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Objects released into a granular packing close to incipient fluidization may
float or sink depending on their density. Contrary to intuition, Oshitani et al.
[Phys. Rev. Lett. 116, 068001 (2016)] reported that under certain conditions, a lighter
sphere can sink further and slower than a heavier one. While this phenomenon has been
attributed to a local fluidization around the sinking sphere, its physical mechanisms have
not yet been understood. Here, we studied this intriguing phenomenon using both magnetic
resonance imaging and discrete particle simulation. Our findings suggest that local flu-
idization around the sinking sphere and the formation and detachment of gas bubbles play
a critical role in driving this anomaly. An analysis of forces acting on the intruder revealed
that the upward-directed fluid force acting on a sphere is almost fully counterbalanced
by the sum of the net contact forces and the gravitational force acting downward, when
the sphere density is close to the bulk density of the granular packing (ρsphere/ρbulk ≈ 1).
At the time when bubbles detach from the sphere, the gas pressure gradient experienced
by the sphere is slightly attenuated and the sphere is pushed downward by the particle
cap located on top of the sphere. Because the deviations from the force equilibrium are
small, the sphere sinks slowly. Even after the sphere has reached its final stable depth, local
fluidization in combination with bubble formation remains in the proximity of the sphere.

DOI: 10.1103/PhysRevFluids.6.064305

I. INTRODUCTION

Granular materials, which are collections of disordered solid particles, are ubiquitous in our
daily lives and industrial processes. These materials have attracted considerable attention among
physicists and engineers because they sometimes behave similarly to solids, liquids, or gases [1,2]
and exhibit diverse and complex mechanical responses to external inputs [3–6]. In many industrial
and geophysical processes, the influence of interstitial fluids is important (e.g., on vibration [7,8],
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FIG. 1. Final sinking depth of intruding spheres in a powder bed with forced aeration (U0/Umf = 0.95,
Dsphere = 30 mm). Anomalous sphere sinking occurs when the sphere density (ρsphere) is close to the bulk
density of a particle bed (ρbed). The final sinking depth (hfinal) is normalized by the sphere diameter (Dsphere).
Obtained from Oshitani et al. [20].

segregation [9–12], and impact [13,14]). Hydrodynamic interactions between granular and fluid
phases induce interesting dynamics, such as the emergence of fluidization, and formation of density
waves or bubbles [5,15–19].

Oshitani et al. [20] performed a sphere sinking experiment in a powder bed with forced air
injection from the bottom. By increasing the flow rate of air, characterized by the superficial velocity
U0, the bed reaches a state at which the fluid force acting on the particles is balanced by gravity. The
fluid velocity at equilibrium is called the minimum fluidization velocity Umf [15,21]. Above Umf ,
particles are not in contact with surrounding particles and can easily move. In this fully fluidized
state, particles easily mix, and heat and mass transfer between and within phases are enhanced,
making this state very attractive for a number of industrial applications, in particular fluidized beds
[15,21]. Consequently, a large number of studies have been conducted to characterize the fully
fluidized regime (U0 > Umf). Oshitani et al. [20], in contrast, focused on the regime in which the
gas velocity is slightly below Umf . Because the mass of particles is not fully supported by the fluid
force in this regime, a bed of granular material is expected to behave like a fixed bed or a porous
medium, even though a gas flow exists. They measured the sinking speed and the final sinking depth
of the intruding spheres using thin strings attached to the spheres. The experiments were performed
by varying the density of the spheres (ρsphere) with respect to the bulk density of the bed ρbulk at
U0/Umf = 0.83, 0.91, and 0.95 (U0/Umf = 1.00 was also set for comparison). It was shown that
the final sinking depth is nonmonotonic with respect to ρsphere and that, unexpectedly, spheres sink
deeper into a bed when ρsphere/ρbulk ≈ 1.0, as shown in Fig. 1. Furthermore, for this density ratio, the
sphere sinking proceeded very slowly and it takes almost 100 times longer to reach their final depth
compared to other density cases. These findings are not only of academic curiosity but can guide
the development of novel particle separation techniques [22]. Visual observations of the bed surface
indicated that local fluidization occurred with bubbles forming around the slowly, deeply sinking
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spheres (Fig. 1). Oshitani et al. [20] argued that local fluidization is responsible for the anomalous
sinking; however, the detailed mechanisms of this phenomenon remain poorly understood.

The findings of Oshitani et al. [20] are also interesting from the point of view of the state
change of granular materials. U0 = Umf is regarded as a transition point between a contact-dominant
solidlike state and a collision-dominant gaslike state. The mechanical response of granular materials
to intruders near the transition point is unstable, i.e., the sinking behavior at that point may change
drastically in response to small parameter changes. Furthermore, as demonstrated by the formation
of bubbles in proximity to the sinking spheres in Fig. 1, a state change can occur locally and
intermittently. This means that different states of granular materials can coexist near Umf . As a
result, the mechanical responses of granular materials near Umf might not be explained adequately
from macroscopic considerations. Therefore, to understand the anomalous sinking phenomenon,
we need to know the spatiotemporal response of a granular material during sinking. However, due
to the intrinsic opaqueness and multiscale characteristics of dense granular materials, a detailed
experimental observation of their local dynamics is difficult.

Importantly, invasive measurement techniques can disturb the local gas and granular flows and
may hence lead to erroneous conclusions. In the past half century, noninvasive imaging techniques
for granular systems, such as x-ray radiography [23], x-ray computer tomography [24], electrical
capacitance tomography [25], and magnetic resonance imaging (MRI) [26], have been developed.

MRI has the advantage of allowing the nonintrusive, spatially resolved observation of granular
flows in any slice of interest. However, MRI suffered from a relatively low temporal resolution,
limiting its application to stationary or periodic flow phenomena [26]. Recently, Penn et al.
[27] enabled the fast image acquisition of granular flows by a combination of custom-built MR
detector arrays, time-efficient single-shot echo-planar imaging sequence, and the engineering of
MR-detectable spherical particles. This combination of techniques allows for the fast measurement
of granular flows at a temporal resolution of 7 ms at a spatial resolution of 3 mm × 5 mm × 10
mm for a field of view of 200 mm × 300 mm [27]. Penn et al. successfully observed the dynamic
behavior of bubbles in a free-bubbling fluidized bed [27–29]. The same technique was also used to
investigate the effects of the addition of small amounts of liquids onto the fluidization characteristics
of particles [30], as well as the flow of particles around internal objects in a fluidized bed [31].

In this work, we combined MRI with discrete particle simulation to study why lighter intruding
spheres can sink slower and deeper in a bed of aerated particles when compared to heavier spheres.
The MRI measurement allowed us to understand how local fluidization and gas bubbling affects the
sinking process. The discrete particle simulation, considering the interactions between the sinking
spheres, the bed particles, and the gas flows, provided detailed information about the forces acting on
the spheres. The combination of both methods allowed for a comprehensive analysis of the sinking
anomaly.

