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To enable the mechanistic description of the mixing of larger particles in gas-fluidized beds in models (e.g. fuel
particles in combustors), knowledge about the rheology of the bed emulsion is required. Here, it is crucial to de-
termine the drag on large fuel-alike particles.
This work presents the experimental work on the fate of 13 different solid spheres falling or rising through a bed
of air and glass beads atminimum fluidization. The trajectories of the tracer are highly resolved (sampling rate of
200 Hz) by means of magnetic particle tracking, this previously unmet accuracy allows disclosing the complex
rheological behavior of gas-solids fluidized bed emulsions in terms of drag on immersed objects. The trajectories
reveal that noneof the tracers reach terminal velocity during their fall and rise through the bed. The shear stress is
obtained through the drag force by solving the equation ofmotion for the tracer. The data reveal particularities of
the bed rheology and clear differences of its effect on rising and falling particles. When studying the shear stress
over the characteristic shear rate of each tracer, it can be seen that the stress of the bed on the tracers is domi-
nated by a yield stress, with a somewhat smaller contribution of the shear stress. For rising tracers this last con-
tribution is almost negligible.
The falling tracers show strong interaction with the bed emulsion, resulting in a fluctuating shear stress, which
increaseswith tracer size and density. The stagnation of some tracers at low shear rates reveals a viscoplastic be-
havior of the bed emulsion, exhibiting a typical yield stress that showing a clear dependence on the tracer diam-
eter and buoyant density. The concept of yield gravity is used in order to introduce a normalized shear stress
which provides additional verification of the experimental observations in relation to the influence of tracer
size and relative density on the shear stress.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Fluidization is the dynamic fluid-like state developed when a gas or
liquid flowswith a sufficiently high velocity through a bed of particulate
solids. The lifted solids form anemulsion phasewith thefluidizing agent
and have in this mobile state, an enhanced availability to be transported
and to participate in reactive processes and heat transfer. This mobility
makes thefluidization phenomena awidely spread technologywith ap-
plications ranging from the synthesis industry to the energy sector,
where fluidized bed (FB) reactors are mainly used for solid fuel
conversion.

Just like fluids are given general physical properties such as density,
viscosity and surface tension, it is desirable to derive such properties for
a fluidized bed, for them to be included in mathematical models and be
. This is an open access article under
used for the design of reactive units. A dense bed can generally be di-
vided into two phases: the emulsion phase, which is considered to re-
main at minimum fluidization, and the bubble phase, consisting of the
excess gas (with respect to the minimum fluidization volume flow)
thatflows in formof rising bubbles.While the emulsion density is rather
easily obtained at minimum fluidization velocity with the pressure over
the bed, obtaining the viscosity (a critical property for the mixing of
large objects immersed in the bed, (e.g. fuel particles in boilers and gas-
ifiers), remains a difficult and lively discussion in literature.

As early as in 1906, Einstein formulated the apparent viscosity of
very dilute suspensions (particle volume fraction, ϕ< 0.03) as function
of the solids concentration based on aNewtonian approach [1]. The con-
cept has been taken up and further developed by many authors, e.g.
[2–4], foremost to include hydrodynamic particle-particle interactions,
dominant in denser suspensions (ϕ < 0.4). The theory was introduced
into the field of liquid fluidization, where particle concentrations
reach up to ϕ < 0.6, by Poletto and Joseph [5], as well as, by the exten-
sive work of Di Felice and colleagues [6–8].
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Still, due to the intrinsic flow instability of gas FBs beyondminimum
fluidization velocity, the above named models fail to predict the appar-
ent viscosity of gas fluidized systems [8]. Instead, experimental mea-
sures were early exploit to determine the viscosity of gas fluidized
beds: Daniels [9], followed by others, [10,11], used the terminal velocity
of falling spheres in the laminar regime to determine the apparent vis-
cosity of different gas-fluidizedmaterials at minimum fluidization, con-
cluding that the bed emulsion behaves like a Newtonian fluid in terms
of drag force on immersed objects. However, their analyses were
based on measurements with a strongly limited spatial resolution in
which the falling tracers where assumed to keep a constant average ve-
locity derived from the time and distance between two detection
heights. In a later study, applying a known constant upwards force on
spherical tracer particles immersed in a gas-solids emulsion at mini-
mum fluidization, Daniels [12] was not able to fit the Newtonian
model [13] to their results. The observed behavior was later interpreted
byWei and Chen to be similar to that of Binghamplastics [14]. Still using
Daniels [9] experimental data and assuming a defluidized zone above
the moving object, Rees et al. [15] observed that the apparent viscosity
of the bed emulsion followed a deviated Stokes' law, originally deduced
for non-compressible Newtonian fluid. Their model results were in line
with other data found in literature showing that the effective drag-
related viscosity of the gas-solids emulsion on larger objects increases
with the mean particle size of the bed material, for low Reynolds num-
bers. However, it must be noted that their assumption of the bed behav-
ing like a Newtonian fluid and the derived values of the effective
viscosity therefrom are all based on measurement data with strongly
limited spatial resolution.

