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Air-driven Brazil nut effect
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A large heavy object may rise to the top of a bed of smaller particles under the influence of vertical vibration,
the “Brazil nut effect.” Recently it has been noted that interstitial air can influence the Brazil nut rise time.
Here we report that the air movement induced by vertical vibration produces a very strong Brazil nut effect for
fine granular beds. We use a porous-bottomed box to investigate the mechanism responsible for this effect and
to demonstrate that it is related to the piling of fine beds, first reported by Chladni and studied by Faraday. Both
effects are due to the strong interaction of the fine particles with the air, as it is forced through the bed by the
vibration.
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A large heavy object, often referred to as an “intruder,” in Fig. 1. The base of the box is made of a &8 woven
rises to the top of a bed of smaller particles under the influsteel mesh supported by a 3-mm thick layer of metal foam,
ence of vertical vibration, the “Brazil nut effecttBNE)  which itself is supported in places by metal pillars. Such a
[1,2]. It has also been reported that there are situations fostructure is rigid to particle collisions but extremely porous
which the intruder moves to the bottom of the bed undetto air. The top of the box may be either open or closed by
vibration, the “reverse Brazil nut effecttRBNE) [3]. The three small bungs. The box is mounted on a frame held be-
conditions for observing the BNE and the RBNE are cur-tween a pair of electromechanical transducers in such a way
rently the subject of vigorous debdie—6] as is the behavior that the motion is accurately one-dimensional and in the ver-
under vibration of multiple intruder§7—14]. For multiple tical plane. The box undergoes sinusoidal vertical vibration
intruders the dynamics may be strongly influenced by thewith the maximum acceleration relative to the gravitational
interactions between the intruders mediated by the smalleacceleration’=aw?/g, in the range 1-5. Hera is the
grains[15]. amplitude of vibrationw is the angular frequency, arglis

Two principal mechanisms have been proposed for théhe acceleration due to gravity. Our investigations have been
single intruder BNE1,2]. In the first, some of the smaller carried out in the frequency range 20—60 Hz. The motion of
grains move underneath the intruder each time it is throwrthe box is monitored using a capacitance cantilever acceler-
upwards during vibration. Later in the cycle the intruder fallsometer. Previous investigations have used either vertical
upon these smaller grains that resist its downward motion. Ifitaps” separated by intervals of time or sinusoidal vibration.
this way the intruder is ratcheted upwards during successiv€ontinuous sinusoidal excitation avoids the complex dis-
vibratory cycles[1]. In the second mechanism the intruder placement and acceleration transients that may result from
circulates on the granular convection currents usually foundapping. It has been shown that a system may be sensitive to
in vertically vibrated beds until it reaches the upper surfacethe excitation method usdé]; however, the effects that we
It may then find it difficult to reenter the convective flg@&].  will describe for sinusoidal excitation may also be demon-
Neither mechanism invokes an interaction between thetrated under tapping.
grains and the surrounding air.

Recently Mdius et al. have noted that the rise time of an
intruder in a bed of 0.5 mm glass spheres depends in a non-
trivial way on the ambient air pressuf&6]. Here we report
that the air flow induced by vertical vibration, and not just
the presence of air, produces a very strong BNE for fine
granular beds. We use a porous-bottomed box to investigate
the mechanism responsible for this air-driven BNE. The top
of the box can be either open or closed in order to change the
flow of the air with respect to the granular bed, influencing
the behavior of both the bed and the intruder. We show that
the air-driven BNE is intimately related to the piling of fine
beds first studied by Farad@¥%7] and more recently by oth-
ers[18,19. Both the air-driven BNE and Faraday piling are
due to the interaction of the fine particles with the air, as it is
forced through the bed by the vibration.

The experiments are based on a 5-mm diameter steel ball
“Brazil nut” and a 20-mm deep bed of 125-150m diam- FIG. 1. Picture of the porous-bottomed box used in the experi-
eter glass spheres, held in a glass sided box 40 mm high amdents showing the method of construction. The ball may be posi-
10 mm by 40 mm in horizontal section. This system is showrtioned in the bed using an external magnet.
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of the ball volume above the level of the bed, and stays there
as long as the top of the box remains closed. It is noteworthy
that on one side of the bed the rapid upward movement of
the ball is strongly against the direction of the downward
convection current. Qualitatively, these same behaviors are
observed in a similar system using a box with a nonporous
base whether the top of the box is open or closed.