II. METHODS

A. Setup

A cylindrical bed with an inner diameter D of 190 mm and a height H of 300 mm was constructed
from polymethyl methacrylate (PMMA). The distributor was a PMMA plate with 6416 uniformly
distributed laser-cut holes with a diameter of 0.5 mm. The distributor had a pressure drop that was
at least 10 times larger than that of the particle bed and a homogeneous gas inflow was confirmed
[27,32]. Engineered spherical particles consisting of a middle-chain triglyceride oil core and a solid
agar shell of diameter dp = 1.02 ± 0.12 mm [27] were used as the bed material. Hollow plastic
spheres with a diameter ds = 40 mm were used as intruders. The spheres were filled with the
engineered particles, glass beads, or these mixtures to obtain sphere densities ρsphere that are 0.65,
1.00, 1.20, and 2.50 times larger than the bulk density of the bed material ρbulk = 612 kg/m3. The
fluidizing gas was air under ambient condition.

As in the previous study [20], experiments were performed at a superficial inlet gas velocity
that is slightly below the minimum fluidization velocity, i.e., U0/Umf = 0.85–0.97. Because the
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experiments were performed near equilibrium, the precise measurement of Umf was important in
this study. We fluidized the bed vigorously, achieving U0 > Umf , and then gradually defluidized
the bed by decreasing the gas inlet velocity carefully, using a programmable mass flow controller
(F-203AV, Bronkhorst High-Tech B.V., Netherlands). In a well fluidized state, the gravitational force
acting on the total mass of particles is counterbalanced by the fluid force. Thus, we defined Umf at
the intersection between the pressure drop corresponding to the total mass of particles in the bed
�p = Wpg/A, where Wp and A are the total mass of the particles in the bed and the cross-sectional
area of the bed, respectively, and a linear extrapolation of the unfluidized region [32].

To enhance the reproducibility of the experiments, the fluidization and defluidization procedure
was performed before each sphere sinking measurement. The initial bed height H0 was set to
160 mm. Prior to each measurement, the intruding spheres were centered above the bed, barely
touching the bed’s surface, using a tube connected to a vacuum pump via a hose. The release of the
spheres with no initial velocity was synchronized with the start of the MRI acquisition.

B. Magnetic resonance imaging

To observe the dynamics of the sinking spheres and the local bubble development near the surface
of the spheres, we have employed the real-time MRI measurement as reported by Penn et al. [27]. All
MRI experiments were performed on a 3 T medical MRI scanner (Philips Healthcare, Netherlands).
A custom-built 16-channel signal detector array was used for data acquisition. The MR data were
reconstructed into image time series using the RECONFRAME software package (Gyrotools LLC,
Switzerland).

MRI-based sphere tracking and gas bubbling analysis. A gradient echo MRI sequence was used
to measure the local solids volume fraction of the particle phase in the bed. These images were used
to track the position of the sinking spheres and to study local gas bubbling. Images were recorded
at a temporal resolution of 43 ms between consecutive frames and a spatial resolution of 2.5 mm ×
2.5 mm (horizontal × vertical) on a central vertical plane through the bed of 10 mm thickness.
The series of images were analyzed using an in-house sphere tracking algorithm based on a two-
dimensional (2D) cross-correlation of each frame with the reference image of the sphere [32]. Time-
dependent sphere positions were determined quantitatively by following the maximum of the cross-
correlation. The experiments were repeated at least 3 times for each combination of parameters.

Fluidization-sensitive MRI. In addition to the measurement of the local solid volume fraction,
MRI can produce a variety of imaging contrasts. Penn et al. [27] have reported a fluidization-
sensitive MRI sequence, which allows one to distinguish between fluidized and jammed regions
in a granular packing. In a fluidized state, particles are expected to exhibit incoherent random
motion because they are not in contact with surrounding particles. This random motion causes an
attenuation of the MRI signal due to the dephasing of excited spins when exposed to a bipolar
magnetic field gradient (in this case, the prephaser and the first half of the readout gradient). As
a result, fluidized areas exhibit a lower signal intensity (darker contrast) than unfluidized areas.
Fluidization-sensitive MRI has been applied successfully to observe the granular response during
intruder impact without forced gas injection [27] and local fluidization around an insert in a fluidized
bed [31]. The parameters considered in the MRI experiment are listed in Table I.

One-dimensional (1D) MR imaging. The temporal resolution of MRI can be drastically increased
if projections onto one single dimension (1D images) are acquired instead of 2D images. Similar
to conventional gradient echo MRI, a 2D slice of the sample volume is excited. However, in
comparison to the standard scenario, data space is only read along the frequency encoding direction
without applying gradient encoding pulses along the phase direction. The resulting 1D images
essentially yield projections onto one dimension and were acquired at a temporal resolution of
1.96 ms. Stacked together, these space-time plots allow us to analyze the further detailed motion of
the sphere and the gas bubbles. In this work, 1D projections onto the horizontal direction were
acquired (averaging over the vertical direction) in order to observe the wiggling motion of the
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TABLE I. Experimental conditions used for the MRI experiments.

Gas (air)

Minimum fluidization velocity: Umf (m/s) 0.2587
U0/Umf 0.85, 0.87, 0.89, 0.91, 0.92, 0.93, 0.95, 0.97

Particle

Diameter: dp (mm) 1.02 ± 0.12
Density: ρp(kg/m3) 1036
Coefficient of friction: μp 0.54 ± 0.05

Sphere

Diameter: ds (mm) 40
ρsphere/ρbulk 0.65, 1.00, 1.20, 2.50

Bed

Inner diameter of cylindrical bed: D (mm) 190
Initial bed height: H0 (mm) 160
Initial void fraction: ε0 0.409
Bulk density: ρbulk (kg/m3) 612

sinking spheres. More details on the 1D imaging can be found in [27] where vertical projections
have been produced.

C. Numerical model and parameters

To numerically investigate local fluidization around sinking spheres on a particle level, a coupled
discrete element method (DEM) and computational fluid dynamics (CFD) model [33] was used.
Although DEM–CFD has been used widely to examine the interaction between dense particles and
gas flows, this method does not allow the consideration of spheres that are significantly larger than
the particles in the bed. To address this problem, Tsuji et al. proposed the fictitious particle method
(FPM) [34].

