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� Dynamic vertical forces working on a
sphere in a fluidized bed are in-
vestigated.

� Motions of a sphere are obtained
numerically by Fictitious particle
method (FPM).

� Experimental force measurement is
performed by a Lagrangian sensor
system.

� Simulation results agree reasonably
well with experimental results.
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In a number of practical applications of fluidized bed, large solid objects coexist with small bed materials
and the prediction of large objects’ motion in fluidized is quite important. In the present study, we
investigate the dynamic vertical forces working on a large sphere floating in a three-dimensional bub-
bling gas-fluidized bed. Numerical results obtained by using Fictitious particle method (FPM) are directly
compared in detail with experimental results obtained by a non-invasive Lagrangian sensor system
which can directly measure forces working on a free-moving object. In the present condition, the sphere
keeps on floating near the free surface of the bed during fluidization and it shows characteristic upward
and downward motions. Time-series data of the dynamic vertical forces agrees reasonably well between
the simulation and the experiment and its quasi-periodicity and intermittent occurrence of characteristic
peaks are confirmed. The mean and standard deviation of the dynamic vertical forces show good
agreements between the simulation and the experiment with some differences in distributions of the
relative frequency. From the numerical results, we confirm that the fluctuation of forces is strongly re-
lated to the bubble motions and fluid force is more dominant for the floating and sinking motions of a
sphere in a fluidized bed comparing to contact force. Dependency on the superficial gas velocity is also
investigated and both the numerical and experimental results show the fluctuation intensity of the
dynamic vertical forces becomes larger with the increase of superficial gas velocity.
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Fig. 1. Size relation among computational cells, particles and a sphere.
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1. Introduction

Fluidized beds are widely used in various industrial applica-
tions such as combustion, gasification, separation, catalytic reac-
tion and drying. It is usual that properties of solid particles in-
stalled in the beds are not uniform and wide variety of particles
exist. In coal and wooden biomass combustion/gasification pro-
cesses, for example, large fuel particles coexist with bed materials
such as small sand particles to enhance fluidization and heat
transfer. Floating and sinking motions in addition to the residence
time of fuel particles in the beds give significant influences on the
system efficiency while it is not fully understood due to its
complexity.

There are studies focusing on large object motions in fluidized
bed. Nguyen and Grace (1978) showed that the net buoyant force
acting on floating objects in a fluidized bed can be estimated from
the bulk density of the bed at the minimum fluidization while
splashing particles onto the top of the objects cause periodic
sinking. Oshitani et al. (2004) investigated the floating and sinking
motions of large spherical objects changing gas velocity, bed
height, size of bed materials and objects. Soria-Verdugo et al.
(2011) performed similar investigations in that the influence of
object density, size and gas velocity on large cylindrical object
motions in a two-dimensional bubbling fluidized bed were dis-
cussed. Cai et al. (2014) focused on the residence time of large
spherical objects in a fluidized bed and investigated the influence
of density, size of objects and gas velocity.

Recently, numerical models representing large solid objects in
dense gas-solid flows are developed to perform a detailed analysis.
He et al. (2009) simulated flows in a bubbling fluidized bed with
immersed fixed tubes by using a body-fitted mesh. Farzaneh et al.
(2015) and Hernández-Jiménez et al. (2015) simulated the motion
of large fuel particles in a bubbling fluidized bed by combining
Eulerian–Lagrangian model with Eulerian–Eulerian model where
large fuel particles are treated as a discrete phase. Rong et al.
(1999), Di Maio et al. (2009) and Guo et al. (2013) simulated flows
in a bubbling fluidized bed with immersed fixed tubes by Eu-
lerian-Lagrangian models in that the motion of individual particles
are tracked. Fluid forces working on large objects are obtained
from the velocity and pressure fields of gas phase and contact
forces are obtained by calculating collisions with surrounding in-
dividual bed particles. There are few studies focusing on the mo-
tion of large objects in a fluidized bed by Eulerian–Lagrangian
approach. Tsuji et al. (2014) proposed Fictitious particle method
(FPM) that is a model representing the motion of large objects in
dense gas-solid flows. The FPM is based on the discrete element
method-computational fluid dynamics (DEM-CFD) mesoscopic
model (Tsuji et al., 1993) and it was developed by introducing an
idea of the Volume Penalization Method (VPM) which is one of
direct numerical simulation techniques (Schneider, 2005;
Kolomenskiy and Schneider, 2009). In Tsuji et al. (2014), the mo-
tion of large spheres with different mass in a bubbling fluidized
bed was compared between FPM and experiment and qualitative
agreements were observed. They also compared the vertical po-
sitions of large spheres after fluidization has stopped and quanti-
tative agreements were confirmed. Quantitative comparison study
during fluidization, in the meanwhile, have not been performed
and further studies are needed to confirm its predicting perfor-
mance in more detail.

