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Abstract

A combination of PFG–NMR imaging and velocity encoding methods was applied to investigate the dynamic behavior of a bed of
poppy seeds subjected to air flow, representing a model setup for fluidized bed reactors. The particle motion is described both from a
statistical point of view, by determining propagators and dispersion coefficients representing an average over the whole bed volume,
as well as combined with spatial resolution by generating velocity maps. Velocity images of different horizontal slices in the bed confirm
the notion of a toroidal particle flow pattern inside the shallow granular bed. Despite the need of considerable averaging due to the ran-
dom motion of the relatively few particles in the bed, quantitative velocity images and statistical information about the random particle
motion can be obtained from monitoring the fluid component in the seeds by conventional spin-echo techniques.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

1.1. Granular media

Granular materials constitute a class of systems of wide-
spread interest. They appear in a huge range of production
processes and are also important in conjunction with natu-
ral phenomena like sedimentation and avalanches. Consid-
ering the analogy between molecules and macroscopic
particles, they bear a certain similarity to real fluids but
their collective behavior cannot be described in terms of
Brownian motion [1].

Granular media, in general, are often understood as sets
of particles of sufficient size so that thermal fluctuations
become of negligible importance. In comparison to mole-
cules, the interactions are different because of the role of
energy dissipation due to collisions. In the case of granular
media, inelastic impacts and friction result in an energy loss
unlike in fluids. For an overview about the properties and
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the physical background of granular media, we refer the
reader to standard textbooks [1,2]. One straightforward
approach has been to classify granular materials in terms
of size, which is followed by Brown and Richards [3]. In
their classification, broken solids, granular solids, and dif-
ferent types of powders are distinguished. The classification
system developed by Geldart [4] focuses on the dynamic
behavior and relates to the special situation of fluidized sys-
tems (see following section).

Experimental techniques that have been used for inves-
tigating granular media predominantly rely on optical
methods, despite the fact that the systems of interest are
frequently opaque and only the outer region of the granu-
lar bed becomes directly accessible. Other radiation-based
techniques (infra-red light, X-rays, and c-rays) were
applied to avoid this problem, but also electrical methods
such as the measurement of capacitance, conductance or
impedance, and methods based on mechanical properties
such as ultrasound, absolute pressure, or differential pres-
sure were applied (see [2,5]).

Magnetic Resonance Imaging methods were applied to
granular media in various contexts like mixing, segrega-
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Fig. 1. States of a fluidized bed, according to [41,42]: (A) fixed phase; (B)
homogeneous fluidized phase; (C) bubbling phase; and (D) slugging phase.
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tion, and flow phenomena. Miscellaneous systems and
geometries are under study: segregation and flow of granu-
lar media in rotating cylinders were investigated by several
researchers [6–10], whereas Yamane et al. [8] compared the
results of the MRI measurements with discrete element
method simulations. Mueth studied particle dynamics in
a 3D Couette cell [11], while Porion et al. [12] measured
the mixing process in a 3D blender by MRI. The conditions
of vibrofluidized beds were investigated by several groups
[13–20]. For a complete survey on MRI on granular mate-
rials, the reader is referred to [21,22].