If, following experiments with the top of the porous bot-
FIG. 2. Snapshots of the system vibrated at 50 Hz Brd2.8 tomed bo_x_closed, Fig.(B), the bun_gs are removed, then
with the box top open(a) Dominant granular convection currents. Faraday tilting ceases and thg ball sinks mto_the_granu_lar bed

(b) The trajectories followed by the ball, showing that the motion is@nd follows the local convection currents as in Figh)2ltis
convection dominated. One cycle of the inner loop takes approxiP0ssible to switch between these two types of behavior

mately 140 s. The ball can be seen as a dark region within the bednerely by opening or closing a single hole in the top of the
box.

These experiments show that it is a forced air flow and
not just the presence of air, which is responsible for the pow-

With the top of the box open, air is free to move with the
granular bed. Under sufficient vertical vibration, the upper o
granular surface becomes slightly raised in the center, cor?—rfUI air-driven BNE. . .
sistent with the two symmetrical convection cells in the bed If the top of the porous-bottomed box is open, the air

[Fig. 2(@]. The ball is found to exhibit two types of behavior. a_bove and below the bed is free to move. At no part of the
At low values ofl'>1, it travels in the direction of the weak vibratory cycle does a pressure gradient develop across the

local convection. The speed of motion depends on the vibrat-)ed' which is sufficiently strong to influence the dynamics of

tory conditions and is generally slower than the current. Dur—the grains. However, u_nd_er the conqnlons of frequen_cy ?”d
: r]T“ that we have used, air is pumped in a net upward direction
e to the variation in the bed dilation over each cycle. When
convective flow. At higher values df it also continues to the bed tls tr:jro(\;vn upwardtsh fromhtrlﬁ surface, |tb|s relal:t;vgly

follow the convection currents, again moving somewhatSOMpact and draws air through theé porous base. Luring
flight, the bed dilates due to grain-grain collisions. This al-

more slowly than the current. At these valued'othowever, | the air t | ds th h the bed
the ball generally remains in the interior of the bed, eventy-2W'S e air'to pass more easily upwards through the bed as

ally moving to the center of a vigorous convective fdg. it falls, the bed pushing only a little air back through the base

2(b)]. These behaviors are consistent with the experiment: f the box. We ha}ve carned. Ol.Jt smoke tests,_ which confirm

where the ball and grains are of sufficient size so that ai{ at, under v'|brat|on, there is indeed a net air flow through

plays a negligible rol¢2], or where air is removed. heTtr:(_)x t_hag IS ple&rly;p&wr}:\:ﬂs.t fth bott q
With the top closed, air is forced through the granular bed 1S ?'r SW 'S.f oc ?’d Ib tte Odeb € pOI’Ol(JjS-AO ome

as it is thrown with respect to the base. Over a few vibrator oxdl_s ctot?]e ' ((j)r : ‘? solid-bo OThe bog IS us_te_ : thpressure

cycles, the bed breaks symmetry and acquires a tilt, the Fafiradient then develops acros.s € Dbed, as it 1s thrown up-

aday effect[17]. The convection is now asymmetric and wards with respect to the box; the pressure above the bed is

: - : o higher than that below if19]. The resulting downward air
dominated by a single cdlFig. 3(a)]. A ball positioned close . .
to the bottom of the box immediately rises rapidly to theﬂ?;"i’ntshrgﬁ??\;k;efgre?ezzpﬁ]sfﬁseaiee U(E’r‘:v?r:g r:%:ce’nn?;g;?vgnﬁ]r_
upper surface whatever its horizontal starting position, being?r

tie flenced by he convecton cureisig. A, 1t | TU0ET, causiig e e to se rlahe to e bed. AL
“fl " high on reaching th r surf with % .
oats™ high on reaching the upper surface, with up to 80 *that air may return upward through the bed. Thomas and

Squires[19] have shown that this occurs just before and
following the initiation of bed impact with the base of the
box, when grain mobility is expected to be low. The overall
effect is a strongly air-enhanced ratcheting of the intruder
upwards, acting to varying degrees throughout the bed. This
net downward suction of the grains with respect to the in-
truder is also sufficient for the heavy ball to ride very high on
the upper surface once it arrives there, as we observe.
Stroboscopic experiments provide additional support for
FIG. 3. Snapshots of the system vibrated at 50 Hz Brc2.8 this net downward force on the bed. With the top of the
with the box top closed@ Dominant granular convection pattern POrous-bottomed box open, a gap can clearly be seen to form
in a closed box, the grains exhibiting Faraday tilting. The relative@etween the granular bed and the base of the box during each
speed of convection is indicated by the number of arrowhedls. Vibratory cycle. With the top closed the gap is no longer
The trajectories of the intruder released from three different posivisible, consistent with a downward force influencing the
tions. The base of the arrows mark the position of the intruder at granular motion. The impact of the bed with the base of the
s intervals. In each case the intruder rises rapidly to the surface evd?0X can be observed as a small spike on the accelerometer
if the local direction of convection is downward. output. This allows the accelerometer signals to be used to

remains there, partly submerged, being unable to reenter t
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determine the phase at which the bed lands, 90° correspontiirough the layer dragging a few colored grains in its wake.