It is important to know the dynamic forces working on large
objects during fluidization because the motion of large objects is
determined by the force balance working on it. Several authors
experimentally measured dynamic forces working on large objects
fixed in a fluidized bed. Nguyen and Grace (1978) measured
pressure gradient force on a cylindrical tube immersed in a two-
dimensional fluidized bed using a pressure transducer and
observed that the pressure gradient force working on a tube
fluctuates when a bubble passes the tube. He et al. (2014) mea-
sured forces working on a steel ball fixed in a fluidized bed using a
load sensor and investigated the influence of particle size, steel
ball size and gas velocity. Lagrangian sensors that enable the
measurement of forces working on an object freely traveling with
flows has been proposed. Zhang et al. (2009) measured accelera-
tion of a particle in a fluidized bed using an acceleration sensor.
Harada et al. (2011) developed a Lagrangian sensor system which
can measure forces working on a free-moving sphere based on a
three-axis acceleration sensor and a three-axis magnetometer.
They measured forces working on a settling sphere in liquid and
confirmed good agreements between measurements and theore-
tical predictions. Zimmermann et al. (2013) developed a similar
Lagrangian sensor system and measured fluid forces working on a
particle in a turbulent flow of water. Joubaud et al. (2014) in-
vestigated force working on a spherical object impacting on a sand
bed using the Lagrangian sensor system proposed by Zimmer-
mann et al. (2013).

In the present study, dynamic forces working on a large object
in a three-dimensional bubbling gas-fluidized bed are investigated
numerically by the FPM (Tsuji et al., 2014) and experimentally by
the Lagrangian sensor system (Harada et al., 2011) and the results
are compared in detail. As the first attempt, we focus on floating
cases in that spheres keep on existing near the free surface of the
bed during fluidization. Only vertical forces are considered be-
cause floating and sinking motions of large objects in a fluidized
bed are determined by the force balance in the vertical direction.

It is noted that the shape of both small bed particles and a large
solid object is spherical in the present study, and these are re-
spectively referred to as particle and sphere to simplify our
explanation.
2. Simulation and measurement methods

It is not the purpose of the present study to show the details of
the numerical model and the Lagrangian sensor system and these
are summarized briefly in this section. Its details can be found in
Tsuji et al. (2014) and Harada et al. (2011), respectively.

2.1. Simulation methods

In the present study, a solid sphere larger than the bed particles
in an order of magnitude is considered. It is impossible to simulate
this kind of flow system in conventional DEM-CFD models. Be-
cause computational cells must be smaller than the size of
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mesoscopic structures appearing in fluidized beds such as bubbles
and larger than the size of particles at the same time, the large
sphere can be larger than the cell size in the present case as shown
in Fig. 1. In the DEM-CFD model, the momentum exchange be-
tween fluid and particles is expressed by empirical drag correla-
tions in each computational cell and fluid flow around individual
particles are not directly resolved to save computational cost. Fluid
flows around a large sphere, in the meanwhile, are quite important
to represent mesoscopic flow structures and sphere motions in
fluidized beds.

FPM was developed by introducing an idea of VPM which is one
of the direct numerical simulation techniques for the interaction
between fluid and solid body by assuming solids to be porous media
(Tsuji et al., 2014). In the FPM, instead of porous media introduced in
the VPM, we assume that sphere consist of small fictitious particles
as shown in Fig. 2. The diameter of a fictitious particle dfic and its
solid volume fraction inside a sphere αfic, which is called the fictitious
volume fraction, are introduced as model parameters in the FPM.
Empirical drag correlations used in the conventional DEM-CFD
model can be applied to a computational cell including both particles
and spheres for the estimation of the momentum exchange between
fluid and solid. As a result, we can represent spheres larger than
computational cells in the framework of DEM-CFD and fluid flows
around spheres can be resolved. There are no needs to replace a large
solid with small fictitious particles in practice. Hence, excessive
computer resources are not needed to represent each fictitious par-
ticle in the FPM.

