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Convection in vibrated annular granular beds
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The response to vibration of a granular bed, consisting of a standard cylindrical geometry but with the
addition of a dissipative cylindrical inner wall, has been investigated both experimefuallyg positron
emission particle trackingand numerically(using hard sphere molecular dynamics simulgtidme packing
fraction profiles and granular temperature distributiGnsboth vertical and horizontal directioneere deter-
mined as a function of height and distance from the axis. The two sets of results were in reasonable agreement.
The molecular dynamics simulations were used to explore the behavior of the granular bed in the inner
wall-outer wall coefficient of restitution phase space. It was observed that one could control the direction of
the toroidal convection rolls by manipulating the relative dissipation at the inner and outer walls via the
coefficients of restitution, and with several layers of grains it was seen that double convection rolls could also
be formed, a result that was subsequently confirmed experimentally.

DOI: 10.1103/PhysRevE.71.061301 PACS nuni$)erd5.70.Mg

I. INTRODUCTION ity: once a threshold value of the dissipation has been

The analogy between rapidly flowing granular materialsf¢@ched, the system appears to undergo a supercritical tran-
and some of the more usual states of matter, such as gaséi§on and the convection rolls form. This presence of con-
and liquids, has been developed over a period of severdection in a three-dimensional system was subsequently con-
decadeg1]. Working from a microscopic viewpoint, kinetic firmed experimentally6] and good agreement with these
theory concepts have been extended from non- and nealiesults was obtained using a molecular dynamics simulation,
equilibrium studies of gases and modified to take into acdeveloped by Talbot and Vidil3]. The latter study also
count the dissipation during collisions that sets granular mashowed that the strength and direction of the convection roll
terials apart from thermal systeris-4]. A striking feature of  is strongly influenced by the value of the particle-wall coef-
fluidized granular beds is that one may see evidence of inficient of restitution.
stabilities reminiscent of those observed in liquids. For ex- In Ref.[13]it was suggested that inserting an in(solid)
ample, recent experimental, numerical and theoretical studiegylinder coaxial with the outer cylinder might modify the
have all pointed towards “thermally” induced convection be-convection pattern. The additional boundary present in this
ing a phenomenon closely related to buoyancy driven flowsonfiguration is expected to allow greater control over the
such as Rayleigh-Benard convection and related effects
[5-7]. On one level, the physical mechanism driving granu-
lar thermal convection is essentially that seen in thermal flu-
ids: buoyancy forces induce differential motion and force
convection. In granular systems, however, the granular tem-
perature cannot be given as a boundary condition; it is the
dissipation inherent in the system that results in granular
temperature gradients and hence, convection. In a vibrated
bed for example, one sees that, in general, the system is
“hotter” near the base and that it is “cooler” at higher alti-
tudes, due to the dissipation during collisidi&-10]. This
has the effect that as we increase the number of particles, or
increase the dissipation during the collisions, the temperature
gradient becomes steeper, leading to instability in the system
[7]. These instabilities have been the subject of a number of
studies and have led to the investigation of “symmetry-
breaking” phenomena where spontanedasd seemingly
stablg large-scale variations in density ocdus,12,.

In numerical simulations of a two-dimensional system,
Ramirezet al. [5], demonstrated that granular beds could
show signs of thermal convection. They suggested that dis- FIG. 1. Schematic of cell geometry, showing an annular cell
sipation plays the role of an order parameter for the instabilsystem that is vibrated from below.
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FIG. 2. A comparison of the packing fraction profile determined
from molecular dynamics simulation and experiment. The symbols
show the experimental packing fraction, the solid line shows the
packing fraction determined by simulation, wii# linear axes and
(b) log-linear axes.

convection rolls than is possible with the outer cylinder only.

In particular, for appropriate values of the coefficients of

restitution, particles may move downwards near the inner
cylinder and two or more toroidal rolls, with alternate direc-

tions of circulation, might form. In this article we present a

systematic experimental and numerical study over a wide
range of combinations of inner-wall/outer-wall coefficients

of restitution to investigate this proposal.

Il. GRANULAR BED AND CELL GEOMETRY FIG. 3. Packing fraction contour plots mr cylindrical coordi-
nates after averaging around the azimuthal directi@nexperimen-
tal and(b) simulation results.

