate. From their data, values of the colliittle compression occurs, very little energy is converted to
sion paramenters were deduced. These values were usedhaat so, at least in the normal direction, the particles are
this paper’s computational work in order to ensure that thenearly elastic.
model in simulations was physical and mimicked the type of When the collision time is assumed to be zero, the system
particles used in convection experimefdse Table)l can be simulated using an event-drivégeD) code, a com-

In general, the simulations were designed to match thenon technique for computational studies of granular systems
experiments whenever possible. However, certain conce$18,19. Another method is to use soft particles in a
sions were made to computational limitations. For examplemolecular-dynamics codé,20]. Each approach has its ben-
the forcing was not sinusodial or sawtooth as has been usegfits and costs, but it has been established that for hard par-
in other computational work4,17], but rather a series of ticles, ED simulations are both more efficient and more ac-
linked parabolas. Thus the velocity of the container changesurate[12,21]. The main concern for such an approach is the
continuously, but its acceleration does ris¢e Fig. 2 The  possibility of inelastic collaps¢22,23. This phenomenon
parabolic form enables the point of interception between theccurs when the time between collisions goes to zero and the
base and a falling particle to be calculated exactly and makesystem undergoes an infinite number of collisions in a finite
the simulations faster and more accurate. Another differencéme. How many particles are involved in the collapse de-
is that the while the model can be applieahd the experi- pends on the density of the system and the values of the
ments of Foersteet al. are carried outin three dimensions, collision parameters. The “stickier” the systefie., the
the simulation is strictly two dimensional. This does not pre-more energy lost per collisignthe more likely inelastic col-
clude comparison to experimental systems, as the opacity ¢dpse. The physical configuration of the particles involved
granular materials often leads scientists to study systems thatso plays a large part in determining whether a cluster of
are many particle diameters high and wide, but only at mosgrains will collapse or merely collide many time before mov-
several particle diameters deep. In this work, the simulationgng aparf24,25. This influence of geometry led Deltour and
will be compared to such quasi-two-dimensional systems, aBarrat to propose a mechanism to avoid collafg. They
well as to three-dimensional experiments. The final concessuggest that if they introduce a small random rotation in the
sion made to computer time limitations was to occasionallyfinal velocities after each collision, the structures necessary
force simulated systems more strong@t slightly higherl’) ~ for collapse will have difficulty forming. This approach is
than the experimental systems were driven. justified by invoking the “surface roughness” of real par-

A major characteristic of the model chosen for theseticles and, as they demonstrate, does succeed in retarding or
simulations is the assumption that collisions occur instantaeven repressing inelastic collapse. Although this method dis-
neously. Actually, this is equivalent to asserting that the timdurbs conservation of momentum at the level of individual
for which the particles are in contact is much less that anyollisions, in a system without directional bias, the global
other time scale in the problem, specifically, much less thamffects of this perturbation should average out. However, in
the average time between collisions. This is valid for a col-systems such as the ones studied in this paper, where gravity
lection of very hard particles. Such spheres undergo verand external forcing break the symmetry so that all collisions
little compression during a collision, so the contact time isare not equivalent, this approach acts to feed momentum in a

velocity

acceleration

Parameters and assumptions of the simulations
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Also, inelastic collapse can occur not only among particles
. D
but also between particles and a wall. In that case, geometi p o

fect. Therefore, for the simulations in this paper, when in- oo
elastic collapse threatened to stop the computation, one «
the particles involved was given a small jolt of energye
magnitude of its linear velocity was multiplied by a factor
slightly larger than onein order to break up the cluster. For
the collision parameters chosen, this was seldom an issu
the technique was needed perhaps once in evetycalli-
sions. On these few occasions that it was used, the “jolt” &
method successfully prevented collapse.

