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Dynamics of vertically vibrated two-dimensional granular layers
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Vibrational motion and dynamics of two-dimensional layers composed of identical inelastic solid disks are
investigated experimentally and characterized in terms of the dimensionless acceleration. Several vibrational
regimes with different degrees of vibrofluidization are studied by means of the layers’ videorecordings and
tracking the motion of one larger disk immersed into each bed of smaller particles. It is shown that depending
on the vibrational acceleration, the larger disk either ultimately rises on top of the layer or vigorously moves
throughout it, thereby indicating possibilities for efficient mixing. In a certain narrow range of the vibrational
acceleration the layer is observed to repack and move as a single block. This acceleration range is well
described by the model of an absolutely plastic body moving above a vibrated plate. Small deviations from this
acceleration range lead to a significant layer expansion and distortion of its upper surface due to transverse
waves. The vibrofluidization regimes are also characterized by measuring the force acting on the vessel's
bottom and the time of its contact with the layer. The propagation speed of the compression-expansion waves
is estimated and found consistent with the predictions of our earlier semiempirical and analytical models.
[S1063-651%99)11603-9

PACS numbd(s): 81.05.Rm

I. INTRODUCTION using the purely kinematic model of an absolutely plastic
single block(see below.

Moving granular materials are widely met in nature and The physical principles of vibrofluidization of thick
technology{1]. The unusual cumulative properties of nonco-granular layers have recently been describedl9 It has
hesive flowing granules have attracted a lot of interest irbeen shown that by choosing appropriate vibrational re-
recent year$2]. These materials flow like fluids, if external gimes, one can increase the layer porosity even when the
energy is continuously supplied, for example, by shearing oparticles’ restitution coefficient is low. Sometimes, such ex-
shaking. In other circumstances granular materials behaveanded layers still move in a way close to the predictions of
like solids. the plastic body modeglPBM). In fact, this model had been

This study is concerned with granular layers moving in aused as a zero-order approximation in a more general hydro-
vertically vibrated container. Depending on the vibration pa-dynamic description of compression-expansion waves propa-
rameters and the granular properties, such vibrated layeggating in slightly vibrofluidized granular materigig]. How-
may move either as a single block or may show a variety okver, when the granular layers are strongly vibrofluidized,
fluidlike phenomena such as surface wal@s5|, convec- the particles’ motion is very complicated and differs signifi-
tion [6], transverse wavef7], and shock-expansion waves cantly from the PBM predictionf5,9].

[8]. Vibrated granular layers were studied rather extensively In the majority of works devoted to vibrofluidization, the

in several works[3—8], aimed at investigating their basic layer behavior is characterized by kinematic parameters,
physical behavior, as well as industrial applicati¢fis 13, such as the particle’s relative positions and velocit&s8],
such as vibrotranspof.2] and vibromixing[9]. the contact time between the layer and the vessel's bottom,

In most vibrational regimes, achievable in commerciallyand its free-flight duratior[3,7,11. The dynamic layer-
available vibrational stands, granular layers move as singleessel interactions, both during the layer motion as a single
solid bodies, which collide with the vessel as absolutely plasblock and in the vibrofluidized regimes, remain unstudied.
tic blocks. This was observed even for layers composed ofhe present paper is aimed at bridging this gap. We present
particles with very high restitution coefficieiip to 0.95 experimental data on the forces acting upon the bottom of
[10], because the granules rapidly lose kinetic energy of theithe vibrating vessel and the wofkowed produced on the
random motion in the course of collisions. Only shallow lay-various layers of inelastically colliding granules.
ers [where the particles form not more that 6 monolayers Measurements of dynamic interactions between the vi-
(ML)] can be vibrofluidized to a significant measure, allow-brated granules and the vessel are important in design of
ing implementation in technolody.0]. However, even when vibrational machinege.qg., vibromixery in particular, in cal-
the particles are vibrated seemingly as one solid block, theiculation of the load exerted by the granules on the vessel,
relative motion along closed loops can also be obsef@&d choice of the motor power, calculation of the kinematic pa-
Yet the overall layer behavior can satisfactorily be describedameters of the vibrostand under the load, etc. Knowledge of