The experiments and the numerical simulations were both

A. Numerical and experimental geometry

performed using an annular cylindrical geomefsge Fig. 1 st — oo
for the definition of the coordinate system variabledere o TyEXP
dissipation at the inner wall provides, compared to previous gp . o ree
experiments[6], an additional control parameter through . - TyMD
which the direction and magnitude of the convection rolls 2,_0_,6“0 ~ T MD
may be controlled. 4 %000 008040, §°992%50 o ,%000°

3 g e, By,

5 0o,

B. Experimental procedure "+ 3
' H
The experimental cell consisted of an aluminium cylinder, 5 °

of radius R,=72.5 mm, with a glass plate attached to the 2} ,°¢
base to provide a low dissipation boundary for energy input. » °°'°weeﬁegﬁggjw‘:’_ﬁm _____ ‘%« o
The cell was vibrated in the vertical direction using an elec- — T
trodynamic shaker system, with a frequency of 50 Hz and 1 f’" R ‘me
typical amplitude of vibrationA, of 1.24 mm. Aluminum
annular inserts were placed within the cylindrical cell at a ¢ . . )

radiusR,=17.5 mm, equivalent to 3.5 particle diameters. In
order to minimize air drag effects, the cell was evacuated
prior to each experimental run. FIG. 4. Granular temperature distributions: comparison of ex-

The grains consisted of glass ballotini beads, of diameteperimental and simulation results for each component. The upper
o=5mm, with particle-particle coefficient of restitution curves represent the temperature distribufior (2Ty +T5), show-
(measured using high speed photography=0.91 and ing how the isotropic component of the temperature behaves as a
particle-Al wall coefficient of restitution,e,=0.79. The function of height.

061301-2



CONVECTION IN VIBRATED ANNULAR... PHYSICAL REVIEW E 71, 061301(2009

particle-basgglass coefficient of restitution was measured C. Model and simulation

to be g,=0.91. A single layer of random loose packed par- )

ticles (total numberN=661) was placed within the annulus ~ The geometry of the model system is analogous to the

and the experimental cell vibrated to fluidize the system. €xperimental apparatus with an annular cylindrical set up
The motion of the beads in the cell was followed usingWith two concentric cylinders of radi; andR,. Simulations

positron emission particle trackit@EPT). This radioactive- 0f the model were performed using an event driven proce-

labeling technique allows for one single particle, indistin-dure where particle motion is followed and time is updated at

guishable from the other beads, to be tracked and its coordgvery collision between particles or between particles and

nates |Ogged for periods potentia”y up to 6 h’ thoughone of the boundary surfaces. The equaﬂons, based on the

typically in this work for between 30 and 60 min. The tracerinelastic hard sphere model, specifying the postcollisional

was labeled through irradiation wiflie particles. The inter- velocities resulting from particle-base, particle-wall and

action between the oxygen present in the ballotini beads ane@rticle-particle collisions argl3]:

the 3He particles results in the formation Y. This decays

rapidly through positron emission, and considering the high

probability of a collision with an electron, quickly results in

annihilation and the formation of back-to-back 511 keV pho-

tons. These highly energetigrays are then detected simul-

taneously by the Nal-scintillator-based photon detedtb vi=vi— (L+sey)ly; - F1F, 2)

This technique has proved to be a powerful method for in-

vestigating rapid granular flows. This is due to its high accu-

racy (<2 mm) and high temporal resolutiof~1-2 mg,

making it suitable for tracking fast moving particles, such as v =V,

those seen in granular fluidized bdd$]. '

Vi =V = (L+ep)[(vi—vp) - T]F, (1)

_(1+e)
2

[(vi—v) -nn, (3

20y
18F- o
16
12

N A

°°

(@) r (b)