ing to the maximum upwards displacement of the box. At aClearly, bed convection is not the dominant mechanism for
frequency of 50 Hz andf = 2.8 (as in Figs. 2 and)3the bed the air-driven BNE.

lands at a phase angle of 3465° when the top of the box Under the experimental conditions that we have investi-

is open. This is consistent with the bed acting as a singl@ated, we have observed that the strong, air-driven BNE oc-
object in free flight launched when the downwards acceleracu’s Whenever there is Faraday ilting. Air must be present
tion of the box exceedsg. According to this description the @nd either the top or the bottom of the box, or both, must be
expected maximum gap between the bed and the base wouiPSe€d- We believe that the net downward pressure on the
be approximately 60@m. This corresponds to a gap of a bed during much of the flight is responsible for both the

few grain diameters in height as we have observed visually?il-driven BNE and the Faraday effect. If a nonzero surface
With the top closed the bed lands at a phase angle of 2453Iope develops, for any reason, then the downward force will

+5°. Applying the model of Krol[20], which treats the bed have a resolved component that moves grains to enhance

: : : ; ; ilting. This is in agreement with the work of Thomas and
as a porous medium with a fixed porosity moving through arf ; o
incompressible fluid, leads to an expected maximum gap quglres[lg] who have concluded that it is the downwe_lrd and
approximately 2Qum, a factor of 30 less than the open top h_onzontall components .of the pressure force during bed
case. This is consistent with a gap that is not observable tg'ght’ which produce t!Itlng. They note that the reverse up-
the naked eye, as in our experiments. These results show th f"rd pressure occurs immediately before and during impact.

the air exerts a net downward force on the bed, which re>"ce the bed is compa(_:ting following coliision, the_re Is ex
duces the size of the maximum gap ’ pected to be less air-driven movement of the grains at this

Finally, colored grains were used to investigate the roletime than during the period of downward force earlier in the

played by convection in the air-driven BNE. A small samplecyc.le' 'I;]h|s rhesultsl_ln 3 weake(; .u?lward influence on the
of bed grains was dyed using permanent ink. A horizontaBrains than the earlier downward influence.

; ; Gutman has reported measurements on the throwing of a
layer of these colored grains 5 mm de@prresponding to . )
the diameter of the ballwas placed on the bottom of the fine granular bed, which show that the downward pressure,

empty box. Undyed grains were then placed on top to form aused by the upward movement of the bed, relaxes early in

20-mm deep bed with a horizontal upper surface. This syst- e bed flight and that the direction of the force is then up-

tem was then vibrated at a frequency of 30 Hz with wards over an appreciable duration of the cycle before im-
—2.0. With the top of the box open, the colored grains weré)aCt[Zl]' Referring to these results, Pakal. have proposed

t it is this upward force that is responsible for Faraday
seen to emerge at the upper surface of the bed after 34 s a . ;
vibration. Under the same vibratory conditions, a ball, ini-1'ing [22]. The behaviors reported by Thomas and Squires

tially positioned at the bottom of the bed halfway across th re not consistent with Gutman'’s timings of the upward force

base, rose to the surface after 35 s. When the experime %923 Our obsgrvaﬂon of a strong, air-driven BNE also
were repeated with the top of the box closed the bed formeBrov'd.eS Supportlng.ewdence Fhat, at least under our own
into a pile and colored grains were seen to emerge aﬁegxperlmen_tal conditions, the influence of the downward
approximately 100 s. The ball rose to the surface in 15 s, oree dominates. T_he net_upward movement of the intruder
factor of approximately seven times faster than convectior,auIres that the air prowdeg a net dqwnward forpe on the
and 2.4 times faster than in the case of the open-topped bog,ralns over that part of the flight in which the bed is dilate.
where air-enhanced ratcheting is not present. If, with the box ACKNOWLEDGMENTS

top closed, the intruder is placed at the bottom of the bed
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