A common method to determine the intrinsic viscosity of a fluid is
the use of a rotational viscometer, as done by Schügerl et al. [16] and
others [17–20], which enables the measurements at different constant
shear rates adjusted through the rotational velocity. Grace [21], who
early reviewed the literature about viscosity in gas FBs, claimed that
both the falling sphere and the rotational viscometer method alter the
behavior of the bed emulsion and hence its viscosity. Instead, he evalu-
ated the bed viscosity bymeasuringwith X-ray the velocity of the rising
bubbles formed in gas FBs. While the behavior of the FB rheology in
terms of Newtonian or not could not be confirmed with this method,
the author reasoned that given the shear-thickening behavior known
from other solid suspensions and the local foreseeable variations in
solids concentration around a moving object, a non-Newtonian rheol-
ogy could be expected. This suspected non-Newtonian behavior was
later on indicated by several authors [8,16,22,23] and experimentally
evidenced in more recent studies in rotational viscometers [18,20],
where shear-thinning was observed at high shear rates representative
for common fluidized bed applications [20].

As suggested by literature [21], different values of the apparent vis-
cosity should be expected from rotational viscometers (providing the
intrinsic viscosity of the gas-solids emulsion governing the internal
transfer of momentum) and the falling sphere method (providing the
effective viscosity for the drag exerted by the gas-solids emulsion on
an immersed object). For the latter, the presence of the immersed object
will affect the fluidization and thus the local properties of the gas-solids
emulsion, which in turn influences the shear stress acting on it.

In summary, previous research of the effective viscosity for the drag
of gas-solids emulsion on immersed objects lacked the experimental
spatial resolution needed to confirm or discard the expected non-
Newtonian behavior of the gas-solids emulsion and was limited to the
laminar flow regime. Further, studies in rotational viscometers indicate
an intrinsic non-Newtonian behavior of the gas-solids emulsion, but are
not applicable to determine the effective viscosity acting on immersed
objects.

This work seeks to investigate the shear stress generated by the gas-
solids emulsion on larger objects during their gravity-driven fallingmo-
tion with slip velocities covering all flow regimes typical for FB
511
operation. Bymeans ofmagnetic particle tracking (MPT), previously de-
veloped by the authors [24], acceleration profiles can be obtained at
high resolution (200 Hz). This high accuracy is here used to disclose
the rheological properties and effective drag of the gas-solids emulsion
on both falling and rising spherical tracers.

2. Theory

The drag force on a spherical object immersed in a fluidized bed is
generally expressed as

FD ¼ CDπρem

D2
p

4
up−uem
�� ��2

2
ð1Þ

where CD is the drag coefficient,Dp the object diameter, uem the velocity
of the emulsion, up the velocity of the object, and ρem the bulk density of
fluidized bed emulsion. For a tracer moving vertically through the bed,
the motion induces a vertical flow of the bed solids, which have to be
lifted to make space for the downwards motion of the tracer particle.
This velocity is obtained by the continuity equation over the cross-
section of the bed, reading

uem ¼ D2
p

D2
b−D2

p

up ¼ λup: ð2Þ

The bulk density at minimum fluidization can be obtained from the
volume occupied by the gas-solids emulsion consisting of a given mass
of bed material.

ρem ¼ εmfρg þ 1−εmf
� �

ρs≈
mb

AbLmf
ð3Þ

where εmf is the void fraction at minimum fluidization, mb is the mass
of the bed material, Ab is the cross-sectional area of the bed, and Lmf is
the height of the bed at minimum fluidization.

