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We employ a Hall-effect magnetic sensor array to accurately track the trajectory of a single magnetic sphere, referred
to as the “intruder,” within a three-dimensional vibro-fluidized granular bed to unravel the underlying physical mechanism
governing the motion of the intruder. Within the acceleration range of 3.5 ¢ > I"' > 1.5 g, we find that, regardless of
the intruder’s initial position, it consistently reaches the same equilibrium depth when the vibration acceleration (I") and
frequency () are fixed. For I" <2.5 g, the equilibrium position lies on the surface of the granular bed, while for I" > 2.5 g,
it shifts below the surface. Additionally, intruders with different densities exhibit varying equilibrium depths, with higher
density resulting in a deeper equilibrium position. To understand the mechanism behind the intruder’s upward or downward
motion, we measure its rising or sinking velocities under different vibration parameters. Our findings demonstrate that the
rising velocity of the intruder, under varying vibration accelerations (I") and frequencies (w), can be collapsed using the
ratio I' / @, while the sinking velocity remains unaffected by the vibration strength. This confirms that the upward motion of
the larger sphere, associated with the Brazil nut effect, primarily arises from the void-filling mechanism of the bed particles.
Furthermore, our experiments reveal that the presence of convection within the bed particles has minimal impact on the

motion of the intruder.

Keywords: granular matter, segregation, Brazil nut effect, vibro-fluidization

PACS: 45.70.-n, 45.70.Mg

1. Introduction

In various industrial processes!'! and natural

phenomena, >3 particle segregation occurs when different
shapes or sizes of particles are subjected to external vibra-
tions or disturbances. Understanding and controlling this phe-
nomenon are of significant importance in industries such as
pharmaceuticals, where achieving a homogeneous distribution
of components in powders is crucial, as well as in geologi-
cal disasters such as earthquakes and landslides. The Brazil
nut effect describes the phenomenon of particle segregation,
which depends not only on the particle size*-! but also on
physical properties such as shape,!”! density,'>!] restitu-
tion coefficient,!'? and friction coefficient. 13-14]

Granular systems provide valuable insights into non-
equilibrium phenomena and are extensively studied in fun-

15-17]

damental physics research.! Experimental investiga-

tions of granular segregation face challenges, particularly

in three-dimensional systems. Traditional high-speed imag-

(18,19

ing techniques I are limited to two-dimensional systems,

while other three-dimensional imaging methods such as x-ray

20,21

computed tomography?%2!l and nuclear magnetic resonance

imaging!>>2?3! are impractical due to their limitations in terms
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of bulkiness, time-consuming nature, and high cost. Conse-
quently, most experimental studies have been confined to two-
dimensional systems until recently.

The complexity of granular segregation arises from the in-
terplay of diverse influencing factors, including particle size,
density, interaction between interstitial fluid and particles, and
friction between particles and container walls.[*?%231 Vari-
ous segregation mechanisms, such as convection, 26271 yoid-
filling,>8! buoyancy, >3 inertia,?!! and cohesion,1%!3]
have been identified, each inducing gradients in different
ways.[3%33] Given the complexity, physicists have attempted
to simplify the problem by studying the motion of a single

34351 to infer the

large particle embedded in a granular bed!
mechanisms underlying the bulk particle segregation.

In this paper, we present a novel 3D particle tracking tech-
nique, the Hall-effect magnetic sensing technique, for high-
precision trajectory tracking of a single magnetic sphere with
varying densities within a granular bed. By focusing on a sin-
gle large sphere as an intruder model system, we eliminate
the influence of long-range interactions among multiple large
particles. Through systematic manipulation of vibration pa-

rameters, we gain microscopic insights into the motion of the
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intruder within the granular bed.

Specifically, we investigate the correlation between the
equilibrium position of the intruder and the vibration accel-
eration, as well as its density. Our analysis reveals that the
primary mechanism driving the upward motion of the intruder
is the void-filling mechanism, where bed particles displace to
occupy void spaces left by the up-motion of the sphere. Ad-
ditionally, we examine the contribution of convection and find
that the intruder also exhibits upward motion near the con-
tainer wall, suggesting a limited role of convection in the ob-
served phenomena.