1.2. Fluidized beds

Among the different possibilities to induce motion in
granular systems, fluidization processes are a particularly
important class of procedures that see widespread applica-
tions in the technical and chemical engineering industry
[23]. Probably the most relevant realization is found in flu-
idized bed reactors which are being used in, for instance,
coal combustion, drying, heat exchange or catalytic reac-
tions that depend on good contact between the gas phase
and the catalytic sites as well as easy replacement of the cat-
alyst carrier. The fluidized bed reactor was developed as a
coal combustion process in 1922 by Winkler at BASF
(DRP 437 970). In general, a fluidized bed describes the real-
ization of aerating a solid packing via a gas (or liquid)
stream against gravitational forces. More than 500 patents
were applied considering fluidized beds in a period of 10
years (1946–1956) [24] because of its straightforward evolu-
tion in many industrial processes. The different behavior of
particles subjected to the streaming continuous phase has
led Geldart to establish a classification scheme of granular
media based on their dynamic behavior. His scheme of four
groups (A–D) considers, apart from the fluidization ability,
the size or bulk density of the particles, the expansion of the
packing, the gas velocity in between the packing, and the
velocity of the rising gas bubbles. Because of the wide diver-
sity of phenomena found in this two-phase system of solids
and gas, and the mutual dependence of the motions of both
phases, experimental techniques have been used, that access
either of the two phases and deduce information about the
complementary one, an approach outlined in [25]. Early
investigations of gas-fluidized beds include Werther�s elec-
trical techniques with the aim to obtain insight into the fluid
mechanics and the growth and size distribution of bubbles
rising inside the fluidized bed [26,27]. Also optical methods
on 2D models of the fluidized bed were employed [28].
Much more recently, Valverde et al. [29] used ultrasonic
techniques to study the effect of particle size and interparti-
cle force, and they studied diffusive processes of small parti-
cles from a statistical point of view [30]. Measurements
using diffusing-wave spectroscopy were performed by
Menon and Durian [31] to study particle motion inside flu-
idized beds. At the same time, experimental results were
supported by numerical simulations that focused on differ-
ent aspects of the behavior of such a particle system [32–35].
The potential of MRI to visualize velocity patterns
inside gas-fluidized beds directly has, however, not yet been
exploited, contrary to the works on vibrofluidized beds
mentioned above [13–20]. Just like in any investigation of
granular media by NMR methods, the possibilities to
extract spatial information about the particles is compro-
mised by the need to have a signal of sufficient lifetime to
allow imaging or the encoding of motional parameters.
Fennell et al. [36] have circumvented the problem by fast
imaging of the mixing process of NMR-visible and -invisi-
ble solids in gas-fluidized packings. Exchange and velocity
distributions in the gas phase have been the subject of the
studies of Wang et al. [37], who used 129Xe NMR of
xenon-containing gas stream in a fluidized bed. In [38]
bed densities and velocity distributions of fluidized parti-
cles were obtained in a model reactor geometry, but the
direct visualization of motion patterns by combination
with MRI has not been reported yet.

This work aims at measuring and visualizing the particle
motion in a shallow, narrow-bore gas-fluidized granular
bed. In dependence of the gas flow rate, the ideal bed can
be found in any of four different stages that are used to
characterize the dynamic state of a granular bed; for small
flow rates, the system is in the fixed phase, where the par-
ticles rest on the bottom (Fig. 1A). If the flow rate is
increased above a critical value, the particles begin to move
and reach the homogeneous fluidized phase, which is char-
acterized by a slight decrease in density and a mobile sur-
face that resembles liquid-like behavior. With further
increase of the flow rate, the so-called bubbling phase is
observed, where gas bubbles travel upward through the
medium, carrying solid particles with them; the bubbles
are not fully reproducible, and the local density and motion
in the system can only be defined in a time-averaged fash-
ion (Fig. 1C). Werther [26,27] observed the motion of par-
ticles and bubbles also in dependence of the diameter of the
reactor, which is an important issue for scale-up towards
industrial applications, where diameters of several meters
are not uncommon. His findings were that smaller reactors
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with diameters below 200 mm and those with a large height
to diameter ratio [27] are affected by the undesired slugging
phase; for bubbles above a certain size, coalescence can
lead to the formation of a slugging phase, where gas vol-
umes with a diameter equal to that of the column are mov-
ing upwards, hereby transporting particles out of the
column (see Fig. 1D). In this context Werther presented a
scheme of the movement of both bubbles and particles
for smaller bed widths (Fig. 2A). Whereas the bubbles rise
from the bottom and disappear while leaving the bed (non-
vanishing net transport of gas through the bed), the parti-
cles are first transported upward with the gas phase but
then fall, like in a spout, to the inner wall and move down-
wards to the ground, where the cycle starts again (vanish-
ing net transport of solids). The pattern of particle
motion is drawn in a simplified manner in Fig. 2B. In
Fig. 2C, the coordinate frame for the following NMR
experiments is drawn. Despite the fact that a single circula-
tion cell is commonly described in the literature, multiple
cells have actually been reported [39,40] so that a verifica-
tion of the pattern shown in Figs. 2A and B is indeed
desirable.