Further, the vertical component of the equation of motion for an im-
mersed tracer reads

mp
duz
dt

¼ ∑F ¼ FG þ FB þ FD þ FV ð4Þ

wheremp and uz are the mass and the vertical velocity of the object, re-
spectively. Here, FG is the gravity term, FB is the buoyancy term, FD is the
drag term and FV is the virtual mass term [25].Wall effects influence the
motion of the object as disclosed by several authors ([26,27] among
others), but are expected to play a minor role for Reynolds numbers in
the transient regime [28] and are therefore neglected in thiswork. Com-
bining Eqs. (1), (2) and (3), and developing their terms, yields

π
6
D3
pρp

duz

dt

¼ π
6
D3
p ρp−ρem

� �
g þ π

8
D2
pCDρem 1−λð Þ2u2

z þ
π
12

D3
pρem 1−λð ÞDuz

Dt
−

duz
dt

� �

ð5Þ

where ρp is the density of the immersed object and g is the intensity of
gravity acceleration. With the gas-solids emulsion being compressible,
the induced vertical flowof bed solids has an inherent complexity yield-
ing fluctuating patterns and local variations. However, for simplicity the
average velocity of the net vertical flow of the solids emulsion induced
by the fall of the tracer is considered (cf. Eq. (2)).With the tracer trajec-
tory experimentally resolved, the velocity and acceleration can be de-
rived, and the drag coefficient can be obtained by solving Eq. (5) as

CD ¼ 2
3

Dp

1−λð Þ2u2
z

2g 1−
ρp

ρem

� �
þ duz

dt
2

ρp

ρem
− 1−λð ÞDuz

Dt
þ 1

� �� �
ð6Þ
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The shear stress, τ, on the object is defined as the drag force over the
surface area of the spherical object and can with Eq. (6) be written as

τ ¼ FD
As

¼ 1
8
CDρem 1−λð Þ2u2

z

¼ 1
12

Dp 2g ρem−ρp

� �
|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

buoyancy

þ 2
duz
dt

ρp|fflfflfflffl{zfflfflfflffl}
acceleration

þ ρem
duz
dt

− 1−λð ÞDuz
Dt

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

addedmass

0
BBB@

1
CCCA

ð7Þ

Note, Andres [29] derived an alternative definition of the drag force
using solely the vertical projection of the shear stress over the sphere
surface. As this results in a slightly higher coefficient for spherical ob-
jects only (i.e. 2

3π instead of 1
6), this work reports the shear stress aver-

aged over the total surface area of the sphere. In reality, the local
shear stress is likely to vary over the tracer surface: Tian et al. [30] con-
ducted experiments with a granular driven particulate flow over a still
hexagonal tube and found particles to stagnate in the area on top of
the tube. In the case of falling spheres, this suggests bulk solids to stag-
nate below the spheres, thus, not contributing to the shear stress. How-
ever, as the bulk solids are fluidized and can rearrange freely, the effect
of stagnant bulk solids is believed to be minor in a fluidized bed. Rees
et al. [31] found the presence of a so-called “defluidized hood” above ris-
ing and falling spheres, a regionwith stagnant bulk solids, whichmoves
with the particle. In a later work, the authors found that for falling
tracers the upwards moving hood detaches from the particle, which
suggests its influence on the shear stress to be neglectable.

The effective viscosity is defined as the ratio between the shear
stress, τ and the shear rate, γ

:
, over the surface area of the object.

τ ¼ μeff γ
:
: ð8Þ
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Fig. 1. Flow curves of different time independent fluids.
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Fig. 1 visualizes Eq. (8) for different rheologicalmedia andmakes ev-
ident that for Newtonian fluids the viscosity is a constant, independent
of the shear rate, while non-Newtonian fluids may exhibit a viscosity
changing with shear rate. Another difference may be the existence of a
so-called yield stress, τ0, whichmust be exceeded for thefluid to deform
or flow. Thus, although not strictly following the definition of a fluid,
these materials behave like viscous fluids once the shear stress over-
comes the yield stress, with flow curves being linear (Bingham plastic)
or nonlinear (general viscoplastic).