Computational cell size �x used for the CFD calculation in the FPM is smaller than the
sphere diameter ds but larger than the particle diameter dp; i.e., dp < �x < ds. The motion of an
incompressible gas flow with density ρf and viscosity μf is governed by locally phase-averaged
continuity and momentum equations:

∂

∂t
ε + ∇ · (εu) = 0, (1)

∂

∂t
(εu) + ∇ · (εuu) = − ε

ρf
∇p + εμ f

ρf
∇2u + f , (2)

where ε, u , and p are the void fraction in a computational cell, the locally phase-averaged gas
velocity, and pressure, respectively. f shows the momentum exchange between gas and solids
including particles and spheres:

f = β

ρf
(Ū − u), (3)

where Ū is the characteristic velocity of solids existing in a computational cell. β is the drag
coefficient due to the existence of particles and spheres. Inspired by the volume penalization method
(VPM) [35,36], in which a finite-sized solid object is modeled as a porous medium and the object
can be regarded as a solid substantially when its permeability becomes sufficiently small, a sphere
in the FPM is modeled as an agglomerate of sufficiently small dense fictitious particles when the
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FIG. 2. Computational domain. Particles are colored according to their initial vertical position in the bed.

momentum exchange between the gas and the solids is considered. β for a binary mixture of the bed
particles and the fictitious particles is obtained by using conventional empirical equations. We used
Ergun [37] and Wen and Yu equations [38] depending on the local solid concentration.

Particle and sphere motions are governed by translational and rotational equations of motion
individually. For particle i,

mpU̇pi = f Cpi + f Fpi + mpg, (4)

Ipω̇pi = Mpi, (5)

where mp and Ip are the mass and moment of inertia of a particle; Upi and ωpi are velocity and
angular velocity of a particle i; g is the gravitational acceleration; f Cpi is the net contact force
working on a particle i from the other particles, spheres, and walls in contact; f Fpi is the fluid force
working on a particle i; and Mpi is the net torque working on a particle i due to the contacts with
other particles, spheres, and walls. For sphere j,

msU̇ s j = f Cs j + f Fs j + msg, (6)

Isω̇s j = Ms j, (7)

where ms and Is are the mass and moment of inertia of a sphere; U s j and ωs j are velocity and angular
velocity of a sphere j; f Cs j is the net contact force working on a sphere j from the particles, other
spheres, and walls in contact; f Fs j is the fluid force working on a sphere j; and Ms j is the net torque
working on sphere j due to the contacts with particles, walls, and fluids. All the contact interactions
were described by a DEM model consisting of linear springs, dashpots, and a frictional slider. A
rolling resistance model was also included to suppress excessive relative rotations at contact points
[39,40]. Because the FPM captures gas flows in the scales larger than CFD cell (�x ≈ 2–3dp), it
enables us to directly observe the formation of local bubbles. More details on the FPM can be found
in [34].

The parameters considered in the numerical study are shown in Table II and the dimensions
of the cylindrical bed used in the MRI experiment were used for the calculations (Fig. 2). At the
bottom of the bed, a uniform air inflow was assumed and the pressure at the top of the bed was
kept equal to the atmospheric pressure. To avoid crystallization of particles in the bed, a narrow
particle size distribution was considered. We kept the mean particle diameter equal to that in the
MRI experiment (d̄p = 1.02 mm) and a mixture of particles with diameters dp = 0.92, 1.02, and
1.12 mm was used (number ratio of 1:2:1). The density of the spherical intruder ρsphere was defined
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TABLE II. Parameters used in the numerical simulation.

Gas (air)

Density: ρf (kg/m3) 1.205
Viscosity: μf (Pa s) 1.81 × 10−5

Minimum fluidization velocity: Umf (m/s) 0.3008
U0/Umf 0.93, 0.935, 0.938, 0.940, 0.95

Particle

Diameter: dp (mm) 0.92, 1.02, 1.12 (1:2:1)
Density: ρp(kg/m3) 1036
Number of particles: Np 4 743 596

Sphere

Diameter: ds (mm) 40
ρsphere/ρbulk 0.65, 1.00, 1.20, 1.40, 1.50, 1.80, 2.00, 2.50
Diameter of fictitious particle: dfic (mm) 0.51
Filling fraction of fictitious particle: αfic 0.74

DEM

Normal spring constant: kn (N/m) 800
Tangential spring constant: kt (N/m) 200
Coefficient of restitution: ep 0.90
Coefficient of friction: μp 0.35
Coefficient of rolling resistance: μr 0.01

Bed

Inner diameter of cylindrical bed: D (mm) 190
Initial bed height: H0 (mm) 160
Initial void fraction: ε0 0.403
Bulk density: ρbulk (kg/m3) 618.5
Calculation domain: Lx × Ly × Lz (mm) 190 × 190 × 275
Number of CFD cells: nx × ny × nz 75 × 75 × 109
Time increment: �t (s) 1.0 × 10−5

relative to the bulk density of the bed ρbulk = 618.5 kg/m3 and set to ρsphere/ρbulk = 0.65, 1.00, 1.20,
and 2.50 corresponding to the values of the MRI experiments. In addition, ρsphere/ρbulk = 1.40, 1.50,
1.80, and 2.00 were also investigated in the simulation. To simplify the simulations, the same DEM
parameters (spring constants, restitution coefficient, coefficient of friction, and coefficient of rolling
resistance) were used for all contacts. As the spring constant does not affect the numerical simu-
lations of a fluidized state (U0 > Umf), a softer spring is commonly used to reduce computational
costs [33,41]. We checked whether the sinking of a sphere is dependent on the spring constant
and found that the sinking speed and final depth of a sphere did not change significantly over a
variation of the spring constant by three orders of magnitude (the results are shown in Appendix
A). To reduce the computational cost, we used kn = 800 N/m and kt = 200 N/m for the normal
and tangential directions, respectively. We also checked the dependency of the sinking dynamics
of the intruding sphere on other DEM parameters and found that the friction coefficient affects the
sinking behavior; here we used μp = 0.35 for the simulation which is slightly smaller than the value
determined experimentally μp = 0.54 ± 0.05 (the results are shown in Appendix B).

Similar to the MRI experiments, we performed a fluidization and defluidization procedure
to obtain an initial random loose packing. The coefficient of friction was increased during the
fluidization and defluidization processes. After the filling process of the bed and once the particles
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have settled down, the coefficient was reset to the target value [40,42]. The bed was relaxed again
until it reached an equilibrium state. The initial void fraction of the bed as obtained by DEM (ε0 =
0.403) was close to that in the MRI experiments (ε0 = 0.409) and the random loose packing limit of
monodisperse particles under gravity (εRLP = 0.4) [43]. Umf was defined according to the procedure
in the experiment. We used a uniform Cartesian grid and approximately 16 computational cells per
sphere diameter (ds/�x ≈ 16) for the CFD calculations. This spatial resolution is sufficiently high
to capture the gas pressure field around the spheres, which is an important characteristic to explain
the sinking anomaly. All calculations were performed using a fully parallelized in-house code.