the forces applied to the vessel together with its displacement

allows us to calculate the power supplied to the granular
* Author to whom correspondence should be addressed. FAXmaterial. Moreover, these measurements are the most effec-
972 4 832 45 33. Electronic address: mersm01@tx.technion.ac.il tive way to determine several kinematic parameters charac-
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terizing the layer motion. For example, an efficient way to 2
accurately measure the time of contact between the vessel
and the granular material is to measure the duration of the
layer’s free flight, during which the vessel is unloaded.
Another objective of this investigation is to delineate the
applicability of the PBM for characterization of the layer
motion, and experimentally identifby means of the dy-
namic parameteyghose vibrational regimes for which this 1
model is inapplicable. According to the PBM, a granular
layer upon touching the vessel instantaneously obtains its
velocity. From this moment on and until the detachment, the
layer and the vessel have equal velocities without rebound.
This time period is called contact time. The layer detachment
from the vessel occurs when its acceleratiris less than
the gravitational acceleratiow, i.e., a<—g. The time pe-
riod when the layer freely moves under the action of the
gravity force only is called free-flight time. As a model of
vibrated layer motion, the PBM does not contain fitting pa-
rameters. All vibrational regimes may be characterized by a RSN
single dimensionless parameter, namely, dimensionless
maximal vibrational acceleratioh =A(27f )2/9, where A FIG. 1. Schematic of the experimental setup: 1, videocamera,; 2,
andf are the vibrational amplitude and frequency, respecyessel with granular material; 3, accelerometer; 4, pulse transducer;
tively. 5, measurement beam; 6, vibrostand drive.
This PBM had been used by mechanical engineers for
more than four decades in different modificationg,12. It cient for electrically conducting granules only. Measurement
was generalized to a wider class of the so-called single bod9f the container acceleration does not enable us to detect the
models which include the layer's viscoelastic imp&as-  detachment moment.
coelastic modéland air drag force. These modifications re-  The assumptions underlying PBM may be tested by em-
quire additional coefficient§the drag and damping coeffi- ploying high-speed video photography. This technique had
cients, etd, which cannot be calculateal priori but rather been applied to shallow granular beffs], where it was
found from experiments. Different single body models werefound that the bed clears the bottom of the container much
tested experimentally wherein the corresponding coefficientiater than the PBM predictions. Moreover, significant layer
served as fitting parameters rather than physical propertie@ompression and expansion occur during its contact with the
[11,17. vessel and free flight, respectively. This contradicts the PBM
In spite of its mathematical simplicity, the PBM some- assumption that the layer moves as an incompressible single
times gives the right order of magnitudes of the layer kine-body. As a summary, one can state that no reliable quantita-
matic parameters. Accordingly, it is widely used for practicaltive information on the layer-vessel contact time is known so
[12,13 and scientific purposes. In particular, it allows us tofar.
describe in terms of parametBrseveral processes, including  In the present paper we experimentally investigate the
the transition between different modes of convective flowphysical mechanisms underlying the vibrofluidization re-
patterng 6], surface standing wav¢8,4], the appearance of gimes with high amplitudes and low frequencies in a particu-
transverse wavdg], etc. However]" cannot always be used lar case of two-dimensiondRD) granular layers. Since no
as a sole parameter governing the layer vibroagitation. Fogtandard equipment providing controllable vibrations with
example, the intensity of traveling wavé$4] or surface amplitudes and frequencies in the required ranges is avail-
waves[15] in vibrated beds strongly depends ioer alia  able, a special vibrational stanti6] was designed and con-
vibrational energy of the vessel. In our recent experimentstructed, which allows measurements of the kinematic and
[8,9] we found that for a fixed vessel acceleration, regimeglynamic parameters of the granular materials.
with largeA (several centimeterand small frequencig$ess
than 20 Hz are prefere_lble for vibroagitation and mixing of Il. EXPERIMENTAL SETUP
granular materials. This means that for a fixed vessel accel-
eration, increasingAf)? increases vibroagitation and mix-  The experimental setup consists of a vibrational staee
ing of granular materials. Fig. ), which provides vertical vibrations of a vessel 2 with
Several experimental methods were used for study of via weight of up to 25 kg with controllable frequencies and
brated beds, including stroboscopic, high speed photographghangeable amplitudes in the respective rangesf 0
measurement of the bed electrical conductivity, and the con<20 Hz, 0.5<A<5 cm. The rotational velocity of the elec-
tainer acceleratiofl11,3]. The first two methods were used trical motor and the vibrational frequenéwre controlled by
for examination of the layer motiowis-avis the PBM pre- means of a pulse transducer 4 which consists of a revolving
dictions[11]. Two other methods were used for measure-disk with a hole, attached to the flywheel of the drive 6, and
ment of the contact tim¢l11,3] and the initial moment of a stationary photocell, resting in the vicinity of the disk. This
contact{11], respectively. Both methods have clear deficien-transducer measures the instantaneous rotational velocity
cies. Measurement of the bed electrical conductivity is effi-with an accuracy of about 0.1%.
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According to the kinematic scheme, the vibrostand oscil-material. Each series of experiments was performed at con-
lations were nonsinusoidal. For all results reported belowstant amplitude with the large disk initially placed on the
the vessel maximal acceleration in the downward directiorbottom of the vessel beneath the small disks. It was found
was about 50% larger than the upward maximal accelerationhat in the majority of regimes the layers oscillate periodi-
Further, we will characterize the vessel acceleration with theally, however sometimes aperiodic motion occ(gse be-
single parameteF =A(27f)?/g. low).
~ The vessel's time-periodic displacemen(t), accelera- Figures 2a)—2(e) present photographs of the characteris-
tion a,(t), and velocityv,(t) were measured. A system for tic viprational regimes observed in the study. At low fre-
measurement of the vessel's kinematic parameters was bas&gencies the layers remain attached to the bottoande-
on a low-frequency accelerometer 3. T_he accelerome:ter Sigaching regime, Fig. @)]. At higher frequencies they detach
nal was transferred to a computer and integrated to yield thﬁom the bottom and prevail in a free flight during some parts
vessel velocity and displacement. _The megsured kinemati& the vibrational perioddetaching regime, Fig.(B)]. Fur-
parameters were used for calculation of displacemeqt,  her increase of the vibrational acceleration leads to diminu-
velocity, v, and acceleratiorg,, of the layer motion as a iqn of the time of contact with the vessel to the extent which
single plastic body. Explicitly, the following equations were _;,5\ved viewing the layer-vessel interaction as bouncing
employed: [bouncing regimes, Figs.(@—2(e)]. Such bouncing is ac-
companied by the layers’ periodic expansion and contrac-
tion, and also distortion of their free surfaces as a result of
the transverse gravitational wavies8].