The governing equations of fluid motion are following in-
compressible continuity and momentum equations for locally
phase-averaged quantities (Anderson and Jackson, 1967):
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where ε, u, p and ρf are the void fraction in a computational cell,
the locally phase-averaged fluid velocity, pressure and the density
of the fluid, respectively. The momentum exchange between fluid
and solids including particles and spheres is expressed by f, which
is given by the following equation similar to the conventional
DEM-CFD method:
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Fig. 2. Modeling based on small fictitious particles. (a) Par
where U is the average velocity of all solids existing in a compu-
tational cell, and β is the drag coefficient due to the existence of
particles and spheres and obtained by using the Ergun
equation (Ergun, 1952) and the Wen and Yu equation (Wen and
Yu, 1966) for the binary mixture of particles and fictitious particles.
It is necessary to determine the model parameters of FPM: dfic and
αfic for calculating β. In the present study, the same model para-
meters appeared in Tsuji et al. (2014) are adopted.

The motion of the particles and spheres is obtained by solving
translational and rotational equations of motion of individual
particles and spheres. The translational and rotational equations of
motion for a particle i are expressed, respectively, as

̇ = + + ( )U f f gm m 4i ip pi Cp Dp p

ω̇ = ( )MI 5i ip p p

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, fCpi is the net contact force working on a
particle i from the other particles, spheres, and walls, fDpi 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.

The translational and rotational equations of motion for a
sphere j are expressed, respectively, as

̇ = + + ( )U f f gm m 6j j js s Cs Ds s

ω̇ = ( )MI 7j js s s

where ms and Is are the mass and moment of inertia of a sphere, U
si and ωsi are velocity and angular velocity of a sphere j, fCsj is the
net contact force working on a sphere j from the particles, other
spheres, and walls, fDsj is the fluid force working on a sphere j, and
Msj is the net torque working on sphere j due to the contacts with
particles, other spheres, walls and fluid.

In Eqs. (4) and (6), contact forces among particles, spheres and
walls are expressed by using DEM consisting of a linear spring,
dash-pot and frictional slider as shown in Fig. 3 and the fluid
forces working on a particle and sphere fDpi, fDsj are given as the
summation of pressure gradient force and the counteraction of f in
Eq. (3) (Tsuji et al., 2014):
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ticles and sphere. (b) Particles and fictitious particles.



Fig. 3. Contact force model.
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where Vp and Vs are the volume of a particle and a sphere,
respectively.

2.2. Lagrangian sensor system

In our experiment, dynamics forces working on a sphere
floating in a bubbling fluidized bed are measured directly and non-
invasively by using the Lagrangian sensor system developed by
Harada et al. (2011). The system consists of a three-axis accelera-
tion sensor (Hitachi Metals, H34C), a three-axis magnetometer
(Aichi-MI, AMI302), a microcomputer (Microchip, PIC16F877A), a
wireless transmitter module (OSAKI DATATECH CO., LTD., EM315T)
and cell batteries (Hitachi Maxell, SR1130W). These components
are integrated and put into a spherical shell made from poly-
styrene, as shown in Fig. 4. Analog signals obtained from the ac-
celeration sensor and magnetometer are converted to digital sig-
nals and serialized by the microcomputer. Subsequently, the serial
signals are transmitted to a PC by using the wireless transmitter
module.
Fig. 4. Appearance of a sphere with a built-in sensor system.
Fig. 5 shows a conceptual diagram of the measurement system.
Output vector from the acceleration sensor ã is the sum of dy-
namic acceleration a and the gravitational acceleration g. To ana-
lyze dynamic forces working on a sphere only, it is required to
subtract the gravitational acceleration from the measured data. It
is not trivial to remove the gravity acceleration and measure the
dynamic acceleration only by the acceleration sensor because the
orientation of a sphere changes along with its position due to the
interactions with surrounding gas and particles. Harada et al.
(2011) introduced an external magnetic field which is oriented in
the same direction with the gravity field. The direction of the
magnetic field can be detected by the magnetometer and output
from the magnetometer b̃ has the same direction with the grav-
itational acceleration g. Therefore, the gravitational acceleration g
vector can be calculated as follows:
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where g is the standard acceleration of gravity (g¼9.8067 m/s2).
By using Eq. (10), the dynamic acceleration a is obtained by