There are rheological models to describe the different kinds of non-
Newtonian fluids displayed in Fig. 1, such as the commonly used power-
law model, the Bingham plastic model or the Casson model. Yet, the
Herschel-Bulkley model [32] provides a flexible way to describe the dif-
ferent types of time-independent non-Newtonian fluids with a more
general equation [33] and was shown to work well for the prediction
of the rheology of particle suspensions [34]. The shear stress may then
be modelled as

τ ¼ τH0 þ k _γn τ > τH0
_γ ¼ 0 τ < τH0

ð9Þ

where n is the flow-index and k is the consistency index. The viscosity is
then formulated as

μ ¼ τH0 ⋅γ
:
−1þ k⋅γ

:
n−1 τ>τH0

μ ¼ ∞ τ<τH0
ð10Þ

For n < 1 the fluid exhibits a shear-thinning behavior
(pseudoplastic), whereas for n > 1 the fluid is shear-thickening (dilat-
ant). For n = 1 and τ0 = 0 the fluid is Newtonian.

Note, the Herschel-Bulkley yield stress, τ0H is not the true yield
stress of the fluid, it is instead found by fitting the model to experimen-
tal data and extrapolating to zero shear rate. A granular system typically
exhibits a non-Newtonian behavior, as shown by the work of Bagnold
[35] or more recently by kinetic theory [23,36].

3. Method

3.1. Experimental setup

Falling-sphere-type experiments were conducted in a fluidized bed
at umf (considered homogeneous) at atmospheric pressure, doted with
a high resolution tracking technique [24] to resolve the trajectory of
the tracers used. Experiments were carried out in a cylindrical unit
with an inner diameter of 0.074 m, in which spherical glass beads
Fig. 2. Photo of the setup.



Table 1
Parameters of the fluidized bed used in the experiments.

Parameter Unit

Bed diameter, Db m 0.074
Bed material density, ρs kg/m3 2600
Bed material size, ds μm 212–250
Bed height, Lmf m 0.17
Minimum fluid. velocity, umf m/s 0.048
Emulsion density, ρmf kg/m3 1589

Table 2
Tracers.

Name Size [mm] Weight [g] Rel. density [kg/m3]

5−1 5.0 0.49 −5898
8−1 8.0 2.03 −5984
10−1 10.0 4.03 −6108
10−4 10.0 2.32 −2842
10−5 10.0 1.60 −1467
20−1 20.0 32.05 −6063
20−2 20.5 28.89 −4816
20−3 20.0 20.34 −3267
20−4 20.0 17.47 −2582
20−5 20.0 13.37 −1603
20+8 20.0 1.15 +1314
20+9 20.0 1.66 +1193
20+10 20.0 3.3 +800
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with a narrow size range of 212 to 250 μm and a solids density of 2600
kg/m3 were fluidized with ambient air. The mass of the bed was about
1.1 kg, resulting in a static bed height of 0.16 m. Fig. 2 shows a photo
of the rig setup. Note that the setup ismade of polymethylmethacrylate
(PMMA), which is known to cause electrostatic charges when fluidized
with glass beads. However, as fluidizationwasmainly kept atminimum
fluidization velocity, these effectswere hardly observed andno counter-
measures to ground the systemwere undertaken. To facilitate a smooth
fluidization the gas passes through a high-pressure drop porous distrib-
utor plate before entering the bed. In this setup a minimum fluidization
velocity of 0.048 m/s was obtained by observing the pressure signal
with alternate sweeps of increasing and decreasingfluidization velocity.
The key parameters that describe the fluidization system are summa-
rized in Table 1.

Spherical tracers with four different diameters (5, 8, 10 and 20mm)
and with different densities (from negatively buoyant 5900 kg/m3 to
positively buoyant 800 kg/m3) were used, see Table 2. The tracers con-
sist of a commercial spherical NdFeB-based magnet with diameters
ranging within 5–20 mm, which is either used directly or encapsulated
in a plastic shield and filled with different non-magnetic materials to
achieve the desired tracer density. Note, the density given in the table
is the buoyant, i.e. the relative density of the tracer to the bed material.
The bed used has an emulsion density of 1590 kg/m3 atminimum fluid-
ization. The tracers 20+8, 20+9 and 20+10, which have densities lower
than the emulsion density are released from the bottom of the bed,
fromwhere they exhibit a rising trajectory. All other tracers are released
from the bed surface, from where they sink into the bed and are there-
fore indicated with minus in Table 2.