20 oo
15 fovrin

“n A0 frrr “n 10

0 5 10 15
(c) r* (d) r*

0 5 10 15

FIG. 5. Granular temperature plotszsr cylindrical coordinates after averaging around the azimuthal diredlz'u)ﬁ':*z from experiment;
(b) Ty from experimentjc) T, from simulation;(d) T from simulation.
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FIG. 6. Experimental radial distribution of temperatufg,and
T;(, averaged over the range of heights 12.5 mm to 25@mto 5 20 » 2 »
particle diameteps /l"%"‘ 3, oy
‘</'7 a2
, (1+8) - 15} A 7 \g,
Vi =V + [(vi=vj) -A]n, (3b) 4 > ¥y
J J 2 [ J
771 »>ac
: ‘; av <
" A q &
wherev is the velocity of a grain, the subscripts denote the n 10F {'f 1 : Av :
grain and direction of collisiom is the unit vector from the + Fa sV Ty
center of one of the colliding particles to that of the otlfer, f : 4 T\ s 4 .
is the unit vector pointing from the center of a colliding 51 ; AR v oy
particle and the point of impact with the base or wall and the L I : : : : b
prime denotes a postcollisional velocity. We define four co- SEE LKk ;"x'
efficients of restitution to reflect the range of conditions pos- 0
sible: particle-particles particle-wall,s,,, wheres;, ande,, 0 5 10 15
are used to differentiate between the inner and outer walls, (b) r

respectively; and finally the particle-base coefficient of res-
titution, e,. The grains and the walls are considered friction-
less and rotational motions are not considered.

Energy is introduced into the system via the vibrating
base. Experimentally, the base velocity takes a sinusoidal
form, characterized in the usual way by amplitude and fre-
guency. Numerically, however, collisions with sinusoidal vi- 1. Density profiles
bration profiles are difficult to handle and we use a symmet-
ric sawtooth base velocity profile. This approach is justified Experimentally the density of particles is calculated by
by the results of McNamara and Ludirid6], who have counting the number of times the tracer particle is detected in
shown that the symmetrical sawtooth and sinusoidal funca volume element and weighting this by the time spent in
tions result in no perceivable difference in the behavior ofthat element. Numerically, the number density,is deter-
the vibro-fluidized granular bed, apart from a scaling in themined first by summing the number of particle centres de-
energy transferred to the bed. They proposed an empiricaécted in a volume element and then averaging this over the
relationship between energy input rate and the base velocityourse of the simulation. The number density is then con-
of the bed, and characterized this using a single exponenterted into the packing fractiom, the ratio of the particle
[16]. However, as this relationship is dependent on knowingsolume to the volume element, using-nmo°/6, whereo is
the granular temperature of the beads of the particles abowbe particle diameter.
the base before choosing the appropriate scaling factor, in Figure Za) shows a comparison of the experimental and
this paper we choose the speed of vibration of the base in theumerical packing fraction profiles foté =661 averaged over
MD simulation by varying the amplitude until the tempera- the cross-sectional area of the cylinder, with Figh) Zhow-
ture gradient near to the base matches the experimental ritg the same data on semi-log axes. In this and subsequent
sults. The base amplitude for the sawtooth simulation velocfigures, coordinates andr are converted to nondimensional
ity profile that best matched the experimental results wasorm, denoted throughout by the superscript *, by dividing
A,=1.12 mm, and this amplitude was used for our initialby o. One can see that the matchup is good, with closely
comparison between experiment and numerical simulatiomatching profiles. However, the zone close to the base shows
(Sec. I D. some deviation. Further differences between simulation and

FIG. 7. Nondimensional velocity vector field frofa) experi-
ment and(b) numerical simulation, where the nondimensional ve-
locity, v*, is given byv"=v/(go)*?.

D. Data analysis
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experiment are highlighted in Figs(é and 3b) (showing 14
experimental and simulation results respectiyelwhich

show contour plots of the two-dimensional packing fraction
distribution on thez-r plane. A contributing cause for the
differences is the spatial resolution of the PEPT facility and
the associated coarsening of the data. This means that we see
a decline in density as we approach very close to the wall,
but in reality this is an experimental artifact due to the errors
involved in locating particlefl5]. Clearly, in the case of the
simulations we do not suffer from such problems: the par-
ticle locations are given to an accuracy of the order of the
round-off errors associated with the computer program. The

simulations[Fig. 3(b)] show the clearest evidence that the 0.4 + * * * +
number density increases substantially close to the walls.
The outer wall shows the highest increase, while near to the 0.2 + + + + o+

inner wall we see a more modest rise. The smaller rise near
to the inner wall can be attributed to the fact that less energy

is dissipated from this region because of the smaller surface 0 02 04 06 08 1 1.2
area. Therefore, unless one reduces the coefficient of restitu- (a) S

tion of the outer wall independently of that of the inner wall,

one will always see a higher dissipation rate at the outer wall, 14

and hence, a relatively higher density than at the inner wall.
An additional difference is that experimentally we would ex-
pect a velocity-dependent coefficient of restitution: at low
impact velocities less energy will be dissipated than at high
collision velocities.