The materials which were investigated in this paper
belong to Geldart group D. This group is defined by rela-
tively large and heavy particles, and the velocity of the
gas streaming through the packed particles is higher than
the velocity of the rising gas bubbles [4]. The homogeneous
fluidized state (Fig. 1B) is relatively difficult to realize with
particles of the Geldart group D, a fact that has been
reported earlier [4,42,44]. Rather than discussing the
homogeneous phase, this work concentrates on a qualita-
tive understanding of the flow patterns in the bubbling
A

B

Fig. 2. (A) Particle circulation in fluidized beds [27,43]; (B) sim
phase, which is also of much higher technical importance.
Fluidized beds with small height to diameter ratios are
defined by the appearance of typically more than one ‘‘cir-
culation cell’’ [27], in case of large bed diameters and, in
comparison, small particle size. The system under study
does have a small height to diameter ratio but rather large
particles which also affects the fluidization behaviour. In
the presented case, one would therefore expect a single cir-
culation cell. The purpose of this work is to demonstrate
the feasibility and limitations of particle velocity measure-
ments by PFG–NMR, and to compare the experimental
results with these qualitative model descriptions.

2. Theoretical background

The propagator [45] describes the probability density of
displacements, and therefore also of velocities (velocity dis-
tribution). It is obtained by conventional PGSE (Pulsed
Gradient Spin Echo) experiments [46]. The sequence used
in this work consists of a basic stimulated-echo experiment
with an additional pair of bipolar gradients after the first
and the third 90� pulses. The two gradient pulses have
duration d and separation D, where D is equivalent to the
velocity encoding time. The detected signal after q-space
encoding has the form S (q,D):

S q;Dð Þ ¼
Z Z

q rð ÞP r r0;Dj Þ exp i2pq r� r0ð Þf gdr0 dr;ð ð1Þ

which, by replacing r 0 = r + R, can be written as:

S q;Dð Þ ¼
Z

P R;Dð Þ exp i2pq � Rð ÞdR. ð2Þ
C

plified model; and (C) definition of the coordinate frame.
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Here, R is the displacement during the interval D. The
propagator P R; tð Þ describes the average probability for
every particle of accumulating a displacement R during
the interval t [42], averaged over the starting position r:

P R; tð Þ ¼
Z

P r rþ R; tj Þq rð Þdr;ð ð3Þ

where P (rjr + R, t) is the conditional probability of finding
a displacement R given that the initial position has been r.
In case of free self-diffusion, the term P (rjr + R, t) is inde-
pendent of the initial position of the spins and the average
propagator is the same for all spins. One can then write
[47]:

P ðR; tÞ ¼ ð4p � DtÞ�
3
2 exp � R2

4Dt

� �
; ð4Þ

where D denotes the self-diffusion coefficient. In the more
general case of dispersive motion where an average, non-
zero average velocity �v is present, one obtains:

P ðR; tÞ ¼ ð4p � Deff tÞ�
3
2 exp �ðR� �vtÞ2

4Deff t

 !
. ð5Þ

The diffusion coefficient is now replaced by the dispersion
coefficient, Deff. In real granular systems, neither of the two
conditions—Gaussian statistics nor freemotion—is fulfilled.
For instance, the model by Werther suggests that velocity
distributions need to be dependent on the position inside
the bed, and hence the initial position, so that the propagator
indeed represents an average taken over particles of different
properties. In case of non-Gaussian propagators, the disper-
sion coefficient can still be obtained from the initial decay of
the q-space data according to [7]:

DðDÞ � �ð4p2DÞ�1 lim
q!0

o ln jSðq;DÞj
oq2

. ð6Þ

In this study, one-dimensional propagators were mea-
sured either parallel or perpendicular to the axis of gravity.
Dispersion coefficients in both directions were derived
using Eq. (6).