A magnetic particle tracking system was use to follow the spheres
immersed in the bed. A detailed description of the tracking principle
and the configuration of themeasurement system can be found in a pre-
vious work by the authors [24]. Only the improvements done on the
system used for this work are shortly discussed here. The setup is
equipped with five sensor assemblies consisting each of three aniso-
tropic magneto resistance (AMR) sensors, which are placed around
the bed (as seen in Fig. 2). By affecting the electrical resistance in the
sensor element with the magnetic field of the tracer, the distance of
the latter to each sensor can be calculated. By removing the external
magnetic field, the sensor returns to its default magnetisation
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orientation. However, if the field is too strong the sensor becomes satu-
rated and has to be reset by two electric pulses (S/R) that temporarily
disable the sensor. While performed synchronously this procedure lim-
ited the sampling rate to 20 Hz. In the new system the sampling fre-
quency of the tracking system has been enhanced by alternating the
S/R pulses sent to one sensor at the time. With five sensors in place,
there are always four elements measuring at the time, resulting in a
maximum sampling frequency of 1.25 MHz/(3N), where N is the num-
ber of sensor elements. Themeasurement data is filtered with amedian
filter yielding a final sample rate of 5 ms, which has been shown to pre-
serve the core information in the trajectory and its time derivatives [24].

3.2. Experimental procedure

Themeasurements for each falling tracer are conducted according to
the following procedure:

1. The bed is fluidized for at least 60 s at gas velocity of 0.085m/s (bub-
bling conditions).

2. The fluidization is slowly reduced and set to 0.048 m/s (bubble free
conditions, umf).

3. The tracer is released from the middle of the bed just above the bed
surface.

For the rising tracer the procedure is slightly different:

1. The bed is fluidized for at least 60 s at 0.085 m/s (bubbling
conditions).

2. The tracer is pushed down into bed and placed at the bottom with
help of a thin thread.

3. The fluidization is set to 0.048m/s and the air flow is closed with the
main valve for 2 s to remove the thread.

4. The data acquisition is started and the fluidization is started by open-
ing the main valve.

For each tracer the corresponding procedure is repeated ten times in
order to ensure statistical robustness.

3.3. Data processing

The tracer trajectories obtained by the reconstruction algorithm are
filtered using a moving average filter (windowwidth of 8 points, i.e. 40
ms, for three times) to smooth the trajectories. In this way the non-
physical local peaks of the acceleration values related to the detection
system are removed. From the filtered trajectory data, velocity and ac-
celeration data are obtained through time differentiation. Runs showing
unstable trajectories (due to presence of bubbles, for instance) are
discarded and not included in the data analysis reported in the results
section.

According to the trajectory of the tracer inside the bed, the experi-
ments can be classified in three groups: 1) the tracer falls all the way
to the bottom, 2) the tracer falls but stagnates inside the bed or 3) the
tracer rises from the bottom to the surface of the bed. Fig. 3 shows rep-
resentative velocity profiles for these three cases which also exemplify
the good repeatability. In the figure, the vertical location of the tracer
(x-axis) is referred to a given reference location (close to the bottom
distributor, the stagnation height, or the starting point for cases 1, 2
and 3, respectively).

For the falling cases, trajectories are evaluated fromwhen the tracer
is fully immersed in the bed, which corresponds to the moment it has
reached its maximum velocity and starts to decelerate as the drag of
the bed is dominating the motion of the tracer. For falling tracers
reaching the bottom of the bed, trajectory data for locations too close
to the bed bottom (<25mm) is discarded in order to disregard the bot-
tom wall effect.

Note that for the case of stagnating falling tracers, although the
tracer velocities when entering the bed are slightly different and the
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tracers stagnate at different bed heights for each repetition, all curves
follow a similar trajectory.

From Fig. 3 it can be seen that none of the tracers reaches a steady -
terminal - velocity, instead they accelerate and/or decelerate while
interacting with the bed.

After obtaining the velocity profiles, the comparison of the forces
given in Eq. (4) is investigated to validate that the resistance of the flu-
idized bed against the heaviest tracer (20−1) was large enough to be
met by the measurement accuracy and frequency. The transient of the
drag force obtained was at any point well-resolved, with a maximum
of 0.405 N at a shear rate of 28.17 1/s, corresponding to a temporal res-
olution of 0.045 s (compared to themeasurement resolution of 1/200=
0.005 s).