One interesting peculiarity of the layer motion in the de-

Xp(t):Xu(t)a Up(t):Uu(t)y

ay(t)=a,(t) during contact period,

_ Y (f—t )2 taching regimes is the so-called repacking phenomenon, ob-
Xp(1) =Xy(ta) + 0, (ta) (1= ta) ~ 9(t 1) 7/2, served in this study. Namely, for each amplitude there exists
vp(D)=0v,(t) —g(t—ty), a,=—g during free flight, a certain narrow acceleration range, lying within the bounc-
ing domain, where the particles’ intensive relative motion
where the moment of detachmety, is the solution of equa- teérminates and they collapse into a solid bldeee Fig.
tion 3(a)], which periodically jumps off the vessel bottom. With
increasing acceleration this repacking disappears, although
a,(t)=—g. this phenomenon is also observed at a higher acceleration,

albeit in a less pronounced manner, since the layer motion in

Vessels30x45 cm of several kinds were used, all made this regime is significantly affected by the transverse waves
of steel frames with transparent glass walls. For the investifsee Fig. &)]. The frequencies at which the particles’ re-
gation of the disklike particles, the gap between the verticapacking had been registered are further related to the PBM
transparent walls was about 1 mm larger than the disk thiCkpredictions(see below
ness, to allow their free two-dimensional motion with mini- = The above regimes were also characterized by the motion
mal friction. Here we describe the experiments with oneof the large disk immersed in the layer. In the nondetaching
large disk(with diameters 18, 27, and 36 mammersed into  gnd detaching regimd#\ andB, see Fig. 4 beloythis disk
layers composed of 6—-12 ML of small identical diskéth  remains essentially at the vessel's bottom, where it was ini-
diameter 11 mmmade of the same material, aluminum or tjally placed. Beginning from a certain acceleration, an in-
brass. The coefficients of restitution of these materials argensive relative particle motion begins, which brings the
less than 0.5. This value is typlCﬂ' for the granular materialsarge disk to the |aye|' upper Surface1 where it continues to
processed in the majority of vibrational technologies; it dif- move without penetrating back into the layer. This is a mani-
fers significantly from almost elastic materials used in thefestation of the well-known “Brazil nuts” effect, which is
laboratory experiments, for which the wavy phenomena wergegregation of larger particles on top of vibrated layers com-
found [7,8]. The disks’ motion within the vessel was re- posed of smaller ones. This segregation regitnprevails
corded by videocamera 1. with increasing acceleration until the repacking regime is

The force exerted by the granular material on the vesslegched.
bottom was measured by a high-quality steel beam 5 at- \When the vibrational acceleration is further increased, the
tached to the bottom. The measurements were performed Uﬁyer expands again and the transverse waves affect dramati-
ing four strain-gauges attached to the two sides of the beamgally the large particle’s motion. These waves make it dive
which registered with hlgh accuracy the force exerted Upordeep|y into the |ayer and move in a chaotic manner, sam-
the vessel bottom. The data from the transducers were tranpting all possible positions within the layer with about equal
mitted to a computer through a data acquisition board, whiclyrobability. That is, the effect of these waves is to eliminate
registered the information with a frequency of 2.5 KHz. A the segregation, thereby providing conditions potentially
more detailed description on the experimental measuremepjeneficial for particle mixing. This mixing regini2 prevails

system can be found if9]. in the acceleration range until the second repacking is
reached.
. EXPERIMENTAL RESULTS Figure 4 depicts the layer kinematic map plotted in terms

of the vibrational amplitud&\ and the dimensionless accel-

erationI’. One can see that the boundaries of the regimes are
The two-dimensional vessels were filled with 6—12 ML of almost independent of the amplitude. One can thus charac-

smaller identical disks and one large disk made of the samterize the basic layer regimes with respect to the large par-

A. Kinematics of the vibrated layers
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(d)

FIG. 2. Photographs of vibrational regiméamplitude A=25 mm observed in the study:(a) f=1 Hz, nondetaching motior(p) f
=3.8 Hz, detaching regimec) f=5.2 Hz, segregation regiméd) f=8.5Hz, mixing regime;(e) f=9.3 Hz, mixing regime.(c)—(e)
Bouncing layer motion.
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(a)

(b)

FIG. 3. Photographs of repacking phenomertamplitude A
=25mm: (a) f=7.1Hz, first repacking(b) f=9.1Hz, second
repacking.

ticle motion in the following universal way:

A: 0<I'<1.2, nondetaching regime,

B: 1.2<I'<2.4, detaching regime without relative
motion between the large disk and the layer,

C. 2.4<I'<5, segregation regimapward motion of
the large disk

D: 5<I'<8.5, vibromixing regimechaotic motion of
the large disk

E: I'>8.5.
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FIG. 4. Kinematic map of vibrofluidization regimes for vibrated
2D layers composed of 6—12 MIA, nondetaching regimeB, de-
taching regime(no relative motioly C, segregation regimel,E,
mixing regimes. Triangles, circles, and crosses correspond to first
and second repacking regimes and the regime of most vigorous
vibromixing, respectively.

the body and the vessel at the moments of their contacts is
minimal (see below, Fig. 6 More recently, we have re-
vealed that in a close vicinity of the first repacking, motion
of the large disk significantly differs from that prevailing in
regimesC andD. These results together with the experimen-
tal investigation of vibromixing are to be reported elsewhere
[17].