2. Granular temperature

In this paper we define the components of the granular

. 062 aa a + +
temperatureT, in terms of the second moment of the veloc-
ity distribution: <
04} - +
1 — 1 — 1 — .
Ty = Emvi, Ty= Emué, T, = Emvﬁ, (4
0.2 + +
wherem is the mass of the graim, is the grain velocity, and *
the subscripts, y, andz denote the direction of the compo- oo" 0-2 .
nents. This is determined in experiment from the short time : 0.4 0'68 0.8 1 12
mean squared displaceméif], but in simulation it is cal- (b) iw

culated directly from the velocity distribution. The tempera- _ _ N

ture values presented in subsequent figures were converted to FIG. _8' Phase d'agra”? showmg t.he number a_nd dlrecnon_ of

nondimensional formdenoted by the superscrip) by di- F:onvectlon .rolls. .Crogses |r1d|cat§ a single cgnvectlon roII.movmg

viding by mge, whereg is the acceleration due to gravity. in a.cloc_kW|se direction, C|rcle_s mdycate_ a sm.gle conv_ect_lon roll
The experimental and numerical granular temperatur moving in an _counterclockW|se dl_rec_tlon, triangles indicate a

) . Bouble convection roll and squares indicate systems where the di-

proflle§ are in reaS(_)nabIe agreement ¥ 661 as can be rection of the roll was not sufficiently clear to determine the type of

seen in Fig. 4. Figures (8§ and %b) show the two- ., (a) N=661: (b) N=2644.

dimensional distribution of granular temperature in trend

thex directions respectively for experiment, and in Fig&)5

and Fd) for numerical simulation. These results were ob—t.ure r_neasurement procedUb]. One can also seea reduc-

tained by integrating the three-dimensional distributionstlon in the z granular .tefmper.ature, but th.|s s not as

about the azimuthal direction to improve signal-to-noise rapron_ounced_. As the coII_|3|0n with the W"’.‘” W'” reSl.Jlt pre-

tio. One can see clearly that thedirection granular tempera- o_lomlnantly In energy being lost from motion In tb_(edlrec-

ture is lower than the granular temperature, as one would tion only, one W'" l_"naturally expect _th|s. reduction to be

expect. However, if we examine the granular temperatures gyeaterin thex direction than in the direction.

a function of distance from the axis of the cell, it can be

observed thaly is strongly affected by the presence of the

sidewalls(Fig. 6) with decreases of over 30% compared to Figures 7a) and 1b) show the numerically and experi-

the central region. A small reversal in this trend figr im- mentally determined mean velocity fields fd=661. These

mediately adjacent to each wall is an artifact of the temperawere calculated by numerically differentiating the particle

3. Velocity fields
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FIG. 9. An example of counterclockwise rotation produced using numerical simulation with the paramgted<2, ¢,=0.9, A0
:0.302,N:2644,R1-*:3.5, andR:,:14.5,(a) nondimensional velocity fieldb) packing fraction, andc) and (d) granular temperature in
andx directions, respectively, rescaled for a particle diameter of 5 mm, and mass of<11874kg.