IIl. CONTAINERS WITH VERTICAL WALLS

Magnetic resonance imagiyIRI) has been used to look  iiSaERt
at the flow patterns of granular materials in a variety of ge- (a)
ometries[27,28. Specifically, Knightet al. [6] have con-
ducted detailed studies of normal convection rolls in a cylin- N .
drical container filled with poppy seeds. The base of the FIG. 3. Position of the grain&) before andb) after one shake.
container is smooth, but there are seeds glued to the vertica['® container is 28.2Bwide and the filling height is approximately
walls. MRI enables them to measure convective velocitied - The h_alf spheres glued to thg wall have a diameter equal to the
throughout the container. The same quantities can be calcGYerage diameter of the free particlek,(d=1.0). The frequency
lated for the simulational systems, and the magnitudes and 20 Hz and the amplitude is 6.8 particle diameters]'so8.0.
the functional dependences on depth or radial coordinate can
be compared with the experiment. a narrow pipe; here it is inadequate to describe the convec-

Throughout this paper, the velocity profiles discussed ddion velocity function. Both the simulations and the experi-
not refer to the actual motion of a particle at a given momeniments measure convection velocities on the order of a par-
in time. Instead, we measure the net displacement of a paticle diameter per cycle. This implies that a grain might take
ticle after one complete oscillation. As the container risesapproximately 50 shakes to move from the base of the con-
and falls, the particle may explore a wide range of space, butiner to the top surface. A final point of agreement between
the change in the average position of a particle at a fixedhe experiments and the simulations is the enlargement of the
point in the cycle is what defines convective motion. Andownward flowing region near the walls as the size of the
example of how the particles shift over the course of onecontainer increasdshis trend can be deduced from the data
oscillation of the container is shown in Fig. 3. These arein Fig. 4(b)]. If the size of this region scales with the size of
shapshots of the system before and after one shake. Theretie system, we expect convection to persist even as the sys-
no difference between the dark and light particles; they aréem grows very largé6].
just colored that way for visual effect. Note that in the One of the observed consequences of normal convection
middle of the container there is slow, coherent flow upwardjs the formation of a heap on the top surface of the granular
while at the edges, the motion is downward, faster, and morbed. Experimentalists have identified two important factors
scattered. This is normal convection, like that seen in experithat affect the size and existence of such a heap: the ambient
ments. gas pressur¢30] and the friction between particlg81].

By averaging the net displacements per cycle over manince interparticle gas molecules are not included in compu-
particles and many shakes, the simulational convective veational models of granular systems, heaping is more difficult
locities can be calculated and compared to those observed to observe in simulation32,33. In this work, the collision
three-dimensional systems using MRI. Note that the simulamodel contains friction and thus in theory heaping could be
tions and the experiments use the same technique to deteybserved. In fact, there does seem to be a curve along the top
mine the velocity profiles. The results are qualitatively iden-surface of the granular pile in Fig. 3. However, because most
tical and quantitatively very similar. The experimental work of the systems studied in this paper do not have a well-
[6] demonstrates that the flow profiles vary exponentiallydefined top surface, in general heaping was not observed.
with height and that the radial dependence of the velocityThe absence of a distinct top to the granular pile is due to the
can be described by a hyperbolic cosj@8]. The data from small size of the computational systems. In vibrated granular
the simulations are shown in Fig. 4. The height dependencsystems, the energy input occurs mainly at the base of the
deviates from exponential near the top and the bottom of theontainer. Collisions transfer the energy up through the bead
bead pack; the same sort of deviations are seen in the expepack. Since the collisions are inelastic, energy is continually
ments. For the radial dependence, the simulations were pedissipated during this process. In large or very inelastic or
formed in three containers of varying sizes. We have fit bottweakly forced systems, all of the driving energy can be dis-
parabolic and hyperbolic cosine functions to the data. Thepersed among the particles or lost through collisions. But if
former is what might be expected for flow of a liquid through the system is unable to absorb all of the input energy, the
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r/d FIG. 5. Convection velocityd,iq) of particles in the center of
{he container as a function of wall anglé). The velocities are in
millimeters per cycle(a) Data from the simulations. Note that the
transition between normal and reversed rolls occurs at the angle for
which v ,,;q=0; therefored,,=10°. The system is Ibwide at the
base with a filling height of 28 The frequency is 25 Hz and the
amplitude is 3.8d, soI'=7. The walls are rough, i.e., there are
particles identical to the free particles glued to the wdlig.Data

FIG. 4. Convection velocity. This is defined as the displacemen
of a grain over the course of a cycle in units of particle diameters
These data are all fof =8.0. (a) The height dependence in the
center of a container of width 14.d1(b) The radial dependence for
containers of widths 14.H1 (triangles, 28.24 (squarey and
42.331 (circles. The data for the first two was taken 2@.8bove

the base, while the last was taken 12i2bove the base. The data . . S
) . . - . from the experiments, courtesty of Knight. The solid circles are the
were fitted to a hyperbolic cosin(golid line) and a parabolic func-

tion (dashed ling Note that, for clarity, the data have been offset. data for rough wallpoppy seeds glued to thgrand can be com-