2. Experimental method

Figure 1 illustrates the schematic diagram of our experi-
mental setup. The sample cell employed is a cylindrical con-
tainer made of organic glass, with dimensions of 80 mm in
diameter and 70 mm in height. The container is filled with
spherical glass beads, ranging in diameter from 0.6 mm to
0.8 mm, and possessing a friction coefficient of 0.50. The
glass beads are filled to a height of 50 mm within the con-
tainer. An intruder, in the form of a magnetic sphere with a di-
ameter of 10 mm, is embedded within the bed of glass beads.
The magnetic sphere consists of a magnet encased in mate-
rials with different densities. Specifically, we employ three
types of magnetic spheres, referred to as titanium, copper, and
tungsten balls, with respective densities of p = 5.372 g/cm?,
p = 8.053 g/cm?, and p = 14.450 g/cm’.

Camera 1

Camera 2

Hall sensor arre

Electromag

Fig. 1. Schematic diagram of the experimental setup.

The sample cell is mounted on an electromagnetic shaker
that provides vertical vibrations. The shaker’s vibration am-
plitude and frequency are denoted as A and @ (= 27f),
respectively. The vibration displacement is represented by
Asin(2mft), and the dimensionless vibration acceleration is
expressed as I' = A®?/g (where g denotes the gravitational
acceleration). The shaker’s acceleration is measured using an
accelerometer fixed to the shaker. Throughout the experiment,

the vibration parameters are adjusted by varying @ and I". Ob-
servations of the granular bed’s vibration state are made using
a high-speed camera positioned on top (and from the side) of
the cell. The movement of the intruder inside the granular bed
is measured using a Hall-sensor array placed on one side of
the container.

To mitigate static electricity generated by particle—
particle collisions and the collisions between particles and the
container walls, a metallic aluminum alloy is chosen for the
bottom of the container. Additionally, to ensure the even distri-
bution of the granular bed, the cell is pre-shaken for 10 s. The
10 mm magnetic sphere, referred to as the intruder, is placed
initially either on the surface or at the bottom of the bed. We
establish the reference point for vertical position as z =0 when
the intruder is at the surface, and z = —4.5 cm when it is lo-
cated at the bottom of the container. The intrusion coordinates
(x, v, z) of the magnetic sphere can be derived from the electric
signals obtained through the Hall sensor array.

Tracking particles in a three-dimensional granular bed
poses significant challenges, especially when the experimental
conditions impose constraints on the sensor size, power, and
flexibility. To overcome this challenge, we employed a Hall-
effect magnetic sensor array to reconstruct the trajectories of
a magnetic sphere inside a vibro-fluidized three-dimensional
granular bed. The sensor array, positioned on one side of
the container, is placed at a distance more than 2.5 times the
sphere’s magnet size, allowing us to treat the sphere as a mag-
netic dipole. We can then express the z component of the mag-
netic induction intensity B of each sensor as a function of the
position coordinates (x, y, z) and angles (6, @) of the sphere.
To determine the position coordinates (x, y, z) and angles (60,
@) of the sphere, we utilize the Levenberg—Marquardt fitting
method to invert the 105 over-determined equations of data
collected by the array consisting of 105 Melexis ML.X90393
3D magnetic sensors. These sensors, spaced 1 cm apart, pos-
sess a magnetic resolution of 0.15 uT in the x and y axes, and
0.25 uT in the z axis. Additionally, they exhibit a sensitiv-
ity of 3.22 uT/LSB (LSB: least significant bit) in the x and y
axes, and 5.87 uT/LSB in the z axis. Operating at a rate of 30
frames per second, the sensor array dynamically captures the
magnetic field measurements. This enables real-time tracking
of the magnetic sphere’s motion trajectory within the granular
bed, as well as the acquisition of its rotation angle during its
motion.

The flow condition of bed particles can be effectively as-
sessed by utilizing two high-speed cameras strategically posi-
tioned on the side and top of the sample container. By metic-
ulously tracking the movement of a small quantity of black
tracer glass beads along both the top and side wall surfaces,
a comprehensive analysis of particle dynamics can be con-
ducted.

104501-2



Chin. Phys. B 32, 104501 (2023)

3. Experimental results and discussion

In our experimental setup, we placed a magnetic sphere at
the center of the container’s bottom. By analyzing the detected
magnetic field intensity, we could precisely determine the po-
sition of this intruder. Figure 2 illustrates the temporal varia-
tions in both vertical (Z-direction) and horizontal (R-direction)
displacements of the intruder, at the vibration parameters of
I' =2 and f =25 Hz.