To generate velocity encoded images, a simple slice-se-
lective 2D-imaging sequence with an additional pair of gra-
dients was employed. The sequence is shown in Fig. 3,
Fig. 3. Two-dimensional velocity encoding imaging sequence, based on a
90�–180�–180� spin-echo-pulse sequence.
where the velocity encoding gradient pair (shown along
the slice dimension) can be applied in any of the three spa-
tial directions.

The velocity information is encoded by a standard bipo-
lar gradient pulse pair of pulse duration d and time separa-
tion D. It is obtained by analyzing the phase information u
of the complex NMR signal S, Eq. (7).

S ¼ S0 � eiu ¼ S0 cosuþ i sinuð Þ;

u ¼ arctan
Im Sð Þ
Re Sð Þ

� �
. ð7Þ

Because u is obtained through the inverse of tan u, u is
defined between �p and p, and the values of the pulsed gra-
dients have been chosen appropriately to keep the phase
angle between these limits. The final images were obtained
from two datasets acquired with different values of the
velocity encoding gradient, by taking the difference
between phases in each pixel, so that spurious phase effects
were cancelled out. For generating vector plots, the same
procedure has been repeated with velocity gradients being
applied in either of two orthogonal directions within a sin-
gle experiment.

3. Experimental setup

The granular medium under study is a bed of poppy
seeds. Following the classification of Duran it is a granular
solid, according to Geldart it belongs to group D (see Sec-
tion 1). The medium was characterized by a sieve analysis,
which results in the average particle diameter dp of 880 lm
after generating a grading curve. The bulk density qb was
determined as 663.0 g/L. The 1H relaxation times of the
oil inside the seeds, necessary to determine the possible
range of encoding and repetition times, were measured as
T1 = 288 ms and T2 = 85 ms, respectively, at a Larmor fre-
quency of 200 MHz. The granular medium was filled onto
a porous glass frit glued inside a circular glass vessel. The
vessel had a length of 100 cm and an inner diameter of
44 mm. To ensure a homogeneous gas flow, the distance
from the gas supply to the porous glass plate was
355 mm. Dried air was used as the fluidization gas. The
inner diameter of 44 mm was chosen to realize a large cross
section to minimize edge effects of particle-wall collisions
[26,27,48]. The length of the glass tube avoids particle dis-
charge from the bed.

The measurements were conducted on a BRUKER
DSX200 spectrometer controlling a 4.7 T super wide bore
magnet. The imaging system was a mini0.36-gradient-sys-
tem equipped with a 1H 50 mm birdcage resonator.

Propagators (see previous chapter) were measured for
three different gas stream rates (30, 60, and 110 hPa). The
rates were detected by a pressure difference device, with
sensors being located in the gas feed pipe. All measure-
ments were done in the bubbling phase on an �2 cm high
poppy seed bed. The velocity encoding gradient was varied
in 128 steps between �1.132 and +1.132 G/mm. The
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Fig. 5. Propagators in z-direction (vertical) for different air flow rates,
measured on a fluidized poppy seed bed. (Top) full propagator; (bottom)
magnification for highlighting the particle fraction with large velocities.
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encoding time D was 14.5 ms, the duration of the gradient
pulses 1 ms, and the number of signal accumulations 160.

For the velocity images and the vector plots, a 5 mm
slice of the poppy seed bed was excited either in the upper
or the lower part of the bed. 128 · 128 points in each direc-
tion and 40 signal averages were acquired. The duration d
of the velocity encoding gradient was 1 ms, and the encod-
ing time between the bipolar gradient lobes, D, was 4.2 ms,
the maximal gradient strength being 0.025 G/mm. The
velocity range of the measurement, the so-called field of
flow, was 285.6 mm/s. The imaging experiments were car-
ried out at 70 hPa. The velocity images obtained were noise
reduced at the edges and smoothed with a two-point-aver-
aging filter. The data were processed with PV-Wave soft-
ware, version 8.0 (Visual Numerics, 2003).

4. Results and discussion

4.1. Propagators

The velocity distributions averaged over the whole
height of the poppy seed bed are shown in Figs. 4 and 5.
The first diagram (Fig. 4) shows the dependence of the
velocity distribution on gas stream rate in x-direction,
i.e., perpendicular to the flow direction of the gas. The sec-
ond plot (Fig. 5) shows the dependence in z-direction, i.e.,
in the direction of the gas stream.