In a recent study3] the authors describe surface waves’
patterns of 3D vibrated layers observed from above. We
compared the acceleration ranges of the regimes that we ob-
served on our 2D layers with the rangedofvhere different
patterns of 3D layers prevailed, as reported3h Analysis
of these patterns shows that the regime yielding a pattern
where the upper surface of a 3D layer consists of flat do-
mains separated by a discontinuity lifkink) is close the
acceleration range where the repacking regime in our 2D
layers prevails. Furthermore, speaking in terms of accelera-
tion range, our 2D segregation regime corresponds to 3D
“ f/2 waves and hexagons”; our mixing regime corresponds
to “ f/4 waves and hexagons” observed 8]. Our detaching
regimeB corresponds to the “flat layer” regime reported in
[3]. The small differences in boundary values of the dimen-
sionless acceleration between the concomitant regimes may
be attributed to the difference in the forms of the vibrational
excitations. The surface wave patterns were investigated in
[3] for the sinusoidalharmonig oscillations, while the ex-
perimental results reported here were collected for nonsym-
metric vibrational excitationgésee the preceding sectjon

The surface waves occurring on top of the vertical granu-
lar layers constitute the motion of two or three upper mono-
layers of a whole vibrated layer and are rather independent of
the layer depth and insensitive to the particle propef@gs
The surface waves’ regime as expressed by the vibrational
acceleration range is insufficient for the full characterization
of the layer vibrofluidization, since the latter includes both
the layer expansion and intensive relative motion of gran-
ules. Vibrofluidization is a result of the balance between the

The first and the second repacking regimes prevail in narenergy input from the vibrating vessel and the energy losses
row ranges around the respective dimensionless acceleratiodse to inelastic collisions. These losses, generally speaking,
I'=5 and 8.5. We found that both characteristic “repack-increase with increasing particle number and inelasticity of
ing” accelerations are predictable by the plastic body modeltheir collisions[8]. Since the surface waves are insensitive to
Namely, at these accelerations the relative velocity betweethe energy losses, they at most serve as an indication of
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fluidization of a thin surface part of the vibrated layer but not 200
the whole layer. 18
Fluidization of a thin surface part of the vibrated layer can
be visualized from above with a video camera. Such obser-
vations do not allow visualization particles’ relative motion

160
140
120 |
100 |

Force, N

in the remaining part of the layer and, in particular, the mo- 50|

tion of a large particle when it “dives” into the layer. In 6|

order to get such information, we observed and videore- “r

corded 2D layers from the side which enables us to track the | [ gt .
motion of any particle within the layer. The two methods of %2 03 o4 05 o6 o1 os oo 1
visualization, namely from the side and from the top, are Dimensionless time, &

complimentary in nature_, their com_blnatlon gives insight FIG. 5. Time evolution of the force exerted on the vessel bottom
about the overall behavior of the vibrated layer from theby the granular material for several frequenciesi=25mm, 6
bottom to the top. For example, the kink phenomenon, whichy; of prass disks of diameter 11 mm. Dotted, dashed-dotted, and
had been registered by videorecording the upper surface @bjid curves correspond to the following frequencie§= 3.89 Hz
3D layers[3], shows that no relative particle motion occurs (regime B), f=6.01 Hz (regime C), and f=6.95 Hz (the first re-
on the top fol"=5.8(flat domains connected by a kinkor  packing regimg respectively.
the same vibrational regime, we registered by means of side
videorecording no relative motion in the whole granularand another is a continuous load for 04§ <0.85, where
layer[see Fig. 2d)]. the layer is attached to the bottom. For the frequefcy
Another advantage of side videorecording with respect to=6.01 Hz, corresponding to ti@regime, the load is applied
top videorecording is in the observation of transverse wave8s a single blow lasting about 20% of the period. A similar
[7,8]. These waves manifest themselves through bending diehavior of the force was registered also in close vicinity to
the whole layer and can hardly be registered by any obserthe frequencies corresponding to the first repacking. The
vations from above. Our experiments revealed that there eXpouncing regime<,D,E are characterized by a single blow
ists a correlation between the layer bending and the intensitguring each layer-bottom interaction, which justifies this ter-
of the motion of the large disk within the bed, characteristicminology.
of the mixing process. In particular, the most vigorous “vi-  The transition from the detaching to the bouncing regime
bromixing” has been registered in the vibrational regimesmay also be characterized by means of the force measure-
where the amplitude of the transverse wave is maximalments. Figure @ shows the maximal force acting during
These regimes are marked in the map shown in Fig. 4 bgne vibrational period on the vessel plotted versus the vibra-
cross symbols. In passing, we will note that our measuremeriton acceleration for the amplitude=25mm. One can see
of contact time(see below showed that for the intensive that this force reaches its maximal value within regiBn
vibromixing regimes the vibrated layer contacts the vesseThis value exceeds the layer weight by more that 30 times
once per vibrational period. This contradicts the PBM pre-for I'=2. This acceleration characterizes the transition from
dictions yielding one layer contact paro vibrational peri- the detaching to the bouncing regintsee the discussion
ods. below). This transition occurs dt smaller than the accelera-
The representation of the vibrational regimes given in Figtion of the transition to the segregation regiéor all our
4 is valid for sufficiently large amplitudes, as predicted bymeasurementgsee Fig. 6.
the condition that the paramet®r=Aw/(gh)? is of order It is noteworthy that in the vicinity of the boundary accel-
one[8]. In the present case this condition is already fulfillederationI'=2, the layer behavior repeats itself every second
for A=5 mm for all layer heights tested. However, these period. That is, the layer dynamics is different during even
regimes are to be tested for wider ranges of the layer heigh@&nd odd periods. We call this phenomenon “dynamic bifur-
and granular properties. For small amplitudes the second re&ation.” This bifurcation prevails for 1Z1'<2.2. The sec-
packing is very difficult to achieve, since it occurs for very ond dynamic bifurcation appears for higher accelerations be-
large frequencies. According to the PBM predictions, for 1tween the first and second repackings. This bifurcation
mm amplitude the second repacking occurs at abbut phenomenon was rationalized by the kinematic PBM.
~46 Hz, which is beyond the capability of our vibrational ~ The layer motion as prescribed by the PRske Sec. )l
stand. was calculated numerically for the vessel displacement
X, (t), acceleratiorg,(t), and velocityv,(t) obtained from
B. Force measurements the measurements of 50 consequent periods of the vessel
The plastic bod del d i bl to distinqui r(1)scillations. For each of them the period of contgPtand
© piastic body mode’ does not enable us o AISNGUIS, e periog of free flight{) (i=1,2,...,50) were calculated