The dotted lines identify the zero axis for each set of data. Note tha?an?d to Ehe simulational dat‘f"“"‘)- Note_ that the transm_on ar_lgle IS
. A again 10°. Here the system is approximately<BD particle diam-
d, z, andr are defined in Fig. 1.

eters and the container is shaken witk=4.2 (the frequency is

. . ) ) again 25 Hz The weaker forcing in the experiments explains why
particles at the top of the bead pack will receive a disproporihe magnitude of the convective velocities is smaller in the experi-
tionate amount of energy and the uppermost layers of thehents than in the simulations. The crosses are data from the same
system will become fluidizef10]. Since the computational experimental system, but the walls in this case have been covered
systems studied in this work used hdrwbt very inelastit  with electrical tape to make them smoother.

particles and were on the small side §2623d), this fluidi-

zation occurred, a top surface could not be defined, anga| and fore>g,, , they are reversed. The magnitude of

hence heaping could not be observed. Umig @lso gives a sense of the strength of the convection.
Note that this is the same technique employed in the experi-
IV. PIVOTING THE WALLS ments[7].

Simulations were performed for a container that wad 15

The preceding section examined the motion of a granulawide at the base and filled to approximatelyd23This sys-
material in a container with vertical walls, i.e4=0. This  tem is about half as tall and a third as wide as the one used in
section looks at how these normal convection rolls are althe experiment$.The frequency is 25 Hz and the amplitude
tered as the walls of the container are rotated outwards 3.81 particle diameters, so the normalized accelerdtiisn
(6>0). The goal is to look at the direction and strength ofequal to 7.0. The walls are covered with particles just like
the convection rolls at a variety of wall angles. To quantify the free particles. Figure(® shows the data from the simu-
these characteristics, we will measure the convective velociations at wall angles between 0° and 25°. Note that strong
ties (vmiqg) Of the particles in the center of the container. Thenormal rolls are observed for vertical wall9€0), while
direction of the convection rolls can then be determined frormstrong reversed rolls can be seen at large wall angles. At
the sign ofv ,iq: If the middle particles are moving upward intermediate angles, the rolls are weaker and the transition
(vmig™>0), there are normal convection rolls, but if the par- from normal to reversed rolls occurs at approximately 10°.
ticles in the center are moving dowmw {;q<0), then the Figure 5b) shows the experimental resul] for a simi-
rolls are reversed. Therefore, the transition angjleis the lar system. Note that, again, the transition angle is 10°. The
value of # at whichv ,;4=0; for 6<#,,, the rolls are nor- measured convective velocities are of the same order of mag-
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nitude in both systems. They are not identical, as there are
some differences between the simulations and the experi-
ment. The particles are the same size and the frequency is the
same; however, due to computational limitations, the
strength of the forcing is higher for the computational system
(I'=7.0 instead ofl'=4.2). This explains why the magni-
tudes ofv,;q are larger in the simulations. There is experi-
mental evidence to suggest that the value of the transitional
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Many previous works have emphasized the importance of
the wall-particle interaction in granular convection. Specifi-
cally, both experimental and computational results
[4,5,20,31,32,3}indicate that changing the frictional char-
acter of the wall can have quantifiable effects on the magni- () ]
tude of the convection in a container with vertical walls. In 025 o5 "o 20