subtracting the gravitational acceleration g from the output of the
acceleration sensor ã as follow:
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The dynamic accelerations given by Eq. (11) are obtained in the
sensor coordinates (x, y, z) which can rotate along with orientation
change of the sphere. In the present study, we only focus on the
vertical component of the dynamic acceleration aV. By calculating
the dot product of a and the unit vector in the gravitational di-
rection ˜ | ˜|b b/ , aV is obtained as follow:
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Multiplying aV by the mass of a sphere, we obtain dynamic
vertical forces working on a sphere.
3. Experimental and simulation conditions

Experimental setup is shown in Fig. 6. In the present study, a
three-dimensional rectangular bed is used. The bed has 150 mm
depth, 150 mm width and 1000 mm height. We use dp¼2.3 mm
spherical glass particles as bed material. The density of particles is
2430 kg/m3 and the apparent density of the particle bed before
fluidization is ρb¼1470 kg/m3. The initial bed height is set to
150 mm. The diameter of a sensor sphere is ds¼30 mm and its
density is adjusted to ρs¼990.3 kg/m3 by attaching silicone paste
onto the inner surface of the sphere. The size ratio of the sphere to
the particle is ds/dp¼13.0 and the density ratio of the sphere to the
particle bed is ρs/ρb¼0.67. It is reported that the floating and
sinking motions of large objects in a fluidized bed change de-
pending on the density ratio and a large object tends to float if the
density ratio becomes less than unity (Oshitani et al., 2011). Air at
room temperature is injected uniformly into the bed from the
bottom. To keep a uniform inflow, the pressure drop of the dis-
tributor is sufficiently high comparing to that of the bed. The
minimum fluidization velocity of the bed without sphere is umf

¼1.05 m/s and the superficial gas velocity is changed as u0¼1.2,
1.3, 1.4, 1.5 and 1.6 m/s, hence u0/umf¼1.14, 1.24, 1.33, 1.43 and 1.52.
In order to keep a vertical magnetic field, planar permanent
magnet boards are set at the top and the bottom of the experi-
mental equipment as shown in Fig. 6. The minimum detective
sensitivity and the sampling frequency of the Lagrangian sensor
system are 70.005g and 32 Hz, respectively (Harada et al., 2011).



Fig. 5. Sphere located in magnetic field and output vectors form sensors.

Fig. 6. Experimental setup.
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Harada et al. (2011) estimated measurement errors due to an in-
clination of a magnetic field against the gravity field and con-
firmed that the present Lagrangian sensor system can measure
dynamic vertical forces with sufficient accuracy.

Simulation conditions are shown in Table 1. A uniform Carte-
sian grid with Δx¼5.0 mm is used for fluid calculation where the
spatial resolution per a sphere diameter is ds/Δx¼6. According to
Tsuji et al. (2014), the model parameters, the diameter of a ficti-
tious particle dfic and the fictitious volume fraction αfic, are set to
dfic¼dp/2 and αfic¼0.74, respectively. It is confirmed that the
conditions in the present study are within the valid range of the
model parameters they proposed. The time increment of the si-
mulation is set to Δt¼5.0�10�5 s, which is sufficiently small
comparing to the time scale of contact process in DEM calculation.

In both the experiment and the simulation, the sphere is in-
itially positioned at the center of the bed surface. Dynamic vertical
forces working on the sphere are measured for 30 s in each gas
velocity condition after the gas injection has started.

4. Results and discussion

In this section, dynamic vertical forces working on the sphere are



Table 1
Calculation conditions.