For evaluation of the shear stress, the characteristic shear rate, urelDp
, as

suggested by Chhabra [33], is used. The velocity is here the relative ve-
locity between the falling (or rising) tracer and the emulsion flow (cf.
Eq. (2)).
4. Results and discussions

4.1. General observations of the shear stress

Fig. 4 shows the shear stress, τ, over the characteristic shear rate, urelDp
,
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from the velocity data and by applying Eq. (7). Note, the timemarching
starts from the right-hand side of the figure and ends at zero shear rate.
The shear stress of the tracer shows a clear offset at zero shear rate,
which indicates a distinct yield stress, τ0. The stress has a relatively
low dependence on the shear rate, but some trends can be observed.
Starting from the yield stress at zero stress rate, the shear stress first in-
creases non-linearly with shear rate, indicating a viscoplastic behavior.
At higher slip velocities, which occur at the beginning of the trajectory
of falling tracers, the stress first declines with stress rate and then even-
tually fluctuates around the same level as the yield stress, i.e. some in-
stabilities can be observed.

All falling tracers show this qualitative pattern,with the quantitative
influence of the tracer properties on the rheological behavior of the bed
being studied hereafter. As the pattern explained above is not seen for
the rising tracers, they are treated in a separate section.

Fig. 5 shows the shear stress, τ, over the shear rate, urelDp
for a) 20 mm

tracerswith varying density, b) 10mmtracerswith varying density, and
c) tracers with a relative density around 6000 kg/m3 but varying size.

In Fig. 5a and b the yield stress increaseswith relative density, i.e. the
density difference between the tracer and the bed emulsion. The varia-
tions of the shear stress with shear rate are stronger for tracers with
higher density. Still, for all densities the contribution of the yield stress
to the shear stress is higher than the contribution related to the shear
rate. Since the heaviest tracer 20−1 rapidly reached the bottom of the
bed, only the fluctuating part of its trajectory is displayed.
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Fig. 5. Shear stress, τ, vs. shear rate, urel
Dp
. a) Shear stress of 20 mm tracers with different tracer densities. b) Shear stress of 10 mm tracers with different tracer densities. c) Shear stress of

tracers with relative density around 6000 kg/m3 and different tracer diameters.
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When considering the effect of the tracer size, from comparing
Fig. 5a and b and Fig. 5c it can be seen that both the yield stress and
the contribution from the stress rate to the shear stress increase with
tracer diameter. A larger diameter also causes the onset of the stress
to decline and a fluctuating behavior at lower values of the shear rate.
Larger tracers, entering the bed at higher Reynolds numbers, cause a
stronger disturbance of the bed, which affects the local solid concentra-
tion of the latter, an results in stronger variations of the shear stress.

It should be noted, that for a given shear rate the shear stresses and
yield stresses vary depending on relative density and size, which can be
understood when studying Eq. (7). For a shear rate, i.e. tracer velocity,
approaching stagnation the force balance (and thus the yield stress) re-
duces to the net gravitational term, which is therefore solely dependent
on the relative density and size of the tracers and not on operational
conditions. The correlation will be further discussed in Section 4.2.

At low shear rates, as the falling tracers have been decelerated by the
bed emulsion and the intruders disturbance has been depleted, the
shear stress exhibits viscoplastic behavior. The smaller the tracer, the
less disturbance is caused in the bed, resulting in the viscoplastic region
to cover awider range of shear rates. For increasing shear rates the rela-
tionship is less clear: the shear stress decreases after reaching a maxi-
mum and fluctuates around the yield stress - trajectory data has
shown that this corresponds to locations close to where the tracers
have entered the bed. When intruding into the bed the tracer impacts
the fluidized bed solids, the solids concentration increases locally, the
bed is locally defluidized and bubbles may be released upon immersion
of the tracer. Kolb et al. [37] discussed this influence of intruders on the
local bed concentration and reported that for vertical intrusion through
a solids bed a compacted area in front of the intruder and a cavity
formed behind it. Thus, to only study the trajectory of a moving object
in a homogeneous medium is not sufficient to explain the observed be-
havior. A vast number of authors have studied intruders entering water
[38–41] and granular flows [37,42–45] and discussed the various phe-
nomena occurring before themotion reaches stable conditions. Truscott
et al. [39] discuss the importance of unsteady hydrodynamic forces on
spheres during water entry, which are dominating for mass ratios m ∗

= ρp/ρem < 8. If applying this relation to the tracers and suspension
used in this work, m* takes values between 2 and 5. The instabilities
of the acceleration during impact and intrusion observed for the falling
tracers in this work are similar to those reported by Goldman and
Umbanhowar [43], who underlined the complex dynamics of intruders
impacting granular media and also observed similar effects of the im-
pact velocity, diameter and density of the spheres on the collision
dynamics.