III. RESULTS AND DISCUSSIONS

A. Sphere sinking with local fluidization at U0/Umf = 0.95

Figure 3(a) shows selected frames of the MR image series that were recorded at U0/Umf = 0.95
in a central vertical slice through the bed containing spheres of different densities. The high
spatiotemporal resolution allowed us to observe differences in the sinking dynamics as a function
of sphere density. Spheres of different densities appear with a different contrast owing to the
differences in the MR activity of the materials that were used to fill the spheres. Figure 4(a) plots
sinking trajectories as a function of time, as extracted from the MR images displayed in Fig. 3(a).
Average values and standard deviations of the time-dependent sphere positions were obtained from
the analysis of at least three repetitions for each experiment. The largest standard deviations were
observed for ρsphere/ρbulk = 1.0; for this case the averaging was performed over seven repetitions to
increase the robustness of the analysis. This increased standard deviation indicates that the slow and
deep sinking is more susceptible to very small variations in the experimental conditions, such as
small fluctuations in the superficial velocity or local variations in packing fraction when compared
to the other density ratios.

Figure 3(b) is an MR image of a sphere with ρsphere/ρbulk = 0.65 after it reached the steady state.
The sphere is partially submerged in the bed and bubbles are formed frequently in the proximity of
the sphere. The sphere with ρsphere/ρbulk = 1.00 sinks further down the bed and sinks for a longer
time than the heavier sphere ρsphere/ρbulk = 1.20; the sphere with ρsphere/ρbulk = 1.00 took almost
8 s to reach its final depth, while all of the other spheres reached their final depths within 0.5 s.
As demonstrated in Fig. 3(c), during the slow sinking of sphere ρsphere/ρbulk = 1.00, bubbles form
and detach from the sinking sphere (see Supplemental Video 1 in the Supplemental Material [44]).
Figure 5 shows a time series of 1D MR images of a sinking sphere with ρsphere/ρbulk = 1.00. The
image is averaged along the vertical direction. The lateral wiggling motion during the slow sinking
can be observed. Dark contrasts outside the sphere represent bubbles. The experimental data indicate
that the sphere is being attracted to the sides where detached bubbles exist. This is also observed in
2D measurements (see Supplemental Video 2 [44]). The dataset shown in Fig. 5 as well as another
dataset produced with the same experimental conditions was used to roughly estimate the bubbling
frequency to 2.6 ± 0.60 Hz. Although multiple bubbles can coexist at a time as demonstrated in
Fig. 1, this analysis only detects bubbles that occur within the observed field of view, which is a
slice of thickness 10 mm. Bubbles that are produced outside this field of view are not included
in this analysis, nor is horizontal through-plane motion of the sphere visible. Hence the frequency
reported here is only a lower bound to the real frequency and should only serve as a rough estimate.

Figure 6 shows fluidization-sensitive MRI images of the intruding sphere with ρsphere/ρbulk =
1.00 (see Supplemental Video 3 [44]). The measurement was performed with a temporal resolution
of 546 ms and a spatial resolution 2.5 mm × 2.5 mm × 10.0 mm. Because the particles are static
before the release of the spheres, a uniform signal intensity can be observed throughout the bed
[Fig. 6(a)]. Immediately after the impact of the sphere, an inverted cone-shaped region, with a
darker contrast, appeared from the bottom of the sphere up to the bed surface [Fig. 6(b)]. The
potential energy of the sphere is transferred to the particles in this region, and local fluidization
might occur. The frequent inelastic collisions between particles in the region lead to rapid energy
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FIG. 3. (a) MR images of spheres of different densities (rows) sinking into a bed that is kept at near
incipient fluidization (U0/Umf = 0.95). Note that the time increments vary with ρsphere/ρbulk. (b) Bubble forma-
tion near a partially submerged sphere (ρsphere/ρbulk = 0.65). Dashed line and arrows indicate the perimeter
of the sphere and bubbles, respectively. (c) Bubble formation in the proximity of a slow sinking sphere
(ρsphere/ρbulk = 1.00). The dynamics of the detaching bubbles are clearly observable (see Supplemental Video
1 [44]).

dissipation and to a fast reduction of the local fluidization region. During the slow and deep sinking
of sphere ρsphere/ρbulk = 1.00 [Fig. 6(c)], the fluidized region is limited to the area surrounding the
sinking sphere up to the bed surface; in this region, the bubbles that have formed at the sphere pass
through. Figure 7 shows time-averaged fluidization-sensitive MRI images after the spheres have
reached their final depths. It is worth mentioning that, when the bubble detachment stopped, the
fluidized region above the sphere quickly shrank, and the sphere did not sink any further into the
packing. After the sinking motion of the intruder spheres had stopped, however, the local fluidization
and bubbling below and around the sphere remained. Unlike the spheres with ρsphere/ρbulk = 0.65
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FIG. 4. Sphere sinking trajectories at U0/Umf = 0.95. h is the center position of the spheres and increases
downward. The initial bed surface was located at h/dsphere = 0.5. The heaviest sphere ρsphere/ρbulk = 2.50
reached the bottom inlet of the bed in both the MRI experiment and the simulation.

and 1.00, we could observe neither bubble formation nor bubble detachment for the sphere with
ρsphere/ρbulk = 1.20 both during and after sinking; this might be caused by an increased force
chain network underneath the spheres that supports the weight of the sphere and prevents local
fluidization. We observed some bubble formation for the heaviest sphere with ρsphere/ρbulk = 2.50,
but exclude this observation from our discussion of the sinking and stopping mechanisms because
this sphere reached the bottom of the bed and was supported by the bottom gas inlet.

Turning now to our numerical results, Figure 8(a) shows contour plots of the local void
fraction measured at each particle center εlocal [40,45] (see Supplemental Video 4 [44]). All of
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FIG. 5. (a) A time series of 1D horizontal MR images of a sinking sphere with ρsphere/ρbulk = 1.00. Dark
contrasts outside the sphere represent bubbles. This measurement was performed at a temporal resolution of
1.96 ms. (b) Magnified view. Dashed line shows the sphere surface. Contrasts in these figures are adjusted to
enhance visibility.

the simulations were initialized with the same particle packing. We have put great effort into
achieving a uniform random packing, but a nonuniformity in the local void fraction in the range
of εlocal = 0.370–0.452 remained. Figures 8(b) and 8(c) show the three-dimensional void structures
that formed inside the bed for ρsphere/ρbulk = 0.65 and 1.20, respectively (see Supplemental Video 5
[44]). Similar to our MRI results, we observed local bubbling for the lighter spheres (ρsphere/ρbulk =
0.65, 1.00, and 1.20) but not for the heavier spheres (ρsphere/ρbulk = 1.40, 1.50, 1.80, and 2.00). The
heaviest sphere (ρsphere/ρbulk = 2.50) reached the bottom of the bed.