Particle diameter: dp [mm] 2.3
Number of particles: Np [–] 326,577
Density of particles: ρp [kg/m3] 2430
Apparent density of the bed: ρb [kg/m3] 1470
Initial bed height: Hi [mm] 150
Diameter of sphere: ds [mm] 30
Density of sphere: ρs [kg/m3] 990.3
Density ratio: ρs/ρb [–] 0.67
Diameter of fictitious particle: dfic [mm] 1.15 (dp/2)
Fictitious volume fraction: αfic [–] 0.74
Normal spring constant: kn [N/m] 800
Tangential spring constant: kt [N/m] 200
Coefficient of restitution: ep [–] 0.9
Coefficient of friction: μ [–] 0.2
Superficial gas velocity: u0 [m/s] 1.2, 1.3, 1.4, 1.5, 1.6
Gas viscosity: μf [Pa s] 1.81�10�5

Gas density: ρf [kg/m3] 1.205
Computational domain
Depth [mm] 150
Width [mm] 150
Height [mm] 600
Computational cell size: Δx [mm] 5.0
Time increment: Δt [s] 5.0�10�5
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directly compared between the experiment and the simulation. We
perform detailed comparisons for u0¼1.4 m/s case at first. Subse-
quently, dependency on the superficial gas velocity is also discussed.

4.1. Experimental and simulation results in u0¼1.4 m/s case

Fig. 7 shows the snapshots of experimental and simulation
results where the observations are performed at the bed front in
the experiment (Fig. 7a) and at the bed center in the simulation
(Fig. 7b). We observe similar bubbling fluidization behaviors both
in the experiment and the simulation. In the present condition, the
sphere floats near the free surface of the bed and repeats upward
and downward motions during fluidization as expected. Fig. 8
shows dynamic vertical forces working on the sphere during the
period shown in Fig. 7. These forces are the sum of fluid and
contact forces excepting the gravitational force and its magnitude
is normalized by the gravitational force working on the sphere.
Hence, the sphere is subjected to the gravitational force only when
the value becomes zero and the sphere is subjected to a vertically
upward force which is larger than the gravitational force when the
value becomes larger than unity. In Fig. 8, we observe the forces
are fluctuating in the range between zero and two in general and
occasionally it exceeds three in both experiment and simulation.
The data show a quasi-periodicity and characteristic peaks appear
intermittently. Its profiles including the magnitude and interval of
the peaks are similar between the experiment and the simulation.

More detailed observations are performed and we extract the
data in an interval showing characteristic behaviors from Fig. 8.
Fig. 9a and b show the experimental results during 1.0 – 2.0 s and
the simulation results during 0.7–1.7 s, respectively. In the ex-
perimental measurement, the force is sum of the fluid and contact
forces and we cannot decompose it into the components. In the
simulation using FPM, on the contrary, each component is calcu-
lated separately and the fluid and contact forces working on the
sphere are also plotted in Fig. 9b in addition to the total force. The
contact force shown in Fig. 9b is the net force which sum up all the
contact forces from surrounding particles in contact at the mo-
ment. To observe the relations between the dynamic vertical for-
ces and the sphere motion, the vertical velocity component of the
sphere which is normalized by the superficial gas velocity u0 is
also plotted in Fig. 9b. The sphere moves upward when the value
becomes positive and vice versa. Fig. 10 shows snapshots of
particle motions corresponding to Fig. 9 with temporal resolution
0.1 s. To investigate the relation between the sphere motion and
bubble formation in the bed, void structure is also shown in
Fig. 10b, where ε¼0.8 isosurfaces are depicted. A and B in Fig. 10b
correspond to the free surface of the particle bed and the bubble
spontaneously formed in the bed, respectively. Tsuji et al. (2014)
observed upward and downward motions of a large spherical
object moving inside a gas-fluidized bed in detail and divided its
motions into three characteristic stages. In the present condition,
we also observe the similar process while the sphere keeps on
floating near the free surface of the bed. The process is char-
acterized by the stages I–III as shown in Fig. 9. In the simulation,
the stages I–III can be determined based on the vertical velocity as
shown in Fig. 9b. In the experiment, by contrast, the stages I–III
are roughly determined from the observation results because
sphere velocity is not available. In the stage I, the sphere moves
upward; the bed expands due to bubbles appearing in the bed and
the sphere rises with the free surface of the bed. It is observed that
a large bubble (C) is generated at t¼1.2 s in Fig. 10b. The fluid force
is dominant in this stage and the contact force is small comparing
to the fluid force. The fluid force in Fig. 9b decreases temporarily
around 1.0 s and the sphere falls slightly, which is not observed in
the experiment. This is caused by a small bubble formed under the
sphere (D). In the stage II, the sphere moves downward; the ver-
tical force decreases rapidly and the sphere falls. In this stage, the
large bubble passes near the sphere and reaches free surface of the
bed. The pressure gradient inside a bubble almost disappears and,
as a result, the fluid force working on a sphere near a bubble be-
comes smaller (Tsuji et al., 2014). In the stage III, the vertical ve-
locity recovers rapidly to zero and an impulsive upward force is
observed. From Fig. 10b, we observe the increase of the contact
force in the stage and hence the impulse increase of the vertical
force is due to the collision with particles. As we demonstrated,
the stages I–III are observed during passing of a large bubble and
the fluctuation of the dynamic vertical forces working on the
sphere are strongly related to the motion of bubbles. It is a com-
plex system and never repeats the same, however, the processes
characterized by these stages are observed quasi-periodically in
both the experiment and the simulation. From the simulation re-
sult, we observe that the fluid force is more dominant and the
contact force can be neglected excepting the stage III. It indicates
that the sinking and floating motion of large objects in a fluidized
bed can be determined based on the balance between the fluid
force and the gravitational force.