" o . A ; d,/d
addition, Knight's experiments on convection in containers
with tilted out_walls[?] examine the. effects of smoothing the -~ o () Convection velocitiesi(,.;g) of particles in the cen-
WaII§ ata Var',ety of wall angles. His rgsults demonsFrate th%r of the container as a function of wall angl® for various wall
P“tt'”g electrical tape on the walls, instead of gluing pa_r'preparations. Roughness is parametrized by the ratio of the diameter
ticles there, almost totally suppressed the normal convectiop the wall particles to that of the free particles,(/d); smoother
rolls and thus moved the transition angle close to zerQygjis have lowe,,/d. This plot shows data fad,,/d=0.25 (dia-
(6y=3°); seeFig. &b). Computationally, it is difficult to  monds, d,,/d=0.5 (triangles, d,,/d= 1.0 (circles, andd,, /d=2.0
know exactly how to model the interactions between thesquares Note that the magnitude of the normal convection at
poppy seeds and the electrical tape. However, the depem=0 decreases as the roughness decreases. Another effect of
dence on wall roughness in the simulations can be tested lymoothing the walls is lowering the transition angkeat which
varying the size of the particles attached to the walls. Whem ,;;=0). These data were taken for a system like that in Fig).5
these wall particles are much smaller than the free grainé) An increase in wall roughness leads to a higher transition angle
(d,,/d<1), the surface appears smooth, while if they are(6,). The crossover values from the data(& are plotted versus
much larger d,,/d>1), it seems rough. Figure(® shows roughness.
the behavior at various angles fdy,/d=0.25, 0.5, 1.0, and
2.0. From these data, two trends are clear. First, for verticahe particles is as important as studying the particles them-
walls (6= 0), the rougher walls produce stronger convectionselves. The formation of voids in vibrated granular systems
(the convective velocity is larger Second, the smoother has often been emphasized as the key to convefZ@;36.
walls must in some way enhance the formation of reversed\n extension to this approach is to focus on the location in
rolls, as the systems with smoother walls have lower transithe system where the voids occur, to look at the spatial varia-
tion angles. This result is summarized in Figols These two  tion in the granular densityl,3,4,34. This brings to the fore
trends are also observed in the experimental fisé@ Fig. the issue of the walls. It has been observed both experimen-
5(b)]. Note, however, that simulations were not performed atally and computationally that the condition of the walls has
larger angles >25°), so certain experimental behaviors, a large effect on the behavior of the systém5,20,31.
such as the convergence of the convection velocities fosome works also stress the role of the base of the container
rough and smooth walls at high are not discussed in this in producing convection roll§32,33. This paper will focus
work. on the interaction between the particles and the walls as the
primary force in creating convective behavior. However, the
effect of granular density on this interaction will play an
important role in the discussion. Almost all the previous

What characteristics of granular materials contribute tesimulational studies of granular convection focused on sys-
their distinct convective behavior? Why is there motiontems with vertical wall{37]. This section of the paper de-
along the walls? There have been a variety of approaches teribes a physical mechanism that not only accounts for the
these questions. Beginning with Reynolds observations onormal convection rolls seen wheh=0, but also explains
“dilatancy” [35] over 100 years ago, the variation in density the reversal of rolls at large wall angles as well as the ob-
available to granular materials has been recognized as aerved effects of varying wall roughness. The explanation of
important factor in explaining the range of observed behavthe transition from normal to reversed rolls satisfies the re-
iors. The effects of ambient gas on convection, as seen inent experimental challend€] to the models for granular
experimentd 30], suggest that studying the spaces betweerconvection.
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A. Normal and reversed convection rolls 20

Convection is defined to be the net displacement of the
particles over the course of one oscillation of the container.
Thus, to understand the direction and magnitude of the con-
vection, it is necessary to look at the density and motion of
the grains throughout the cycle. The container goes up and
down; so do the particles. What is most important are any
asymmetries that occur and that may result in net shifts of
the grains. Led4] in particular emphasizes the variation in _
density over the course of a cycle and the effect that it has on -0
the shear forces exerted by the walls of the container. There i
are two distinct phases that make up one oscillation: when T T e p 0 700 w50
the grains are moving up relative to the container and when Pont(=Vi)
they are moving down. In a container with vertical walls, the
particles are closely packed on the way up, but expand to a FIG. 7. Shear force exerted by the wall on the grains near the
lower density on the way dowiiTaguchi also points out this wall F,,, plotted against the negative of the product of the particle
difference between “forced motion” and free fdB2].) As  density near the walls and the velocity of those particles relative to
Lee observes, at higher densities, the sides of the containére containep,,(—v,.). Note that the sign of the force is deter-
can exert a larger drag force on the particles. This means thatined by this product; also, the force does seem to increase in
the grains, as a whole, experience a larger pull downward imagnitude as the product increases. These data are for a container
the first part of the cycle than upward in the second. Thigwith vertical walls and,,/d= 1. The particle density,,, is in the
means that there is a net downward shear force exerted Bymber of particles per unit area, where a unit area is the square of
the walls on the particles over the course of a cycle and thi§e radius of a particle. The relative velocitye, is in units of
effect can explain the motion downward along the sides oparticle radii per cycle. The forck, is in arbitrary units, as it is
the container in normal granular convection. actgglly calculated from the_shift in particle momentL_Jm during a