These effects on and from the local bed structure, as studied by the
named literature, are difficult to assess from the data collected in the
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present work. However, complementary experiments using a higher
bed and precise diagnostics of the local solids concentration by resolved
capacitance or X-ray techniques could help revealing the details of the
phenomena present in the entrance zone and the confirmation of local
concentration fluctuations at the tracer entrance.

4.2. The yield gravity parameter

The dependency of the shear stress on theproperties of the tracers as
observed in Fig. 5a, b and c can be partly explained by the concept of a
dimensionless group called the yield gravity parameter (see e.g. [33]).
The yield gravity parameter is defined as the ratio of the forces due to
yield stress and due to gravity

Y0 ¼ τ0
gDp ρem−ρp

� � : ð11Þ

The yield gravity parameter is typically used to discuss the static
equilibriumof spherical objects in viscoplastic liquids as done by several
authors [46–50], i.e. whether a sphere would move in an still
viscoplastic. Although they evaluate the number for creeping flow
with very slow and constant velocities, the relation becomes visible
when studying Eq. (7).

Hence, for a steady velocity the right-hand-side reduces to the first
term, which is based on the buoyancy of the tracer and is independent
of the tracer motion. From this, the link to the definition of yield gravity
parameter given by Eq. (11) above is made clear, and a normalized
shear stress can be defined as

Y ¼ τ

gDp ρem−ρp

� � : ð12Þ

Fig. 6 plots, as a function of the shear rate, the normalized shear
stress, defined in line with the concept of yield gravity, i.e. divided by
the relative density, the diameter of each tracer and the gravitational ac-
celeration. This results, as seen in Fig. 6, in normalized stress curves
starting all in the same point for a zero stress rate, which for the falling
and stagnating tracers in this work represents the static equilibrium of
Y0 = 0.167.

Using the concept of yield gravity, the shear stress data, obtained for
all the falling tracers used in this work, can be generally described by
fitting the Herschel-Bulkley model as presented in Eqs. (9) and (10) to
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Table 3
Fitting result of falling tracers for 0< urel

Dp
<5s−1.

Parameter Unit

Yield gravity parameter, Y0 – 0.167
Consistency index, k0 s−1 0.032
Flow index, n0 – 0.501
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Y ¼ 0:167þ 0:032
urel

Dp

� �0:501

ð13Þ

within the shear rate interval of 0< urel
Dp

<5s−1. The fitting parameters are
summarized in Table 3 revealing a consistency index of k0 = 0.033s−1

and a flow index of n0 = 0.486. Fig. 7a shows the resulting fit and visu-
alizes the viscoplastic behavior of the bed emulsion for the region of
0< urel

Dp
<5s−1.With the obtained values a corresponding effective viscos-

ity (normalized by gravity effects) can be calculated as plotted in Fig. 7b
together with the measurement data.

Chhabra (2007) [33] discusses the various values of Y0 in literature
ranging from 0.04 − 0.08 for one group of measurements performed
in liquids and ranging from 0.10− 0.20 for measurements approaching
the yield point from above, as it is done in this work and for which Y0=
0.167 seems to agree reasonably well.

4.3. Rising tracers

In contrast to the falling tracers, the shear stress of the rising tracers
fluctuate around the yield stress, τ0, with a rather constant low acceler-
ation, i.e. although the rheological experience seems to be different the
static equilibrium as characteristic for viscoplastics can be still be ob-
served, Fig. 8a. The bed concentration seems to be effected less or the
changes in the concentration have little influence on the rising move-
ment of the tracers.