Two other statistical comparisons are also performed. Relative
frequency distribution of the dynamic vertical forces is shown in
Fig. 11. In this figure, the horizontal axis shows the dynamic ver-
tical forces working on the sphere normalized by the magnitude of
gravity force. The relative frequency is calculated with the sam-
pling interval of 0.2 and the sampling is performed for 30 s. Mean
F̄ and standard deviation s of the dynamic vertical forces respec-
tively defined as follows are shown in Table 2.
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where Fj is the normalized dynamic vertical force at time j and N is
the total number of data. The mean values are close to 1.0 in both
the experiment and the simulation and showing that the mean
dynamic vertical force balances with the gravitational force. The
standard deviation is one of indexes showing the magnitude of



Fig. 7. Snapshots of sphere and particles. (a) Experiment. (b) Simulation.

K. Higashida et al. / Chemical Engineering Science 151 (2016) 105–115 111
fluctuations and it shows good agreement between the experi-
ment and simulation. Hence, the fluctuation intensity of the dy-
namic vertical force agrees well between the experiment and the
simulation. From Fig. 11, we observe that most of the normalized
dynamic vertical forces are distributed between 0 and 2.0 in both
the experiment and the simulation as observed in Fig. 8.



Fig. 8. Time-series of dynamic vertical forces working on the sphere. (a) Experiment. (b) Simulation.

Fig. 9. Dynamic vertical forces working on the sphere. (a) Experimental result between 1.0 and 2.0 s. (b) Simulation result between 0.7 and 1.7 s with the vertical velocity of
the sphere.
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Percentages of normalized vertical forces distributed in the range
are 92.8% and 98.1%, respectively. The highest frequency appears
between 0.8 and 1.0 in both the experiment and the simulation,
which is very close to the mean value shown in Table 2. As we can
confirm from Fig. 11, however, the experimental result has steeper
distribution comparing to the simulation around the mean value.
The difference between the experiment and the simulation can be
attribute to the difference of bubble behaviors. The uniform air
velocity is given as the inlet boundary condition in the simulation,
meanwhile, it is difficult to provide a perfect uniform air flow in
the experiment. In the simulation, bubbles can appear more uni-
formly from the bottom of the bed comparing to the experiment.
As a result, frequency of bubbles interference with the sphere can
become higher in the simulation.
Fig. 12 shows the amplitude spectrums of dynamic vertical forces

working on the sphere. Discrete Fourier transform of the normalized
dynamic vertical forces are performed as follows:

⎛
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where i is the imaginary unit. By calculating the absolute values of Xk,
the amplitude spectrums are obtained. In Fig. 12, the largest peaks of
the amplitude spectrum in the experiment and the simulation ap-
pear at 1.7 and 2.6 Hz, respectively. The frequency that the highest
peaks of the amplitude spectrum appear at almost agrees with



Fig. 10. Snapshots of sphere, particles and void structure. (a) Experimental result between 1.0 and 2.0 s. (b) Simulation result between 0.7 and 1.7 s.