The conceptual backbone of the above approach is a dé;_olllsmr_w,_undgr the assumption 'that the avgrage pa_rtlcle mass and
scription of convection as driven by the particles’ interac-the collision time are both one, in some arbitrary units.

tions with the walls. In this picture, what is important is the yard, as the particles rise, the horizontal space available to
density of the grains near the walp{,) and their velocity them increases. This means that, in the first phase of the
relative to the containeru(;). Both determine the magni- cycle, the particles near the wall can expand into the space
tude of the force exerted and the latter determines its direcereated as the grain pack lifts away from the walls. This in
tion. If F,4 is the force on the grains from the walls, we turn implies that the density near the walls will be low while
expect that the particles are moving upward. On the way down, the par-
ticles must be packed into the narrower space at the base of
Fug®Pnul —Vrel), (5)  the container and hence the density is higher. Since the den-
sity is greater when the particles are moving downward, the
where the constant of proportionality is positive. The negaimagnitude of the drag force exerted during that phase of the
tive sign in front ofv ., indicates that this is a drag force and ¢ycle will be larger and the net force over the course of the
the wall-particle boundary can be thought of as a densityQYde will be be upward. Therefqre, the grains near t_he walls
dependent frictional interaction. Note that E§) describes a will be convected up along the sides. This is the origin of the
linear dependence of the force on density and velocity. Figtoll reversal at large. . _
ure 7 plots the force exerted against the progugl — v e), Note that the. phys[cal mechanism at work, density-
where the data come from various locations in the containefi€Pendent wall friction, is the same for normal and reversed
and various points in the cycle. Note that the trends implied©!!s- What is different is where in the cycle the particles near
by Eg. (5) are confirmed; specifically, the direction of the the wall reach their minimum or maximum densities. This
force is in fact always opposite that of the relative velocity. difference is confirmed by simulational data. Figure 8 plots
However, the assumption of linear dependence seems to fie density of the grains near the wall versus time over the
an oversimplification. course of one cycle for _v_ertlcal and tilted s_ldes. Flgqre 8 also
This approach works well to explain the normal Convec-5h0W§ the shear velocities of those pgrtlcles relative to the
tive motion in a system with vertical walls. Can it explain container ¢¢|) over the same cycle. It is clear that for ver-
why the rolls reverse when the walls are pivoted outwardical walls (¢=0) the density minimum occurs when the
Again, separate an oscillation into two phases. As before, i§rains are moving down into the container<0), while
the first part, the grains are moving upward relative to thevhen the sides are tilted oud{25), the density minimum
container, so the force is downward; in the second part, thé during the phase of the cycle when the particles are rising
particles are moving down into the container, so the forcdelative to the containerv(e;>0). These plots confirm the
exerted by the walls is directed upward_ Note that the forcgualltauve deSC”pnon of the behavior detailed in the previ-
under discussion is the shear force, the component of th@us paragraphs.
force exerted parallel to the side of the container. When we
say it is directed “up” we mean along the wall toward the
open top of the container. Now consider the geometrical ef- As was seen in Sec. V, varying the roughness of the sides
fects on density variation. Because the walls are tilted outef the container has two measurable effects on convection.

force exerted on
particles by wall
I
3
T

B. Dependence on wall roughness
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rolls are produced by larger shear forces, which occur for
X X o rougher walls. Second is the effect on roll reversal. An im-
the course of one cyclér is the period of oscillation for the con- ot element in the formation of reversed rolls in the low-
tainey. Also plotted versus time is the velocity of the particles o, of the particle density near the walls. For this to occur,
relative to the containeru(). (@ For vertical walls ¢=0) and the walls must push the particles away, i.e., the force must be
hence normal convection rolls. Note that the density minimum oc- Py P - Y 1.€.,

curs whenv <0, i.e., the particles are moving down relative to exerted _pgrpendlcular to Fhe Sldes‘. Since Sm(_)other W§||S_al’e
the walls. (b) For tilted out walls ¢=25) and hence reversed con- MOre efficient about exerting force in such a direction, it will
vection rolls. Note that in this case the density minimum occursb(_e easier for r_eversed roIIs.to form; hence the transition angle
whenu,>0, i.e., the particles are moving up relative to the walls. Will be lower in systems with smoother walls.