Figure 4(b) plots the numerically determined trajectories of the sinking spheres. Because the
spheres reached the final stable depths and no further sinking was observed, the calculations were
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FIG. 6. Fluidization-sensitive MR images (ρsphere/ρbulk = 1.00, U0/Umf = 0.95). During the slow and deep
sinking, the sphere is surrounded by fluidized granular material (darker contrast) while gas bubbles detach
from the sides of the sphere and reach the free surface. Once this chain of bubbles stops (i.e., bubbles do not
reach the top surface of the bed anymore), the cap region above the sphere defluidizes (higher contrast) and the
sphere stops sinking. A fluidized region (darker contrast) with some bubble formation remains at the sides and
below the sphere. The relatively long acquisition time of 546 ms creates motion blurring for the sinking sphere
(see Supplemental Video 3 [44]).

terminated after 3.0 s for ρsphere/ρbulk = 0.65, 1.80, 2.00, and 2.50 and after 9.5 s for ρsphere/ρbulk =
1.00, 1.40, and 1.50. We observed that the sphere ρsphere/ρbulk = 1.20 sank to a deeper position
than the heavier spheres ρsphere/ρbulk = 1.40 and 1.50. Figure 9 compares the final sinking depths
obtained from the MRI experiments and the numerical simulations. Both the experiments and
the simulations reproduced the anomalous sinking reported previously [20]; i.e., a slow and deep
sinking occurred when the sphere density was similar to the bulk density of the bed (ρsphere ≈ ρbulk).
However, some small differences exist between the MRI experiments and the numerical results.
In particular, the slow and deep sinking occurred for a slightly heavier sphere in the numerical
simulations (ρsphere/ρbulk = 1.20) compared to the MRI experiments (ρsphere/ρbulk = 1.00). In
Fig. 9, linear least-squares approximations excluding the anomalous results (ρsphere/ρbulk = 1.00 in
the MRI experiment and 1.20 in the simulation) are also plotted. The final sinking depths increased
linearly with the sphere density except in the anomalous cases. This result is similar to the sinking
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FIG. 7. Time-averaged fluidization-sensitive MR images for intruding spheres with ρsphere/ρbulk = 1.00,
1.20, and 2.50 after reaching their final depths (U0/Umf = 0.95).

of an intruder in a very loosely packed bed of fine sand (ε0 = 0.59) in the absence of a forced gas
flow [46].

It should be noted that the engineered particles used in this study had a diameter that is almost
4 times larger and a 2.5 times smaller particle density than the glass beads used previously [20],
indicating that the observed anomaly occurs across a range of particle sizes and densities. In the
following, the mechanisms of the sinking and stopping are elucidated by consolidating the insights
gained experimentally and numerically.

B. Sinking and stopping mechanisms as a function of the density ratio ρsphere/ρbulk

The sinking behaviors observed in the previous section can be categorized depending on
ρsphere/ρbulk: (i) floating near the bed surface (ρsphere/ρbulk = 0.65 in the MRI experiment
and ρsphere/ρbulk = 0.65 and 1.00 in the simulation); (ii) anomalous slow and deep sinking
(ρsphere/ρbulk = 1.00 in the MRI experiment and ρsphere/ρbulk = 1.20 in the simulation), and (iii)
rapid sinking (ρsphere/ρbulk = 1.20 and 2.50 in the MRI experiment and ρsphere/ρbulk = 1.40, 1.50,
1.80, 2.00, and 2.50 in the simulation). In the following subsections, these are described in detail
and the underlying mechanisms are discussed.

1. Floating of light spheres (ρsphere/ρbulk < 1)

Figure 10 plots the vertical forces acting on a sphere with ρsphere/ρbulk = 0.65 as determined by
discrete particle simulations. The total force is the sum of the fluid, net contact, and gravitational
forces. All forces were normalized with respect to gravity, and positive forces act vertically upward.

During the initial period of sphere impact (t � 0.16 s), a rapid increase in the upward-directed
contact force was observed. Subsequently, the magnitude of the fluid force increased, with some
fluctuations, and reached a steady state at t ≈ 0.2 s. The experimental [Fig. 3(b)] and numerical
[Fig. 8(b)] results indicate that the floating sphere is accompanied by frequent bubble formations
from the bottom of the sphere; the detached bubbles move along the sides of the sphere. The
fluctuations in the fluid force, and the total force, are related to sequential bubble formation and
detachment events. Once a steady state is reached (t > 0.2 s), the contribution of the contact force
becomes small, and the gravitational force is almost fully counterbalanced by the fluid force. As
schematically shown in Fig. 11, when a gas is continuously injected into a uniformly packed,
granular bed under gravity, a gas pressure drop occurs in the flow direction due to the fluid drag
force acting on the particles. Hence, a sphere that is placed within the bed will experience a vertical,
upward-directed force due to the negative gas pressure gradient, similar to the Archimedean buoyant
force (with the difference that the Archimedean buoyant force is static and does not necessarily
require a flow). Because the working fluid is air and the frictional drag force directly acting on the
sphere surface is negligible, the buoyant and form drag forces, both arising from the gas pressure
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FIG. 8. (a) Numerical results of spheres of different densities (rows) sinking into a bed that is kept near
incipient fluidization (U0/Umf = 0.95). The contours reflect the local void fraction. The results for the density
ratios ρsphere/ρbulk = 0.65, 1.00, 1.20, 1.40, and 2.50 are shown. The time increments depend on ρsphere/ρbulk

(see Supplemental Video 4 [44]). (b) Three-dimensional presentation of the void structures inside the bed
(ρsphere/ρbulk = 0.65). The isosurface of the local void fraction εlocal = 0.80 is plotted. (c) Three-dimensional
presentation of the void structures inside the bed (ρsphere/ρbulk = 1.20) (see Supplemental Video 5 [44]).
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FIG. 9. Final sinking depths in MRI experiments and numerical simulations at U0/Umf = 0.95. The blue
dashed and green dash-dotted lines show the linear least-squares fittings of the MRI results (ρsphere/ρbulk = 0.65
and 1.20) and numerical results (ρsphere/ρbulk = 0.65, 1.00, 1.40, 1.50, 1.80, 2.00), excluding the anomalous
results, respectively. The triangle and inverted triangle show the sinking depths reached at the first stop (step
II) in the MRI experiment (t = 0.28 s) and numerical simulation (t = 0.29 s) that will appear in Fig. 14,
respectively.

distribution around a sphere, are the dominating forces (besides gravity) in the floating regime
[47,48]. The gas pressure gradient experienced by the sphere is slightly attenuated when bubbles
go past the sides of the sphere; repeated bubble detachments from the sphere surface lead to an

FIG. 10. Vertical forces acting on a floating sphere (ρsphere/ρbulk = 0.65, U0/Umf = 0.95). A positive force
acts vertically upward.
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FIG. 11. Schematic of the gas pressure drop in a uniformly packed granular bed with a forced gas flow. A
sphere submerged in such a particle bed experiences a vertical, upward-directed fluid force due to the negative
pressure gradient in the bed. The black dashed line shows the gas pressure distribution in an undisturbed bed.
The red solid line shows a gas pressure distribution disturbed by the presence of a submerged sphere.

oscillatory cycle of a small drop in fluid force, subsequent sphere sinking, and “reacquisition” of
fluid force with sinking depth, followed by rerising to the surface and a new bubble detachment
event. As a result of these subprocesses, the spheres keep floating near the bed surface on average.
Related discussions on the reduction of fluid force due to bubble detachments will be developed in
Sec. III B 3. In the fully fluidized regime (U0 > Umf), a submerging of intruding objects due to the
accumulation of splashed particles on its top has been reported [49]. In contrast, Fig. 10 shows that
the net contact force is either acting vertically upward or close to zero, but not pointing vertically
downward.