position data over 20 location events. In comparison to conhad been reachd®)]. In the simple 3D systertwith only an
vection fields for cylindrical systenj9], the velocity field is outer wal) either strong convection rolls in the clockwise
not as strong. The increased density at both walls has theense or very weak rolls in the opposite sense were observed
effect of creating competing buoyancy effects at the walls ofdepending on the value of the grain-wall coefficient of resti-
the system, reducing the strength of the convection fieldtution [13]. However, in our system, the three dimensional
However, as we shall see in the next section, if we vary th@nnular geometry means that the dissipation rates at the wall,
dissipation at the inner or outer boundaries, one may induc@nd thus the density increase and heat flux in these regions,
convection rolls in one or the other or both directions. In Seci$ @lso highly dependent on the difference in the surface area
Il we will examine the phenomena observed here in mor&f the inner and outer waIIs_. By co_ntrolllng the c_i|SS|pat|on
detail by performing a systematic numerical study of therate_s at the Wall_a_nd by varying t_he inner wall radlu_s and the
system. grain-wall coefficient of restitution, we can obtain some
measure of control over the strength and direction of the
convection rolls. As will be discussed below, one also may
[1l. NUMERICAL INVESTIGATION OF BED BEHAVIOR induce more complex convection rolls by increasing the dis-
A General behavior sipz_;ttion_ ir_l th_e system, by ingreasing grain-wall or grain-
grain dissipation or by balancing the tendency of a roll to
Increasing the number of particles in the system can inform in one direction or another. In this section we will first

duce a convectionless system to form a convection roll, oexplore the behavior of the granular bed in #hg-¢,,, phase
more than one in some casis. In a cylinder this usually space. We will discuss the appearance of the convection rolls
takes the form of a single roll that moves down in the regionand their relationship to the simulation parameters. Finally,
closest to the wall and upwards at the center. It is in theye will present evidence that multiple convection rolls may
region close to the wall that the system is densest and thuse induced experimentally.

where the particles are pushed down. In 2D simulations, with

elastic walls, the convection rolls were observed to move B. Convection roll phase diagrams

either clockwise or counterclockwise, with no preference in  The control over the size and amplitude of the convection
direction, when a critical level of dissipation in the systemrolls enables us to explore the effect of the number of grains
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FIG. 10. An example of clockwise rotation produced using numerical simulation with the param@teﬁsZ,SOW:O.Z,A;=O.302,N
=2644, R,-*:3.5, andR;:14.5,(a) nondimensional velocity field(b) packing fraction, andc) and (d) granular temperature im and x
directions, respectively, rescaled for a particle diameter of 5 mm, and mass ofxX11874kg.

and the wall coefficients of restitution on convection. A num-tions may indeed be preferred. If we consider the case where
ber of studies have shown that the system becomes progrethie coefficients of restitution are equal, there will be signifi-
sively less stable as the grain-grain dissipation is increasecantly greater dissipation at the outer wall due to its larger
and this is observed but not explored in this paper. Ramiregurface area. A simple analysis comparing the areas of the
et al. [5] define a dissipation parametegN, where q inner and outer surfaces suggests that the dissipation will be
=(1-¢)/2 and show that it may be used as an order parameomparable at each of the walls, assuming equal temperature
eter describing the stability of the system. An alternative apand packing fraction, when the following equation is satis-
proach is taken by Khain and Meerspf based on hydro- fied:

dynamic equations for a granular bed, but in this study we

effectively vary the dissipation parameter as defined by e :1_ALner(l_8_ ) 5)
Ramirezet al.[5] by varyingN while keeping the grain-grain ow Uter Wi

coefficient of restitution constant at=0.91, in line with ex-

periment. In cases where Ed5) is not satisfied, we would expect the

Considering first the case of lol (N=661, correspond- dissipation at the outer wall to dominate when the term on
ing to 1 layer of beads for a geometry with inner radis, the left-hand side of5) is larger than that on the right, and
=17.5 mn), examination of a typical velocity field and den- vice versa when the right-hand side is larger than the left.
sity plot shows a single toroidal convection roll with in- A systematic study of the magnitude and direction of the
creased density regions close to the inner and outer wallgolls was undertaken in the,,-&,,, phase space, with param-
The implication of previous studies was that this increaseckters close to those used in the experimental study. This was
density close to the walls was a privileged signature of gperformed forR; =3.5, e=¢,=0.91, andA,=0.302; and for
double roll, but that may not necessarily be the case for théwo numbers of particledN=661 andN=2644, equivalent to
geometry presented here. one and four random loose packed layers of particles, respec-

In previous studies, the symmetry of the system has meatriively. As before, the asterisk denotes a nondimensional vari-
that there was no preferential direction to the rpfis In this  able where the particle diameter has been used as the scaling
case, the independent control of the coefficients of restitutioparameter, e.gR-*=Ri/o. The numerical simulation param-
and geometry of the two walls suggests that certain direceters have been chosen to be broadly those that were used in