Figure 2(a) shows the variations in the vertical and hor-
izontal displacements of the intruder over time. It provides
insights into the intruder’s motion as it responds to the applied
vibrations. The graph reveals that the intruder experiences an
upward displacement in the Z-direction, indicating its ascent
from the bottom of the container towards the surface of the
granular bed. Simultaneously, the R-direction displacement
shows a movement towards the sidewall.

4.0

(@) 3.0
2.0
1.0
0
—-1.0
—-2.0
—-3.0

R (cm)

Stabilization stage

| Heaping
stage

80 120 160 200 240 280 320
t(s)

Fig. 2. The intruder is initially placed at the center of the container
bottom. The vibration parameters used in the experiment are I" = 2.5
and f = 25 Hz. (a) Upper graph: horizontal displacement of the in-
truder over time. Lower graph: vertical displacement of the intruder
over time. (b) 3D trajectory plot illustrating the path followed by the
intruder throughout the experiment.

Figure 2(b) presents the trajectory of the magnetic sphere,
visually depicting its upward motion from the bottom of the
container to the surface of the granular bed. As it reaches the

surface, it proceeds along the surface towards the sidewall, ul-
timately reaching it. This trajectory provides further evidence
of the intruder’s ascent and lateral movement within the gran-
ular bed.

These observations demonstrate that the applied vibra-
tions cause the magnetic sphere to rise from the bottom to-
wards the surface, and subsequently, it follows a trajectory
along the surface towards the sidewall. This behavior is con-
sistent with the upward motion of the intruder associated with
the Brazil nut effect.

As demonstrated in Fig. 3, for vibration conditions with
I' =2, the equilibrium positions of the intruder are at the sur-
face of the granular bed (Fig. 3(a)). Conversely, under vibra-
tion conditions with I" = 3, regardless of the initial position
(top or bottom of the bed), the intruder eventually settles at an
equilibrium position below the surface (Fig. 3(b)). By compar-
ing the slopes of the upward curves in Figs. 3(a) and 3(b), it
becomes evident that higher vibration acceleration (I") leads to
faster upward velocity. This dynamic process of force balance
within a 3D granular bed is difficult to observe otherwise.

1.00

a
0 ( ) S~
—~ —1.00
g 2.00
—~ _F 3 — f=25 Hz, top
N —3.00 ?_52'372 g/cm — f=35 Hz, top
—4.00 - — f=40 Hz, top
—5.00
0 40 80 120 160 200 240 280 320
t (s)
1.00
0 'n“;
—__ b Sy
z —1.00{ (b) p=5.372 g/em? — =25 Ha, top
8 —-2.00 r—3 — f=235 Hz, top
- — f=40 Hz, top
N _3.00 — f=25 Hz, bottom
—4.00 — f=35 Hz, bottom
5.000—2 f=40 Hz, bottom
' 0 40 80 120 160 200 240 280 320
t(s)

Fig. 3. (a) An intruder (p = 5.372 g/cm?) moves upward to the surface
of the bed from the bottom center of the container at I" = 2 with differ-
ent vibration frequencies. (b) The intruder (p = 5.372 g/cm?) reaches
the same equilibrium position no matter from the surface center or bot-
tom center of the container at I" = 3 with different vibration frequencies.

To delve deeper, figure 4 presents a further investigation
into the equilibrium position of the intruder with varying den-
sities at different vibration acceleration and frequency values.
When I is less than 2.5, the final equilibrium position is at the
surface of the bed. However, as I" exceeds 2.5, the equilibrium
height of the intruder decreases as I increases. Additionally,
comparing Fig. 4(a) to Fig. 4(c), it is apparent that a higher
density of the intruder results in a lower equilibrium position.

In Fig. 3, the upward velocity of the intruder is influ-
enced by the vibration acceleration and frequency, while the
downward velocity is independent of the vibration parameters
and occurs almost instantaneously compared to the upward

104501-3
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velocity. This suggests that the granular bed above and be-
low the equilibrium position Hy represent different mechanical
states: the granular bed above Hy provides insufficient support
to counteract the gravitational force on the intruder that the
sphere quickly sinks similar to a liquid phase. However, once
the intruder reaches force balance at Hy, the bed below H ex-
hibits a more solid-like behavior, allowing the intruder to be
supported to move upward with velocity dependent on the vi-
bration strength.