2. Rapid sinking of heavy spheres (ρsphere/ρbulk > 1)

Figure 12 plots the vertical forces acting on a sphere with ρsphere/ρbulk = 1.80 and the sinking
velocity of the sphere as a function of time. The heavy sphere sinks immediately after having been
released and stops in the middle of the bed [Fig. 4(b)]. As in the floating case, the contact forces

FIG. 12. Vertical forces and velocity of a rapidly sinking sphere (ρsphere/ρbulk = 1.80, U0/Umf = 0.95).
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FIG. 13. Coordination number z and force chains of normal contact forces f C,n scaled by the gravitational
force working on a particle. The coordination number shows the number of particles and spheres in contact.
Only force chains with | fC,n|/|mp g| > 19.92 are depicted (ρsphere/ρbulk = 1.80, U0/Umf = 0.95).

show a rapid increase after the sphere’s impact with the bed surface. The sphere experiences an
acceleration in the downward direction until t ≈ 0.095 s. With increasing sinking depth of the sphere
in the bed, the fluid force due to the gas pressure gradient increases and becomes approximately
constant after t ≈ 0.6 s.

In Fig. 13, coordination number and force chain are depicted. Corresponding to the rapid increase
of net contact forces in the initial time of the sphere penetration (t < 0.1 s in Fig. 12), force chains
are developed from the sphere bottom to a wide area of the bed. Energy dissipation due to the
contacts as well as the development of fluid force attenuate the force chains. Once the sphere has
stopped moving, the force chains have reduced further but still remain. Continuous contact between
the bed particles and the sinking spheres at the bottom of the sphere prevents the formation and
detachment of bubbles at the perimeter of heavy spheres.
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FIG. 14. Semilog plot of the trajectories of slow and deep sinking spheres (U0/Umf = 0.95). The data are
the same as shown in Fig. 4, but plotting on the spheres with ρsphere/ρbulk = 1.00 for the MRI experiment and
ρsphere/ρbulk = 1.20 for the numerical simulation. The slow and deep sinking occurs in step III after it stopped
once at step II.

3. Anomalous slow and deep sinking of near to neutral buoyant spheres (ρsphere/ρbulk ≈ 1)

Figure 14 shows a semilog plot of sinking trajectories of slow and deep sinking spheres (Fig. 4,
ρsphere/ρbulk = 1.00 in the MRI experiment and 1.20 in the numerical simulation). From the MRI
results [Fig. 14(a)], the sinking progress can be divided into four steps. In step I, after its release
the sphere sinks quickly into the bed (t < 0.28 s). In step II, the sphere is at rest (0.28 � t < 0.57
s), and, in step III, the sphere sinks further slowly (0.57 � t < 7.8 s). In step IV, the sphere stops
again (t � 7.8 s). Although we continued the observations until t = 40 s, no further sinking was
observed after it reached step IV. The fluidization-sensitive MRI image shown in Fig. 6(b) provides
a snapshot of the sphere in step (I), while the MRI images in Fig. 6(c) are taken during step III.
The two-step sinking process including a brief stop during step II is unique to the anomalous case

064305-18



MECHANISM OF ANOMALOUS SINKING OF AN …

(ρsphere/ρbulk ≈ 1.00). The numerically determined sinking behavior [Fig. 14(b)] shows a great
similarity to the experiment [Fig. 14(a)]: (I) fast sinking (t < 0.29 s); (II) brief stopping (0.29 �
t < 1.20 s); (III) slow and deep sinking (1.20 � t < 11.20 s); (IV) final stopping (t � 11.20 s).

Figure 15(a) plots the vertical forces acting on a sphere with ρsphere/ρbulk = 1.20 obtained nu-
merically; the inset magnifies the data during the initial stage of the sinking process (t < 0.5 s). Up
to the end of step I (t < 0.29 s), the contribution of the forces acting on a close to neutrally buoyant
sphere is similar to light (Fig. 10) and heavy spheres (Fig. 12): The force due to particle contacts
appears just after the impact of the intruder into the bed; the fluid force increased with a slight
delay compared to the contact force. In Fig. 9, the sphere sinking depths reached at the first stop in
step II are also plotted. In particular, the MRI result collapsed well with the linear approximation,
suggesting the reachable depths due to the inertia of spheres are linearly dependent on the sphere
density even in the case of near to neutrally buoyant spheres. After t = 0.2 s, the net contact force
becomes small compared to the other forces and indeed becomes even negative [Fig. 15(a)]; a clear
difference exists comparing to the floating and the rapid sinking cases discussed previously. Figure
16 shows the coordination number and force chains. In contrast to the heavy case (Fig. 13), the force
chains are not concentrated on the bottom, but on the top part of the sphere. We also recognize from
Fig. 15(a) that the magnitude of the upward-directed fluid force slightly exceeds gravity. The total
force acting on the intruding sphere is enlarged in Fig. 15(b), showing that the forces acting on the
sphere are with fluctuations (�±9% of gravity) but close to being fully balanced (Ftotal ≈ 0) during
the slow and deep sinking in step III. These results allow us to propose that in step III the sphere
is pushed up by the fluid force as its magnitude is slightly larger than that of gravity, but, at the
same time, it is pushed back by the contacts in its cap region. Figure 15(c) plots the velocity of the
sphere in the vertical direction. Following a rapid downward motion in the initial stage (t < 0.3 s;
see the inset), the velocity rapidly decreases with quasiperiodic fluctuations until the sphere stops
(t = 11.20 s). Magnified views of the velocity and forces acting on the sphere during the time range
t = 2.6 to 3.0 s (typical period in step III and highlighted in Fig. 15) are plotted in Fig. 17. To
“promote” the sinking motion, the force equilibrium has to be “broken” by either a reduction of
the upward-directed fluid force or an increase of the downward-directed net contact force or both
effects together. As highlighted in Fig. 17, the occurrence of negative total forces (resulting in a
sphere sinking) is synchronized with a decrease of fluid forces and not an increase in the net contact
forces. It is also noted that, even when the fluid forces are decreased, their magnitude is still slightly
larger than gravity. Hence, a downward motion of the sphere is ultimately induced by the net contact
forces, which are always acting downward during the slow and deep sinking period (step III).