061301-7
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FIG. 11. An example of a double convection roll produced using numerical simulation with the paramgte®s2, 4,=0.6,
A;=0.302,N=2644,R =3.5 andR,=14.5,(a) nondimensional velocity fieldb) packing fraction, andc) and (d) granular temperature in
z andx directions, respectively, rescaled for a particle diameter of 5 mm, and mass ofx11874kg.

the experiments. Figure(® shows the phase diagram for direction of motion of the roll. This description is reflected in
N=661. The solid line is a representation of E§). In gen-  Figs. 9-11. The packing fraction and granular temperature
eral, above this line we see counterclockwise motion; belowdistributions are also shown for comparison. The packing
it, we see clockwise rolls. There is some small variation,fractions close to one are an artefact of the high density and
which may be ascribed to the geometrical properties of th@rder present in the system; as the bin size is comparable to
wall: the outer wall is concave and acts to increase the pathe particle diameter one observes regions where almost the
ticle collision rate compared to a flat surface, whereas thevhole measurement volume is occluded by a particle. In
convex nature of the inner wall implies the opposite. In theFigs. 9a)-9(d) the inner wall dominates and the convection
case where we inject energy into the system during a collits counterclockwise in the sense of the figure. In Figs.
sion, i.e.,s,,>1, the system is more stable, and although thel0(a)-10(d) the outer wall dominates and the motion is in the
convection rolls are still visible, they are subject to greateropposite direction. The motion in each case is clear to see.
fluctuations and their angular velocity is smaller. Close to theHowever, where,,=0.6[Figs. 11a)-11(d)] we find that the
situation governed by E@5) we see large fluctuations in the form of the convection rolls is quite different: the grains
mean velocity, and are often unable to determine the direcmove down at the outer wall, up in the central region, but
tion and number of rolls. Additionally there is a suggestionalso down near to the inner wall and we see two axially
that double rolls may be present. symmetric toroidal structures. This behavior suggests that
Figure 8b) shows the phase diagram fbi=2644, or 4 not only does a double roll require high dissipation, satisfied
layers of beads. The solid line again represents &g. by the high collision rate due to the large numbers of grains,
whereas the dashed line represesis=«,,/1.3, which is  but also that it requires a balance between the dissipation at
broadly representative of the boundary between countetthe walls. If this is not the case, then the wall effects domi-
clockwise and double roll convection. If we move along thenate and we see a single convection roll. This behavior has
line &, =0.2 on the map in Fig.(®) we can go from aregion been seen under similar circumstances experimentally.
where the inner wall dissipation dominates, to a regionThough further work is required to determine the exact ex-
where the outer wall is dominant. Whesy,=0.2, &,, perimental conditions under which double rolls are formed,
~0.310 0.8, it is in between these two regimes and it apif the experiments in Sec. | are repeated with an acetal co-
pears that neither high-density region is able to control thgolymer inner wall, coated with aluminum tage,,=0.62,

061301-8



CONVECTION IN VIBRATED ANNULAR... PHYSICAL REVIEW E 71, 061301(2009

10 good agreement for the granular temperature, packing frac-

tion, and velocity fields. In the case of a monolayer of grains,
higher densities and lower granular temperatures were found
near both the inner and outer walls, and weak convection
fields were also observed. A subsequent exploration of the
giw-Eow Phase space showed that increasing the number of
particles in the system could initiate strong convection cur-
rents, the direction and shape of which were dependent on
the exact combination of the wall-grain coefficients of resti-
tution. A simple model based on the respective areas and
coefficients of restitution of the two walls was reasonably

Tk successful in predicting the direction of single rolls. Double

® convection rolls were also observed, a feature seen in recent

' experimental studies. Further work in this area will consider
FIG. 12. Experimentally determined nondimensional velocity (€ transition from single roll convection to double roll con-

vector field showing evidence for double convection rolls, Agr ~ Vection, and the precise conditions under which double rolls

=1.24 mm. The rolls are observed to go down at the edges an@CCur.

upwards in the region between the walls.
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