between regime8 and C. This may be done, however, on i, " "™ ; L
the basis of the force measurements. Figure 5 shows the tinféc” Tt '=T). It was found that in the majority of the re-

evolution of the force exerted on the vessel bottom by thimes the layer oscillates periodically. Unlike the case of the
granular material. One can see that for the frequency 3.g8inusoidal law of the vessel motidi2], we observed re-
Hz, corresponding to the detaching regiethe vessel is 9imes with one contact of the body per one periotf
loaded during about 40% of the vibrational period in two =t{"", per two periods: t{’=t{*?, t{*P=0, and per
portions: one is a short blow in the vicinity of the dimension-three periods: t{)=t{*3) t(*D=t(*2=0 of the vessel
less time momentf~ 0.4 lasting about 3.5% of the period, oscillations. We also found nonperiodic regimes with con-
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ameter of 11 mmand the vessel's bottom versus the vibrational
dimensionless acceleration. Dashed-dotted lines, 6 ML, vibrational
amplitudeA= 25 mm; solid lines, 10 ML, vibrational amplitudé
=25mm; dotted lines, 6 ML, vibrational amplitud&=5 mm);
dashed line, predictions of PBM:(a) dimensionless(b) dimen-
sional. Acceleration regiona,B,C,D,Ecorrespond to the regimes
marked in Fig. 4; trianglegbetween the regime€ and D) corre-
spond to the first repacking regime.
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dynamic bifurcation and transverse waves. This large scatter
allows us to explain why the force measurements fail to reg-
FIG. 6. Maximal force acting on the vessel's bottom versus theister the second repacking regime, observable and predict-
vibrational dimensionless acceleration. The bed is composed cible by the PBM. The lifetime of the second repacking re-
brass disks with an 11-mm diameter. Solid and dashed-dotted linegime is of the order of several vessel oscillations. This time
correspond to measurements of odd and even periods, respectivelyeriod is long enough to allow observation of repacking, but
dotted lines correspond to layer-vessel relative velocity prior to themuch smaller than the averaging period. Hence, the repack-
contact(calculations using PBM (a) 6 ML, vibrational amplitude ing produces no effect on the average force values.
A=25mm;(b) 10 ML, vibrational amplitudeA=25 mm; (c) 6 ML, One can see in Fig. 6 that the first repacking regime takes
vibrational amplitudeA=5 mm. Acceleration region#,B,C,D,E place in a relatively narrow acceleration range frdm
correspond to the regimes marked in Fig. 4; trianglestween the  _ 4 75 1o 5.25. The beginning of this range may be estimated
regimesC andD) correspond to the first repacking regime. by a local minimum, and its end by a local maximum of the
force F. This range contains the acceleratibr=5.08, at
stantly varying layer-vessel periods of contact. which, according to the PBM predictions, the layer-vessel
Figure Ga) shows the plot of the layer-vessel relative ve- relative velocity is minimal. Belowsee Fig. 7 we estimate
locity V, calculated on the basis of the PBM. One can seghe acceleration range of the first repacking regime on the
two minima ofV for I'=5.08 and 8.3 corresponding to the basis of measurements of the contact time and show that it is
first and second repackings, respectively. The second repacklose to the comparable range observed in Fig. 6.
ing is very unstable because of the transverse waves, and canThe effects of the vibrational amplitude and the layer
hardly be registered by the force measurement. For largdepth on the maximal force are depicted in Fig&)@nd
accelerations, the maximal forces as measured during afi(c). Many of the conclusions which have been drawn from
(odd and evenperiods are both close to the average forceFig. 6@ equally apply also for the deeper lay¢Fig. 6b)]
value over one period. In this range the layer behavior isand smaller vibrational amplitud¢Eig. 6(c)].
characterized by intensive transverse waves. We used the data measured on the forces to verify the
The force measurements presented in Figa.-&(c) are  contact time predictions made on the basis of the PBM. Fig-
the result of time averaging over the period of 15 s, whichures 7a) and 7b) show the dimensionled$=ig. 7(a)] and
includes many vibrational periods. The maximal scatter ofdimensional[Fig. 7(b)] contact time between the layer and
the measured force was registered for the regimes of thiéhe vessel, plotted against the vibration acceleration for two