Snapshots of the local void fraction and gas pressure distribution in a vertical center plane for a
time period when the total force acting on the sphere becomes negative (t = 2.91–2.96 s, surrounded
by dashed lines in Fig. 17) are given in Fig. 18(a). As previously discussed (Fig. 11), because the
sphere disturbs the gas flow field, the pressure isolines are not always perpendicular to the vertical
direction, but are bent near the surface of the sphere. As a result, a form (pressure) drag force is
acting on the sphere in addition to the buoyant force that results from the background pressure
gradient due to the particle bed. The form drag could explain why the magnitude of the fluid force
becomes slightly larger than the gravitational force, even for a near to neutrally buoyant sphere
(ρsphere ≈ ρbulk). In Fig. 18(a), we can observe the growth and detachment of a bubble at the bottom
hemisphere of the sphere. Because the gas pressure inside a bubble is almost uniform [15], a slight
attenuation of the gas pressure gradient will be experienced by the sphere when a detached bubble
passes next to the sphere. Figure 18(b) shows the corresponding particle velocities in the vertical
direction, downward motion of particles are clearly observable at the cap region and also at the
bottom region of the sphere to a small extent. Only typical results were shown in Figs. 17 and
18; the bubble formation and detachment are repeated quasiperiodically during the slow and deep
sinking in step III (Fig. 8(c) and Supplemental Video 5 [44]). Due to the small deviations from the
force equilibrium, the sphere sink proceeded very slowly.

Our experiments and simulations, however, do not explain why the sphere comes to a complete
standstill in step II prior to the onset of the slow and deep sinking. A possibility is that local
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FIG. 15. (a) Vertical forces acting on a slow and deep sinking sphere (ρsphere/ρbulk = 1.20, U0/Umf = 0.95).
(b) Enlarged view of the total force. (c) Sphere sinking velocity as a function of time. In (b), (c), the black lines
plot the simulation results and the red lines plot the results smoothed by a Gaussian filter. Note that the velocity
range in (c) is very different from that in Fig. 12. The insets in (a), (c) show a magnification of the data in
the initial stage of the sinking process (t � 0.50 s). For the highlighted section (t = 2.6–3.0 s), further detailed
discussions will be developed later.
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FIG. 16. Coordination number z and force chains of normal contact forces ( f C,n) scaled by the gravitational
force working on a particle. The coordination number shows the number of particles and spheres in contact.
Only force chains with | fC,n|/|mp g| > 13.28 are depicted (ρsphere/ρbulk = 1.20, U0/Umf = 0.95).

FIG. 17. Sphere velocity and forces acting on the sphere during t = 2.6–3.0 s (ρsphere/ρbulk = 1.20,
U0/Umf = 0.95). In the highlighted sections, the total force becomes negative and the sphere sinking velocity
increases.
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FIG. 18. (a) Distribution of the local void fraction and gas pressure in a vertical, central plane during
t = 2.91–2.96 s (ρsphere/ρbulk = 1.20, U0/Umf = 0.95). Gas pressure isolines are plotted with an interval �p =
25 Pa. The detached bubble extends the distance between successive isolines near the sphere and induces a
relaxation of the fluid force acting on the sphere. (b) Particle velocity in the vertical direction. Downward
motion of particles occurs in the cap region at the top of the sphere. Upward particle motion occurs locally
when a bubble detaches.

fluidization below and around the sphere does not form instantaneously but requires some time to
form and to trigger the onset of the deep and slow sinking. This effect will be the topic of future
research.

Next, we explored the question of what the mechanism is that leads to the ultimate stopping
of a sphere, i.e., after the slow and deep sinking period. In Fig. 6(d), the fluidization-sensitive
MRI measurement has shown a weakening of the bubbling activity and a shrinkage of the local
fluidization region after the sphere has reached its final depth. In Fig. 15(c), the discrete particle
simulation has shown a decrease of the fluctuations of the sinking velocity with the progress of
sphere sinking. We propose that the stopping of the sphere sinking process is due to a weakening of
the bubbling activity. There are two possible reasons for a reduced bubbling activity with increasing
sinking depth. First, in the system we studied, the superficial velocity is slightly below the minimum

064305-22



MECHANISM OF ANOMALOUS SINKING OF AN …

FIG. 19. Change in the local void fraction relative to the initial state �εlocal (t ) = εlocal (t ) − εlocal (t = 0)
(ρsphere/ρbulk = 1.20, U0/Umf = 0.95). The difference from the initial void fraction was calculated using the
local void fraction in each CFD cell fixed in space. Only variations in the range of �εlocal = ±0.05 are depicted.
An “air cushion” exists always at the bottom of the sphere (see Supplemental Video 6 [44]).

fluidization velocity. Hence, the local particle pressure, which is similar to a hydrostatic pressure
caused by the weight of the particles above a location and transmitted through contacts between
particles, is small but still remains and may increase the bulk stiffness of the granular materials,
which in turns weakens the extent of bubbling further down the bed. Second, the sinking of the
sphere results in changes in the local packing arrangement. Royer et al. [14] reported the compaction
of a granular packing at the front of an intruding sphere in a loose bed (ε0 = 0.49). Because
our bed is close to the loose random packing limit of monosized particles, a similar compaction
behavior is expected. Figure 19 depicts numerically obtained deviations of the local void fraction
from the initial state [�εlocal(t ) = εlocal(t ) − εlocal(t = 0)], where positive and negative values of
�εlocal imply dilation and compaction, respectively. To obtain �εlocal(t ), the local void fraction
was determined by counting the volume of particles in each CFD cell fixed in space. For clarity,
only the results in the range of �εlocal = ±0.05 are shown in Fig. 19. After the impact of the
sphere, a void fraction change occurred locally in an inverted cone-shaped region reaching from
the front of the sphere to the bed surface (t = 1.0 s). The shape of the region that is perturbed by
the intruder sphere is very similar to the region in which local fluidization occurs during the initial
impact [Fig. 6(b)]. Dilation occurred in a region around the sphere and compaction occurred in the
remainder of the inverted cone-shaped region. The region at the bottom of the sphere, referred to
as the “air cushion” here, exhibits higher void fractions (�εlocal > 0.05) due to the formation of
bubbles. During and after the local fluidization-induced, slow and deep sinking (e.g., t = 8.0 s and
10.0 s), both the dilated and compacted regions expand with the increasing sinking depth of the
sphere. Between the sphere and the bed surface, dilation is observed owing to the detachment and
passage of bubbles. The shape of the dilated region is similar to that of the local fluidization region
shown in Fig. 6(c). It is noted that the air cushion remains in front of the sphere, even after the
sinking process has been stopped completely. The packing fraction is one of the main factors that
influence the bulk stiffness of granular materials, in particular for slow granular flows. Gravish et al.
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FIG. 20. MRI-determined sinking trajectories of ρsphere/ρbulk = 1.00 spheres at different superficial
velocities.