For a fully fluidized particle bed, the intruder may expe-
rience a volume-related buoyancy force similar to a liquid. 3!
For a sufficiently light intruder, it may move upward under the
effect of “buoyancy,” resulting in the Brazil-nut effect (BNE).
However, it is worth noting that in this study, the vibration
strength is not sufficient for the particle bed to be fully flu-

idized. The upward movement of the intruder (BNE) in this
study occurs in the solid-like region. Therefore, the BNE ef-
fect studied in this paper is not related to “buoyancy”. On the
other hand, in the liquid-like region, due to the high density
of the intruder in this study, the “buoyancy” is not sufficient
to support gravity, causing the intruder to rapidly sink to the
liquid-solid interface.

To investigate the upward motion mechanism of the large
sphere, known as Brazil nut effect, we plot the upward veloc-
ity of the large sphere against the vibration velocity I' /@ in
Fig. 5. It is found that the upward velocities measured under
different I" and ® collapse well with I" /@. The upward veloc-
ity increases with increasing vibration velocity, and comparing
the results in Figs. 5(a)-5(c), it is observed that the larger the
density of the intruder, the slower the upward velocity.

0.5F™ 0.5F

0.5F

V' L A AL AL AL AL AL AARAL AL MRS T T T T Liaaas aaans aanat Manad Masas aanas aanat Anaat Aanns nane hans
i & ¢ ¢ (a) ; Eov (b) ] ] (c) |
0 . 0 . : e 0 - -
—0.5F " —0.5F e N ; —0.5} = .
P b —~ _ b I - _ 18 °
z —10 S = -10 . z —L0 s,
£ —1.5} 5 I 4§ 8 -15} A ¢ 1 5 —15¢} .
20k p=>5.372 g/cm < —2.0k p=28.053 g/cm s | T p=14.450 g/cm? °
N -2 m f=20 Hz —20F o f_20Hz o N —2.0f & r_90 1y .
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Fig. 4. Variation of equilibrium position of the intrusion particle in the Z-direction under different vibration frequencies. (a) p = 5.372g/cm”.

(b) p = 8053 g/em?. (c) p = 14450 g/cm?.

3
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Fig. 5. Variation of the upward velocity of the intrusion particle from the bottom center of the container with vibration velocity under different
vibration frequencies. (a) p = 5.372 g/lem?. (b) p = 8053 g/cm>. (c) p = 14450 g/cm?. A straight line is drawn in the figures to guide the eyes.

For the liquid-like region, the sinking of the large ball is
almost instantaneous and unaffected by the vibration intensity
and frequency. In previous work,?% it is found that once the
particle bed is fluidized through vibration (reaching a certain
threshold of vibration strength), further increasing the vibra-
tion strength does not change the lift force on the intruder. This
finding is consistent with our experimental observations in the
liquid-like region. For the solid-like region, the upward ve-
locity of the large sphere is related to the vibration amplitude
and frequency. For a fixed frequency, the upward velocity in-
creases with increasing vibration acceleration I". According
to our previous analysis, in the solid-like region, the upward
motion of the large sphere is due to the “void filling effect” of
the small particles below the sphere. Therefore, it is apparent

that the vibration amplitude A of the bed, which determines
the size of the “void” created below the large ball due to iner-
tia, is proportional to the upward velocity. Additionally, since
the frequency f determines the number of vibrations occur-
ring per unit time and each vibration creates a “void” below
the large sphere,*% for a fixed A, the upward velocity of the
sphere should be proportional to the frequency f. Therefore,
overall, the upward velocity is proportional to the vibration
velocity v= A (=I'g/w) (Fig. 5).

The convection of the bed particles can be observed from
the top and side cameras. The particles move from the center
bottom to the surface and then descend near the sidewall back
to the bottom, forming a convection loop. Figure 6 demon-
strates the measurement of the convective velocity (v.) of the
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bed particles by tracking the downward motion of the black
It is observed that the
convective velocity increases as the vibration velocity is aug-

tracer particles along the sidewall.

mented. However, it is important to note that near the sidewall,
the convective motion of the bed particles is opposite to that
of the intruder.