(C) Dimensionless acceleration, £~
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performed on the granular layers during one period. Many of
the conclusions which have already been drawn from Figs. 6
and 7 equally apply also to this plot. In particular, the work
seems to be independent of the vibration amplitude and the
layer height in the acceleration range prior to the beginning
of the first repacking. This work is larger for the bouncing
regimes than for the detaching or repacking regimes. In the
bouncing regimes the dimensionless work slightly decreases
P o . ‘ with I', and it is almost independent of the layer height, at
0 2 4 6 8 10 12 least in the range of heights investigatsde the two curves
Dimensionless acceleration, in Fig. 8 obtained for 25 mm amplitude and heights of 6 and
FIG. 8. Work performed on the granular layer during one period10 ML). In the vicinity of the repacking regime with 25 mm
vs vibrational acceleratiofbrass disks of diameter 11 mnfor the ~ amplitude, a lower work is measured than that registered for
lines’ descriptions, see the caption for Fig. 7. 5 mm amplitude. This may be rationalized by noting that for
the latter amplitude the repacking regime is difficult to
amplitudes and two layer heights. The characteristic vibraachieve, since it is easily broken by the transverse waves.
tional regimes are also clearly distinguished in this figure Accordingly, the work performed to sustain the layer in the
which, in addition, shows the contact time predicted by thefluidized state is larger for the 5 mm regime than for the 25
PBM [Fig. 7(@)]. One can see that the PBM predictions aremm regime(see Fig. 8 where the repacking is stable.
close to the experimental data in the detaching redinaad The maximal work performed during one period may be
significantly differ in the bouncing regime. The difference is approximated by a constant value of about/tgy So, the
most remarkable for those regimes where the model predictarger the vessels’ vibration amplitude, the larger work on
one contact per two periods. In contrast to this prediction, wéhe granular layer it performs during one period.
registered one contact per period. Moreover, for each period
the contact time is almost the same. Such disagreement be- IV. DISCUSSION

tween theory and experimental data is explained by the layer N
bending and appearance of the transverse wavgsFor The results presented n Figsay and K.b).demonstrat(.a
such regimes the PBM is, apparently, inapplicable. that the PBM gives a satisfactory description of the kine-
In the vicinity of I' corresponding to the first repacking, Matic layer motion for nondetaching, detaching, and repack-
the layers again behave in accordance with the PBM predid'd égimes. This may be explained on the basis of our
tions. Beyond the repacking regime the dimensionless corf!€0ry Of vibrofluidization of granular materials by vertical
tact time of the granular layers is larger than the calculated |brat|ons[8]: It was shown th‘?’“ for efficient fIU|d|zat|.on Itis
values. The dimensionless contact time is almost indeperl€CESsary tencreasethe relative layer-vessel velocity and,
dent of the layer height, but depends on the vibrational am'€nce, the maximal vibrational velocityw. On the other
plitude. hand,. the inverse statement is also valid: ;maller relative
For 5 mm amplitude, the transverse waves appear in th4€/0City corresponds to lower layer porosispolid body be-
bouncing regime for lower accelerations than those regis?@vioD- . o
tered forA=25 mm. As a result, the contact tirbefor the 5 According to the PBM, the layer'solid body motionis
mm amplitude regime is significantly larger than for the o characterized by instantaneous changes of the layer veloc_lty
mm regime. In the acceleration range abdve 7.8, where at the moments of contact with the vessel bottom. In addi-
the motion of all layers is affected by the transverse Wavest,'on’ th_e mog;el ass#me_f, no bounfcmg aflterllmpacts: :1” gact,
the dimensionless contact times for both amplitudes are clos e fe?'ztefe evera agt émpa;](_:tio granu "?}r ayt;rs wit tke f
to each other, albeit both exceed significantly the PBM preyﬁssfe u]rclngdone E_erlo ’ \élv Ic alie manl'este ?f peaks o
diction, which clearly does not account for these waves. Fofl€ force for detaching and repacking reginisse Fig. 3.

the transverse waves appearing in regiesdE, the prod- These multiple impacts may be explained on the basis of a

uct t.f is almost independent of the layer height and theOre general model of the motion of a solid body with a

vibrational amplitude, but grows linearly wihiin the range nonzero coefficient of restitutioa[12]. In reality, the effec-
7.8<T' <18, where it iakes the values :2,< 0.3 (in Fig. 7 tive value ofe of the whole granular layers depends on the

we present only a part of our measuremgnts

08 -

06

04

Dimensionless work, W/ (2xAmg)

first repacking regime the contact time again varies Iinearlyu ) : .
with T" with the linearity coefficient being practically inde- 115¢ Qlfothf gEl"V' for the modeling of kinematic parameters of
pendent of the vibrational amplitude. In regir@e the con- € vibrated 1ayers.

tact times for both amplitudes are close to 0.03 s, Whicht kMO_“i elaborattta trr?o?_els Off the Iaye:?vess]?ld!n;[ersctlons
exceeds significantly the PBM prediction. ake nto account the ime of propagation of disturbances

across the layers. It is commonly believed that the speed of
sound propagation in granular systems depends on the layer
depth[18]. Since the most significant spatial variations of the
Figure 8 shows the dimensionless woneW/27Amg  layer density and granular temperature are mainly in the ver-