The curves in both diagrams are normalized to unit area
so that the probability densities are directly comparable.
The bottom part of the probability densities is magnified
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Fig. 4. Propagators in x-direction (horizontal) for different air flow rates,
measured on a fluidized poppy seed bed. (Top) full propagator; (bottom)
magnification for highlighting the particle fraction with large velocities.
as the propagators are dominated by a large peak near zero
displacement in all cases. This is in agreement with the
visual impression that only a small fraction of the seeds
experience significant motion at any time, while the largest
part remains mostly static. By increasing the encoding time
D, the central peak is reduced in intensity (data not shown).
The data of Figs. 4 and 5 correspond to the shortest possi-
ble value of D of 14.5 ms. Although the maximum displace-
ment occurring in the system along x, for instance, is less
than one particle diameter for this encoding time, it is still
probable that considerable velocity averaging has taken
place due to multiple particle collisions during D.

For reasons of mass conservation (seeds are not leaving
the sensitive volume of the resonator), the average velocity
must be vanishing. The mean values of displacements
(determined from the first moment of the velocity distribu-
tion) are slightly shifted towards positive numbers for the
measurements along z, but the average values are within
the digital resolution of the experiment. A systematic devi-
ation cannot be excluded completely, but is negligible as far
as the qualitative discussion of the results is concerned.
Propagators along x show random positive or negative bias
of much below the digital resolution.

While the propagators in directions perpendicular to the
air flow (x) remain approximately symmetric as one would
expect from the lack of any horizontal driving force in the
vertically oriented glass cylinder, a pronounced asymmetry
appears for the vertical (z) motion. Despite the subjective



Fig. 6. Signal decay S(g) for the same fluidized poppy seed bed at an air
pressure drop of 100 hPa, obtained by a one-dimensional PFG experiment
employing two gradient pairs with same (‘‘double’’) or opposite sign
(‘‘compensated’’). D = 1.34 ms, and the mixing time is computed between
the centers of the two encoding events of duration D.
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impression suggested by Fig. 5 that more particles appear
to possess a pronounced upward (positive) velocity, the
average displacement of all spins remains zero as has been
described above. The balance is maintained by a larger
number of particles with rather small negative velocities
which are, however, insufficiently resolved in the propaga-
tor representation. Interpreting the picture of Werther in a
somewhat modified way (see below, Figs. 10 and 12), while
particles seem to be moved upward at high speed along
with the air stream, they are falling downward with, on
average, smaller velocities as they are decelerated by the
surrounding bed. This is confirmed with the visual appear-
ance of a fountain-like motion at the top of the bed. As
must be the case, the total range of velocities is broadened
with increasing air flow rate.

The signal attenuation in a PFG experiment, and quan-
tities derived from it such as the propagator and the disper-
sion coefficient Eqs. (1)–(6) involve an averaging of
displacements over time and ensemble. From the presented
data, it cannot be said directly whether the attenuation is
dominated by dispersive motion of each single particle,
or by the range of different displacements covered by all
grains in the sample. The double-encoding experiment first
suggested by Callaghan and Manz [49] determines the
change of velocities during a mixing time s. If it is executed
in a one-dimensional fashion—i.e., by simultaneously vary-
ing two pairs of PFGs, each of them encoding displacement
during identical periods D—then coherent and incoherent
motion can be distinguished from each other. Application
of the second gradient pair with opposite polarity to the
first one will revert the phase shift accumulated by coherent
motion while only velocity changes, i.e., accelerations, lead
to a signal decay (‘‘compensated’’ sequence); repeating the
experiment with the same polarity of gradient pairs gives a
reference dataset, where signal attenuations of two single
PFG experiments add up (‘‘double’’ sequence). Compari-
son of both results allows one to estimate the velocity auto-
correlation function (VACF) of the system. Compensated
sequences have been applied, for instance, for the investiga-
tion of Taylor dispersion in Poiseuille flow [50] and to gran-
ular flow in a rotating drum [6]. In both cases, the resultant
dispersion coefficient is discussed as a function of time-
scales. In essence, signal attenuations and dispersion coef-
ficients will become identical for the ‘‘compensated’’ and
the ‘‘double’’ sequence for mixing times much above a sys-
tem-specific correlation time sc, neglecting velocity changes
during the encoding times D (see [6] for a detailed discus-
sion). In the system under study, encoding and mixing
times are limited by the gradient strength and a determina-
tion of the VACF has not yet been achieved.