Fig. 11. Relative frequency of the normalized dynamic vertical force.

Table 2
Statistic values of the normalized dynamic vertical forces.

Experiment Simulation

Mean: F̄ [–] 0.996 1.01
Standard deviation: s [–] 0.599 0.555

Fig. 12. Amplitude spectrums of the normalized dynamic vertical force.
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approximate frequency of the upward and downward motions of the
sphere characterized by the stages I–III as shown in Figs. 9 and 10
and this frequency would indicate nearly the frequency of bubble
formation. The highest peak in the simulation appears at the slightly
higher frequency than the experiment. The motion of the sphere is
related to the frequency that bubbles interfere with the sphere and



Fig. 13. Relation between the standard deviation of the normalized dynamic ver-
tical force and the superficial gas velocity.
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this difference can be also attributed to the slight difference of bubble
behaviors between the experiment and the simulation as mentioned.

4.2. Dependency on superficial gas velocity

Dependency on the superficial gas velocity is investigated fo-
cusing on the mean and the standard deviation of the normalized
dynamic vertical forces. Results of u0¼1.2, 1.3, 1.4, 1.5 and 1.6 m/s
are compared between the experiment and the simulation. In all
gas velocity conditions, sampling is performed for 30 s as with the
case of u0¼1.4 m/s. Similar to the results of u0¼1.4 m/s, the
spheres are floating near the free surface of the bed and repeat
upward and downward motions. While the results are not shown
here, the mean values of the normalized dynamic vertical forces
are close to unity in all cases. It means that the mean of the dy-
namic vertical force always balances with the gravitational force
independent on the magnitude of superficial gas velocity. It is
easily understandable that the motion of a sphere is limited inside
of a fluidized bed and it never goes away from the bed in any case
and the mean of the dynamic vertical force working on a sphere in
a fluidized bed is always balanced with the gravitational force.
Fig. 13 show the results of the standard deviation depending on
the superficial gas velocity. In Fig. 13, we observe that the standard
deviation becomes larger with the increase of superficial gas ve-
locity in both the experiment and the simulation. Increase of the
superficial gas velocity promotes bubble generation in fluidized
beds. As a result, the dynamic vertical forces working on the
sphere fluctuates more intensively with the increase of superficial
gas velocity. The values show reasonable agreements excepting
the case u0¼1.6 m/s. Sampling over 30 s provides statistically-
converged and reproducible results for the all cases and further
study is needed on the difference between experiment and si-
mulation for u0¼1.6 m/s.
5. Conclusions

In the present study, dynamic vertical forces working on a sphere
floating in a three-dimensional bubbling fluidized bed were in-
vestigated. The results obtained by the numerical simulation using
the FPM and the experiment by the non-invasive Lagrangian sensor
system were directly compared. In the present condition, the sphere
keeps on floating near the free surface of the bed and the
characteristic upward and downward motions are repeated. Time-
series data of the dynamic vertical forces shows reasonable agree-
ments between the simulation and the experiment and its quasi-
periodicity and intermittent occurrence of characteristic peaks were
confirmed. The forces working on the sphere are fluctuating during
fluidization and its magnitude varies from 0 G to 2 G in general. From
the simulation results, we confirmed that the fluctuation of the for-
ces is strongly related to the bubble motions and fluid force is more
dominant for the floating and sinking motions of a sphere in a flui-
dized bed comparing to contact force. The mean and standard de-
viation of the dynamic vertical forces showed good agreements be-
tween the simulation and the experiment with some differences in
distributions of the relative frequency. In addition, dependency on
the superficial gas velocity was also investigated and both the nu-
merical and experimental results showed the fluctuation intensity of
the dynamic vertical forces becomes larger with the increase of su-
perficial gas velocity.

Sphere density is relatively smaller than the apparent density
of the bed ρs/ρb¼0.67 in the present study and the sphere never
sink in the bed and keep on floating. In order to investigate the
forces working on a large object moving inside of beds, further
investigations using heavier spheres should be performed.
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