C. Work performed on vibrated granular layers
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tical direction, measurement of the speed of sound in thi§his expression is free of the ambiguity characteristic of for-
direction yields only averaged values. On the other handmula (1), since it does not contain unknown parameters. In-
disturbances propagating in the horizontal planes pasdeed using e~0.3 as for brass particles and/o
through more homogeneous particle arrangements. Hence;6—10 ML, one obtaingd ~5.5—10. Using this value and
measurements of the speed of sound in the horizontal dire@alculations performed if8], one obtains that~ 0.1, which
tion may be better characterized. In particular, for a granulayields the shock wave velocity,~6—20m/s. This is con-
material consisting of 5 mm glass beads, such measuremergistent with both of the above estimates, i.e., those based on
yield the speed of a single pulse propagation, about 280 mMrmula (1) and on the experimental data in Fig. 5.
[18]; and the group velocity, about 57 nj/&9]. This speed The time of vessel-layer interaction,, depends in a
was also measured for small disturbantcEs, where it was  complicated manner on several parameters, in particular on
found to be very sensitive to the layer structural changesthe relative layer-vessel velocity prior to the contact. The
Below we compare this group velocity with the propagationaverage speed of the wave propagatigp may be used to
speed of the compression wavgkl] in vibrated granular estimatet,,,, as the time during which the compression-
beds. expansion waves travel, respectively, up and down the layer
Estimations of the average value of this velocity may beheight: t,,~2h/v,,. The PBM predicts the dimensionless
done on the basis of our experimental data of the force evaime of contacttpgy varying from 0 to 1[see Fig. 7a)]. It
lution (see Fig. $. The first peak in the curve occurring at might be expected that this model is valid as lond s is
f=3.89 Hz may be attributed to propagation of compression(arger thatt,,. One can see in Fig.(® that tpgy Signifi-
expansion waves in the granular system. Hence, these waveantly underestimates the measured contact tiggbegin-
propagate to a distance of the order of two layer heigls  ning from aboutl'=2.5, where they both close to 0.03 s.
and down, i.e., about 0.13 m over about 0.009 s. The ratio ofThijs may be compared with the estimations made on the
these values, i.e., 15 m/s, gives a rough estimation of thgasis of the shock wave speed, which yielg-0.01s. This
average speed of the wave propagatiog, Similar calcu-  points out that the wave propagation model gives the right
lations for other experimental dataot presented heyshow  order of magnitude ot in the bouncing vibrofluidized
thatv,, varies within the range of 12—-20 m/s depending onregimes.
the layer height and vibrational parameters. Consequently, The breakdown of the PBM is due to the layer fluidiza-
va IS several times slower than the group velocity in granu+ion, i.e., increasing layer porosity. Our videorecordings
lar materials obtained ifl9]. show that in the bouncing regime the granules separate from
The reason for the above discrepancy is that in our Syseach other during the free-flight period. They do not fully
tems the layer density is lower due to vibrofluidization. Thiscollapse onto the vessel bottom during the contact period.

may be illustrated by the following formul&0]: The layer bouncing occurs over a relatively long period,
which depends on the layer density prior to meeting with the
U vessel. The layer density in the bouncing regime differs
Vs:m’ 1) insignificantly from the maximal repacking densipy, and

such deviations can hardly be measured with sufficient accu-
racy. However, it is well known from the simple dense fluids
theory [21] that small changes op lead to significant
changes of the pressure, since the latter is inversely propor-
gional toA=1-p/py. For a dense system of rigid particles

it is easier to measure forces than densities. That is why here
e use force measurements rather than density measure-
ents in order to characterize the vibrational regimes.

which allows calculation of the speéd of the shock wave
caused by a piston moving with velocity into a granular
gas of initial (undisturbed densityp,, andp, is the maxi-
mum density. Use of this formula in the circumstances o
vibrated granular layers is difficult since the “initial” den-
sity pg (i.e., the one prevailing prior to the layer contact with W
the vessegldepends on the vibrational regime. In the presenfn . . .
experiments the differencaé=1—py/p,, was of order 0.1. In the bouncing regime, the maximal forée,,, and the

Taking this value as a fair estimate of the layer density and©Ntact periodcy are correlated. Indeed, for a layer which

identifying U in Eq. (1) as the piston’s maximal velocity, one Periodically experiences a vertical forégt) applied by the

obtains thaV;~10Aw. Noting that in the wave propagating vibrating vessel, one obtains

regimeAw is of order 1-2 m/s, one can see that the above T

expression give¥ ~10—-20 m/s, which is of the same order J’ F(t)dt=mgT, 3

of magnitude as the estimates made on the basis of Fig. 5. 0
On the other hand, one can use the expression for the

everseshaicvare spae rdited by I semempical T e ofr e pslton e g
h f vibrofluidizati f lar | f hei : : g
theory of vibrofluidization of a granular layer of height8] side of Eq.(3) may be evaluated in the following form:

2 gh T
VSZ K(H) m, (2) fo F(t)dt:kaaxtcontv (4)

whereink is a coefficient calculated if8] and dependent on where the coefficienk depends on the specific form of the
the parameter function F(t). For example, for the rectangular force distri-
bution form one hak=1; for the parabolic distribution
H=1.021—¢€?)h/o. form, k=2; for the triangular distribution formk=1%; and



3240 ALEXEEV, ROYZEN, DUDKO, GOLDSHTEIN, AND SHAPIRO PRE 59

According to Eq.(7a), the dimensionless work is smaller
than 1. Since we consider periodic motion of the granules, all
this work is lost(converted to heatduring one period. Co-
efficientk,, characterizes the energy losses within the granu-
lar layers during one period. When such losses are abggnt,
is equal to zero. The larger this coefficient, the larger the
energy losses.