The units for the density and for the relative velocity are as de-

FIG. 8. Variation in the density of the grains near the wall over

scribed in Fig. 7. C. Transition between normal and reversed rolls:
Behavior at intermediate wall angles
First, the rougher walls produce stronger réttse magnitude In Sec. IV, the transition from normal to reversed rolls as

of the convective velocities are largeiSecond, smoother the wall angle increases was observed by measuring the con-
walls enhance the formation of reversed rolls, hence lowervective velocity of the patrticles in the center of the container.
ing the transition angle. Both of these effects can be exThis quantity describes the direction and strength of the con-
plained by examining how efficiently the wall exerts force onvection rolls. The experiment also measures this central ve-
the nearby particles and in what direction. locity. However, in a simulation, the convective velocity can

In hard particle collisions, most of the force is exerted inbe calculated at all points of the container. Such data de-
the normal direction, perpendicular to the plane of contacscribe the size and shape of the convective motion through-
(i.e., along the line between the centers of the particlkes  out the system. Figure 10 shows such flow diagrams for nor-
terms of the model used in these simulations, this can benal (#=0) and reversedd= 25) rolls. Using this technique,
seen by noting that the normal force is proportional towe can probe the behavior of the granular material at inter-
1+ ¢€,, while the tangential force is proportional to+d; or ~ mediate wall angles.
un(1l+e€,), both of which are smaller factors. This implies  The magnitude of the force exerted by the walls depends
that in a collision between a wall particle and a free particleon the granular density near the walls. Since this density
the majority of the force on the free grain is exerted perpenvaries with height, the net force exerted will also vary. This
dicular to the plane of contact. effect can be seen for vertical walls in the variation of con-

For smooth walls, the patrticles glued to the walls arevective velocity with heightsee Sec. I). But this is just a
much smaller than the free grains. This means that the fredifference in the magnitude of the force. The density varia-
particles cannot “see” the spaces between wall particles antlon with height can also affect the direction of the net force.
hence most collisions between wall and free particles occufhe key difference between normal and reversed rolls is
at the top of the wall particlegsee Fig. @)]. In this con-  where over the course of an oscillation the minimum density
figuration, the plane of contact is parallel to the wall andoccurs(see Fig. 8 Since the density varies with height, the
hence the force is mainly exerted perpendicular to the siddocation of the minimum density in time could also be dif-
For rougher walls, the free particles are much smaller thafierent for different heights, as if a density wave was propa-
the wall particles and hence can move into the crevices andating through the system. Then the parts of the system
collide with any part of the wall particlefsee Fig. @)].  where the density minimum occurred as the particles were
This freedom results in a range of possible orientations fomoving down would “feel” a net downward shear and ex-
the plane of contact and hence a range of directions for thperience normal convection, while the other parts, where the
normal force. Thus, while the smooth walls mainly exert adensity minimum occurred as the particles were moving up,
force perpendicular to themselves, the rough walls can alswould feel a net upward shear and hence reversed convec-
exert a shear force on the free particles. tion.

The consequences of this difference are twofold. First is At intermediate angles, particles near the bottom of the
the effect on the magnitude of the convection rolls. Strongecontainer are limited in their expansion by the pressure from
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FIG. 10. Convective velocities throughout the container for nor-
mal (#=0°) and reversedd=25°) convection rolls. There are two
pictures at each angle; the second is the same as the first, but wi
the arrowheads removed so the shape of the rolls can be seen mc..

clearly. FIG. 11. The convective velocities throughout the container for

intermediate angles. Note that &t 6°, normal rolls dominate the
the top part of the bead pack, while the grains near the topehavior, but there are small reversed rolls that have formed at the
can expand more easily. This implies that reversed rolls forntop of the container. The two types of rolls share the system equally
more easily at the top of the container and thus suggests that 6=10°, but by §=14°, the reversed rolls are dominating with
convection rolls of different directions can coexist at inter-small remnants of normal rolls in the bottom of the container. The
mediate wall angles. The simulations confirm this phenomboxes in all the diagrams indicate the area in whighy was mea-
enon(see Fig. 11 This prediction has not yet been tested Sured to calculate the data for Figah
experimentally. However, there are a variety of factors that
might make the coexistence of convection rolls difficult to
observe. For example, both the normal and reversed rolls are
rather weak at the transition angle, so the convective veloci-
ties are rather small and hence difficult to measure. Also, as 2 . . . ]

density variation is an important ingredient in the mechanism " af =301z
described in this section, perhaps it would be easier to ob- o ; = ;(5) EZ