[50] demonstrated that a 6.9% increase in the initial packing fraction resulted in a 32% increase in
the mean drag force acting on a vertical plate moving horizontally in a granular bed. Although their
conditions are largely different from the system studied here, i.e., a forced gas flow in the present
case, Fig. 19 reveals that local compaction values reach up to �ε = −0.05 (i.e., an 8.4% increase
from the initial packing fraction). These results indicate that the final stopping of the sphere in the
center of the bed can be explained by a combination of a rising hydrostatic pressure with sinking
depth and bed compaction in front of the sphere. These effects can increase the bulk stiffness of the
packing, reduce in turn bubble formation and detachment, and hence stabilize the fluid force acting
upward on the sphere.

C. Dependence of sinking depth on superficial velocity

Figures 20, 21, and 22 show the average sinking trajectories as determined by MRI for
ρsphere/ρbulk = 1.00, 1.20, and 2.50, respectively, with superficial velocities U0/Umf varying be-
tween 0.85 and 0.97. Figure 23 shows the final sinking depths depending on U0/Umf . For all
ρsphere/ρbulk values, there is a monotonic increase in the final sink depth with increasing U0/Umf . A

FIG. 21. MRI-determined sinking trajectories of spheres with ρsphere/ρbulk = 1.20 for different superficial
velocities.
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FIG. 22. MRI-determined sinking trajectories of spheres with ρsphere/ρbulk = 2.50 for different superficial
velocities.

comparison between ρsphere/ρbulk = 1.00 and 1.20 shows that the anomalous slow and deep sinking
occurs when U0/Umf > 0.89. In Fig. 23, sinking depths reached at the first stop are also plotted for
ρsphere/ρbulk = 1.00. The two-step sinking, as described in Fig. 14, can be observed in all of the
cases with U0/Umf � 0.89. The duration and sinking depth of the local fluidization-induced, slow
and deep sinking are very sensitive to U0/Umf . When U0/Umf increases, the gas pressure drop across
the bed also increases, and the stiffness of the granular materials is reduced. This, in turn, facilitates

FIG. 23. MRI-determined final sinking depths depending on superficial velocity. The triangle shows the
sinking depths reached at the first stop (ρsphere/ρbulk = 1.00).

064305-25



TAKUYA TSUJI et al.

the formation and detachment of local bubbles at deeper positions, and the sinking proceeds further
as U0/Umf increases.

IV. CONCLUSIONS

Anomalous sinking of an intruding sphere in a granular packing aerated slightly below the
minimum fluidization velocity was investigated by real-time MRI experiments and discrete particle
simulations. Despite differences in the bed particles, major findings obtained in a previous study [20]
were reproduced experimentally and numerically, and the mechanisms of the anomalous sinking
were elucidated. We found the following:

(1) Inertial and local fluidization-induced slow and deep sinking exist. Regardless of the sphere
density, the sinking of the sphere due to the inertia of the sphere proceeded quickly after its release.
The sinking depth obtained in this step increases monotonically with increasing sphere density.
After a brief interruption, the local fluidization-induced, slow and deep sinking occurred, but only
when the sphere density was similar to the bulk density of the bed (ρsphere/ρbulk ≈ 1).

(2) Attenuation of the gas pressure gradient induces the slow and deep sinking. During the
local fluidization-induced, slow and deep sinking, both a local fluidization and the formation and
detachment of bubbles from the sphere surface were observed. Contrary to our expectations, the
net contact force acting on the sphere is directed downward during sinking. A force balance
analysis revealed that the upward-directed fluid force due to the gas pressure gradient is almost fully
counterbalanced by the sum of the net contact force and the gravitational force. When a bubble is
detached from the sphere’s surface, the gas pressure gradient experienced by the sphere is slightly
attenuated and results in a reduction of the upward-directed fluid force. As a result, the sphere
is pushed downward by the particle cap that is formed on top of the sphere and sphere sinking
proceeds. Bubble formation and detachment are quasiperiodic processes during this sinking motion.
The sinking velocity is very slow because the deviations from the force equilibrium are small. No
bubble formation was observed for heavier spheres (ρsphere/ρbulk > 1.0) during sinking; hence, local
bubbling plays a critical role in driving the sinking anomaly.

(3) Sphere stopping is caused by a weakening of local bubbling. Stopping of the sphere after
the local fluidization-induced, slow and deep sinking is attributed to the weakening of the local
bubbling due to two possible factors: (i) remaining hydrostatic particle pressure in the bed, and (ii)
local compaction caused by the sphere sinking. Both of these can lead to an increased bulk stiffness
of the packing and reduce in turn the tendency for bubble formation and detachment. This results in
a stabilization of the upward-directed fluid force at deeper sphere positions. It is also worth noting
that a region of local fluidization with some bubble formations remained even after the sphere had
reached its final depth.

(4) Real-time MRI can probe the dynamic response of a granular packing. The sinking dynamics
of intruder objects in a granular packing aerated slightly below the minimum fluidization velocity
is very complex and it is hardly explainable from macroscopic considerations. MRI is a powerful
tool to understand better the dynamics of sphere sinking, local bubbling, and fluidization in visually
opaque granular systems. In particular, fluidization-sensitive MRI enables us to characterize the
spatiotemporal response of a partially fluidized system.
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FIG. 24. Numerical results of the sinking depths of a sphere as a function of the spring constants (U0/Umf =
0.95, ρsphere/ρbulk = 2.50, ε0 = 0.398).

APPENDIX A: DEPENDENCE OF THE SINKING DEPTH ON THE SPRING CONSTANT

Figure 24 shows numerical results of the sinking depth of a sphere as a function of the magnitude
of the spring constant. Both the normal, kn, and tangential, kt , spring constants were varied over three
orders of magnitude. We have set U0/Umf = 0.95 and ρsphere/ρbulk = 2.5. The initial void fraction
of the packings was ε0 = 0.398 regardless of the spring constant. No dependence of the sinking
depth on the spring constant is observed in Fig. 24.

APPENDIX B: DEPENDENCE OF THE SINKING DEPTH ON THE COEFFICIENT OF FRICTION

Figure 25 plots the numerical results of the sinking depth of a sphere sinking as a function of the
coefficient of friction, varying μp between 0.30 and 0.70 at U0/Umf = 0.94 and ρsphere/ρbulk = 1.20.
The other conditions, including the initial void fraction, were the same as those reported in Sec. II C.
Except at μp = 0.30 and 0.31, the calculations were terminated at t = 4.5 s because no further
sinking was observed.

FIG. 25. Numerical results of the sinking depths of a sphere as a function of the coefficient of friction μp

(U0/Umf = 0.94, ρsphere/ρbulk = 1.20, ε0 = 0.403).
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