The presence of bed particle convection obviously affects
the motion of the intruder. Previous studies have identified
convection as one of the mechanisms responsible for the Brazil

23,24

nut effect,?>24! where a large ball positioned at the center bot-

tom of the particle bed is pushed to the surface along with

1371 Upon reaching the surface, the

the bed particle convection.
large ball follows the convection loop towards the sidewall.
However, due to its size, the large ball cannot descend with
the bed convection near the sidewall and remains on the sur-
face. To investigate its motion, we placed the intruder at the
bottom of the particle bed near the sidewall. It is found that the
large ball still moves upward but follows a curved trajectory
influenced by the convection loop, as shown in Fig. 7. As the
parameter I increases, the upward speed of the large sphere
increases, and the curvature decreases. In Fig. 8, we compare

the upward velocities of the sphere from the center and side-

wall positions and find that for smaller I" values, the upward
velocity near the sidewall is slightly slower than that at the
center. However, as I increases, the upward velocity near the
sidewall matches the upward velocity from the bottom center.
This suggests that, under the experimental conditions of this
study, the primary reason for the upward motion of the large
sphere is not convection but rather the “void filling effect” of
the particle bed in the solid-like region, while the convection
of the particle bed only exerts a minor influence on the upward
velocity.

60
50
40 ¢
30
20
10¢

Ot . . . . .
0.005 0.010 0.015 0.020 0.025 0.030
I'fw

Fig. 6. Variation trend of bed particle convection velocity (v¢) with vi-
bration acceleration (I") for a bed thickness of H = 50 mm, particle
diameter of d = 0.6-0.8 mm, and vibration frequencies of f =25 Hz
and f = 35 Hz. A straight line is drawn in the figure to guide the eyes.
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Fig. 7. The three-dimensional trajectories of the intrusion particle rising from the bottom sidewall under different vibration acceleration

conditions: f =35Hz,I"'=1.5(a),I ' =2.5(b),and I" =3 (c).
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Fig. 8. Comparison of the upward velocities of the intrusion particle from the
bottom sidewall and center under a vibration frequency of f = 25 Hz.

4. Conclusion

In this study, we apply the Hall-effect sensor array mag-
netic measurement technique to track the trajectory of a single
magnetic sphere inside a 3D granular bed and directly observe
the formation mechanism of the Brazil nut effect. The ex-
periments reveal that for small vibration strength, the intruder

sphere initially positioned on the surface of the particle bed
remains on the surface, while the sphere initially positioned
at the bottom of the bed climbs at a nearly uniform speed to
the surface, exhibiting the upward motion characteristic of the
Brazil nut effect. For larger vibration strength, the intruder
finds an equilibrium position within the granular bed. The in-
truder initially positioned on the surface quickly sinks to the
equilibrium position, while the large ball initially positioned
at the bottom ascends uniformly to the equilibrium position.
The equilibrium position is not only related to the vibration
strength but also to the density of the intruder, with higher
density resulting in a deeper equilibrium position. The pres-
ence of an equilibrium position indicates that the stress within
the vibrating granular bed is non-uniformly distributed with
depth. The particle bed above the equilibrium position ex-

hibits a liquid-like state with lower stress, which is insufficient
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to support the gravitational force of the intruder sphere. On
the other hand, the granular bed below the equilibrium po-
sition exhibits a solid-like state and can support the intruder
with stronger force chains. Although significant convection
is observed among the sidewall particles in the experimental
system, it has a secondary influence on the motion of the in-
truder. Regardless of the initial position of the intruder, at the
bottom center or sidewall, the trend is upward motion, and the
upward velocities are nearly the same. This indicates that con-
vection is not the primary factor leading to the upward motion
(i.e., the Brazil nut effect) of the intruder in our experiment.
Since the upward velocity of the intruder is proportional to the
vibration velocity (in fact, to the amplitude and frequency of
the vibration platform), we attribute the upward motion of the
large ball to the void filling effect of the solid-like granular
bed. The small-sized bed particles fill the void below the large
intruder during each vibration cycle, gradually lifting the large
intruder and eventually raising it to the equilibrium position.
The equilibrium position essentially represents the interface

9999

between the “solid-like” and “liquid-like”” regions in the par-

tially fluidized granular bed.
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