e B .. - ' | ] = Z -
serve coexisting rolls in systems where less driving energy is (T = 7.0 for all data) ]

dissipated in the bead pack and the range of densities avail-

able to the grains is increased. The energy lost in the bulk of
the material can be limited by looking at smaller systems,
more strongly forced systems, or less inelastic granular ma-
terials. Computational studies suggest that wienthe nor-
mal coefficient of restitution, is increaséice., the system is . " e
made less ‘“sticky’), the range of wall angles for which :
coexistence is observed increases and the magnitudes of the
convection velocities get larger.
Another way to emphasize the key roll that geometry

plays in roll reversal is to look at how the convection  pc 15 convection velocity,,q) of particles in the center of
changes when the container is shaken at difference frequefke container as a function of wall anglé). The strength of the

cies. The strength of the forcing, as measured’bys held  fqcing is the same for all datal7.0), but the frequencies of
constant. To summarize the data, we again plaly, the  yipration are differentf = 30.0 Hz(triangles, f =25.0 Hz(circles,
convective velocity in the center of the system, against walknd f=20.0 Hz (squares Note that the transition anglevhere
angle ¢ as in Sec. IV. As can be seen from Fig. 12, they,,=0) is the same for all three frequencies, but the strength of
transition angle is independent of frequency. However, thehe convection rolls increases with decreasing frequency. The data
strength of the convection rolls decreases as the frequeneye from a simulational system identical to that used in Fig).5
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increases. For higher frequencies, the period is shorter ardted to this paper’s approach that density variation through-
hence the range of densities explored by the system is naout the bead pack is responsible for not only the existence of
rower. As the magnitude of the net force exerted by the wall€onvection rolls, but also their reversal. Application of this
over the course of the cycle is determined by the differencenodel of convection to the system at intermediate wall
between the densities on the upward and downward phasesgles suggests that the transition is marked by the coexist-
of the cycle, the smaller range produces a lower net sheance of normal and reversed rolls in the same system. This
and therefore weaker convection rolls. These effects of varyprediction is confirmed by the simulations and can be tested
ing the frequency(the independence of the transition angle experimentally. The model and the simulations also predict
and the change in the convective velocitiase another pre- how changing the frequency of the vibrations will affect the
diction that may be tested experimentally and may be morenagnitude and direction of the convection.
easily observed than the coexisting convection rolls. For ver- The behavior of a granular system will depend in a non-
tical walls (#=0), experiments have already demonstratedrivial way on system parameters, such as the strength of the
that lower frequencies produce larger convection velocitiesorcing and the filling height, as well as on boundary condi-
[6]. tions, such as the angle of the walls and their degree of
roughness. All these inputs, as well as other characteristics,
VIl. CONCLUSION such as the hardness of the particles and the friction between
) ) ~ them, combine to affect the range of granular densities ex-
In this paper, we have studied the reversal of convectioplored during a cycle and the motion of the bead pack rela-
were shown to reproduce experimental resfiis7] both  \alis on the particles. It is this force that determines the
qualitatively and quantitatively. Specifically, velocity pro- strength and direction of the convection rolls. A formula that
files of normal convection in three-dimensional systems wergygyid allow one to predict precisely the motion from the

mimicked by two-dimensional simulations. In addition, the jnpyt parameters and boundary conditions is a topic for fur-
experimentally measured reversal of the direction of the congher studly.

vection rolls as the walls of the container are tilted outward
was seen in the simulations as well; the angle at which this
transition occurs is 10° in both systems. The effects of wall
preparation on the magnitude and direction of granular con- | am indebted to Jim Knight and Heinrich Jaeger for
vection are also reproduced in the simulations. stimulating my interest in this problem. | am also grateful to

A possible explanation for the range of observed behavSue Coppersmith, Michael Brenner, Sid Nagel, and Leo
iors is discussed. The key ingredient of the proposed mechdcadanoff for their advice and many useful discussions. This
nism is a density-dependent frictional interaction betweerwork was supported by the National Science Foundation un-
the walls of the container and nearby particles. This approactier Grant No. DMR-9415604 and the MRSEC Program,
is a logical extension of previous work4,29,34,3¢ that Grant No. DMR-9400379. It was also partially supported by
emphasize the formation of voids as a key element in acthe AASERT program of the Office of Naval Research under
counting for granular convection. Such a view is closely re-ONR-AASERT Contract No. N0O0014-94-1-0798.
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