On the other hand, the layer cannot lose more energy that
it gets from the vibrating vessel. For the sake of comparison
0 : : : ' between different vibrational regimes we introduce the effec-

Dimensionless accelcration, I tive power of the vibrated vessd=W/T. Formula(7a)
may be rewritten in terms dfl as

08

\‘A
S

FIG. 9. Form parametek characterizing the force evolution

versus the acceleratigbrass disks with diameter of 11 mnHori- N
zontal dashed lines: 1, parabolic form distribution; 2, triangular =Ky, (7b)
form distribution; 3, normal form distribution. For the lines’ de- MQViax

scriptions, see the caption for Fig. 7.

whereV,,,=27AIT is the maximal vibrational velocity. Ac-
for the normal distribution formk=0.414. The latter value €0rding to Eq(7b) the power is proportional to the maximal
is obtained under the constraint that 99% of the value of thi¥ibrational velocity. The larger this velocity, the larger the
integral is provided by the force integration ovgg,. Co-  POWer transferred to the granular layer and, hence, the better
efficientk may be calculated on the basis of our experimentaliProfluidization may be achieved. This conclusion agrees

data. Towards this goal Eq3) and (4) combine to give with our earlier result§8] and the experimental finding of
[14,15.
E oot -1 McNamara and Ludin§22] studied equilibrium states of
= Mmax %”‘) , (5)  the vibrated granular layers. In particular, they used scaling
mg

(7b) for the energy input by a vibrating floor. They suggested
that the coefficienk,, depends only on the ratit)/V .,
which implies thak is inversely proportional to the normal- \yhereU is proportional to the square of the average energy
ized maximal force and time of contact. USing the data forof chaotic granu|ar motion. We did not measure this energy,
the maximal force from Fig. 6 and for the dimensionlesspyt our observations show that it is smaller for the repacking
contact time from Fig. (&), one can calculatk from relation  regime than that for the vibromixing regime. On the other
(5) The results of such calculations together with the anahand, our measurements m |mp|y that kW is smaller for
|ytica| solutions for the model force distributions are pre- the repacking regime than that for the Vibromixing regime_
sented in Flg 9. One can see that for small vibrational aMThese observations and measurements give Support to the
plltudeA=5 mm, k increases monotonica”y with ianeaSing Sca"ng Suggested |E22] One should note, however, that
vibrational acceleration. For large amplitude=25mm, k  thjs scaling is not universal, since it ignores the effect of

depends o’ in a similar manner, except for a small accel- parameter’, governing the transition between the vibrational
eration region within the first repacking regime, whimap-  regimes.

idly decreases withh'. Coefficientk decreases with increas-
ing layer height and/or vibrational amplitudéor a fixed V. CONCLUSIONS
vibrational acceleration : U

Now we discuss the energy aspects of the vibrofluidized e found new and interesting phenomena in the behavior
granular beds. Using integral estimations, one can expresst vibrated 2D layers of granular materials. These are re-
the work W performed by the vessel on the granular layerspacking regimegno relative motion of granules under action
during one period in the form of intensive vibratioh and “vibromixing” regimes(chaotic
motion of a single large particleThese and other vibrational
regimes, namely the nondetaching regime and the segrega-
tion regime(upward motion of the large digkare indicated
in the map plotted in terms of vibrational amplitude and
acceleration. These regimes, expressed in terms of the di-
gwensionless acceleration, may also be characterized by the

T T
W=f v(t)F(t)dt=i§f F(t)dt=omgT, (6a)
0 0

wherev (t) is the vessel velocity arid is the vessel velocity
at a certain moment during the contact period. One can writ

% in the following form: wave patterns which were observed on the upper surfaces of
' 3D layers[3].
S =k A2/ T (6b) We found that repacking and detaching regimes are pre-
=Ky, ,

dictable by the plastic body model. These regimes were
shown to correlate with the minima of the work produced by
the vibrated vessel. On the other hand, regimes of intensive
vibrofluidization (segregation and “vibromixing” regimes
were found to correlate with the minimum of the load ex-
(78 erted upon the vessel by the granular material and a maximal
value of the work per unit of timgowel). The latter value is

where the coefficienk,<1. Relations(6) allow us to ex-
press the dimensionless work in the form

W orAmg W



PRE 59 DYNAMICS OF VERTICALLY VIBRATED TWO-. .. 3241

found to be proportional to the maximal vibrational velocity penses, and a longer lifetime. These regimes need further
with a coefficient only slightly dependent on the layer height,experimental and theoretical investigations.
vibrational amplitude, and acceleration.

Time of contactt.,, between the layer and vessel was
measured for all investigated regimes. This time was found
to be underestimated by the analysis for the bouncing re- This research was supported by the Israel Science Foun-
gimes performed using the plastic body model. This discrepéation administered by the Israel Academy of Sciences and
ancy between the experimental data and PBM predictions iérts, by the Center of Absorption in Science and the Gilliady
due to compression-expansion wave propagation within viProgram for Immigrant Scientists Absorption, by the Fund
brated granular layers. The speed propagation of these wavés the Promotion of Research at the Technion, and by the
was estimated and shown to be several times smaller than tfleechnion V.P.R. Fund—Smoler Research Fund. The authors
speed of sound waves in sand, reported in the literature. are thankful to Galina Shapiro for providing her home vid-

The vibromixing regimes were observed for materialseocamera for videorecordings of granular regimes. A.G. is
with collisional properties close to those of real granular ma-grateful to S. R. Nagel for his hospitality and for providing
terials. These regimes are beneficial for the design of techis stimulating paper on sound propagation in sand, and L.
nological equipment for vibromixing, characterized by the Kadanoff, H. M. Jaeger, and other members of the Univer-
minimum load and, hence, lower capital costs, operating exsity of Chicago, MRSEC for stimulating discussions.
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