The different hydrodynamics of falling and rising objects observed in
thiswork are in linewith the experimental observations summarized by
Chhabra [33] with spheres in pseudoplastic fluids. Note, pseudoplastic
or shear-thinning fluids have similar flow numbers (n < 1) as
viscoplastics, but exhibit no yield stress, cf. Fig. 1. Although there is no
theoretical explanation, the authors attribute the difference in motion
to an imbalance of the non-vertical forces on the spherical object,
which arise from wake shedding behind the object. Chhabra found the
hydrodynamics to differ in terms of drag-coefficient-Reynolds number
relation, and the spiral motion clearly observed from the trajectories
of rising tracers in this work was also reported by Chhabra. As observed
in Fig. 8a, the shear-thinning behavior disappears and instead, the
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tracers are fluctuating around a constant yield stresses, which is also
in line with the lack of shear-thinning behavior observed by Chhabra
for creeping flows.

The normalized shear stress for rising tracers is plotted in Fig. 8b, re-
vealing curves slightly fluctuating around the value of the yield gravity
parameter obtained from the graph as Y0 = 0.167, as expected from
Eq. (7).

4.4. Influence of the gas drag

The contribution of the gas drag can investigated by studying the
motion of the rising tracers, which experience much lower forces than
the falling tracers. The drag of the gas on the tracer particle can be esti-
mated with Eq. (6) by using the drag coefficient of the gas, CDg, the rel-

ative velocity of the gas to the tracer, u0
εmf

−uz

� �
, and the effective gas

density, (εmfρg), with the voidage, εmf, obtained from Eq. (3). The aver-
age and standard deviation of each force acting on the tracer for each
run is calculated and/or extracted from trajectory data and given by
Table 4, which displays the averages for the 10 runs with each tracer.
As seen, the buoyancy and drag forces exerted by the bed emulsion
are dominating and balancing each other, while the added mass and
gas drag forces are two and four orders of magnitude smaller, respec-
tively. This confirms the gas drag can be neglected.

5. Conclusion

This work presents experimental work on falling and rising solid
spheres in a gas-solids fluidized bed at minimum fluidization, using
unique highly resolved tracer trajectories obtained bymagnetic particle
tracking.

The trajectories show clearly that no terminal velocity (either rising
or falling) is reached for any of the tracers, while moving through the
16-cm tall bed. Instead, the tracers show vigorous interaction with the
bed emulsion, resulting in a fluctuating acceleration behavior. For all
tracers tested, the yield stress is larger than the contribution of the
shear stress within the window of shear stress rate tested here
(urel
Dp

<75s−1). It can be seen that stress fluctuations increase with tracer

size and relative density, and so does the yield stress.
For falling tracers, at the region close to the entrance of the tracer

into the bed, the shear stress is highly affected by the impacting tracer
disturbing the bed; local defluidization and bubble release may occur,
possibly resulting in local changes of the solids concentration. Except
for the heaviest tracer, the falling tracers get decelerated and stagnate
before reaching the bottom plate. This behavior is similar for all falling
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Table 4
Forces acting on rising tracers.

Tracer 20+8 20+9 20+10

Buoyancy, FB [N] Avg 0.0486 0.0490 0.0329
Std 0.0 0.0 0.0

Emulsion drag, FD, em [N] Avg 0.0482 0.0488 0.0329
Std 0.0010 0.0011 0.30e-04

Added mass, Fadd [N] Avg 3.04e-04 1.57e-04 0.08e-04
Std 7.46e-04 7.01e-04 0.15e-04

Gas drag, FD, g [N] Avg 0.01e-04 0.02e-04 0.01e-04
Std 0.04e-04 0.04e-04 0.00e-04
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tracers and reveals a viscoplastic behavior at low shear rates before
reaching static equilibrium. Bynormalizing the shear stresswith the rel-
ative density, the diameter of each tracer and the gravitational acceler-
ation, this behavior could be described. The date fits well the Herschel-
Bulkley model, reading

Y ¼ τ

gDp ρem−ρp

� � ¼ 0:167þ 0:032
urel

Dp

� �0:501

in the shear rate interval of 0< urel
Dp

<5s−1.
For the rising tracers, the shear stress shows little dependency on the

shear rate over the stress rate investigated (urelDp
<10s−1) and thus can be

approached with the yield stress.
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Studying the influence of the gas drag on the tracers showed that the
gas drag is estimated to have a negligible effect on the tracers motion.
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