To highlight the relative contribution of coherent and
incoherent motion to dispersion, we compare the signal
decay as a function of gradient strength for displacements
along x (transverse) in Fig. 6, employing an air pressure
drop of 100 hPa. The mixing time s is defined as the sepa-
ration between the centers of encoding intervals D, where
D = 1.34 ms.
Common to the experiments is a much weaker signal
decay as a function of gradient strength when the compen-
sated sequence is applied. The double sequence results in
almost undistinguishable decays for both values of s, while
a somewhat weaker decay is observed in the compensated
sequence when the mixing time is increased. The dispersion
coefficients between both sequences differ by about a factor
of 3–4. The signal decay of the compensated sequence is
related to the ‘‘true’’ dispersion due to particle collisions,
since ballistic flight paths can be assumed between colli-
sions. However, it is important to note that the collision
time does not have to be equal to the correlation time.
For instance, a granular particle following the motion of
a gas bubble will collide with its neighbors but maintain
its general direction of motion. The actual correlation time
of the granular system can only be estimated as being sig-
nificantly longer than the longest mixing time of 7.1 ms. It
is worth noting that a much less pronounced difference
between both experiments was observed for the z (vertical)
component of motion, where velocity changes seem to
appear on a shorter timescale.

In a recent publication, the strategy of multiple PFGs
[51] was applied to a different gas-fluidized granular medi-
um [19,20]; in this case, correlation times below 1 ms were
found and the results were interpreted in terms of grain
caging and hopping between cages. We are currently con-
ducting further studies to verify whether similar conclu-
sions can be drawn for the poppy seed bed in the
bubbling phase investigated in this work.

4.2. Dispersion coefficients

In Fig. 7, the signal decays as a function of gradient
strength are shown for motion along z and for different
air flow rates. The results represent the raw data of the
propagators discussed above, and are shown in the conven-
tional plot of ln S vs. q2, which allows the determination of
the dispersion coefficient according to Eq. (6). A Gaussian
propagator would result in a straight line. In contrast,
strongly curved decay functions are found, which indicate
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Table 1
Compilation of the obtained dispersion coefficients in x- and z-directions

Dp (hPa) 30 60 110
Deff (10�6m2/s) in x 1.90 13.7 24.7
Deff (10�6m2/s) in z 9.28 52.9 62.8
Ratio Deff, z/x 4.9 3.9 2.5

The mean error of all dispersion coefficients is around 15%.
Fig. 8. Velocity images of 5 mm slices taken from (top) the upper and
(bottom) the lower part of a 2.7 cm high fluidized poppy seed bed inside a
glass vessel; the distance between the slices is 10 mm. The color bar
represents the particle velocity in the bed (vertical stripes are data processing
artifacts). Phase values outside the glass vessel have been set to zero.
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that much more complex motion is present in the system.
The shallower decay at higher q values corresponds to
‘‘slow’’ particles, i.e., those which represent the pro-
nounced peak near zero displacement in Figs. 4 and 5.

The dispersion coefficients derived from the initial slope
of the decay function are listed in Table 1. They show a
pronounced dependence on gas flow rate. The essential
information of these measurements, however, is the ratio
between dispersion coefficients along z and x, respectively,
which can be directly compared. The ratio is decreasing
with larger air flow rate. This can be related to the observa-
tion that with increasing air pressure drop, more and more
particles take part in the process of internal motion, so that
strong dispersion parallel as well as perpendicular to the air
stream direction takes place at the same time. This assump-
tion coincides with the finding that in the propagators, the
relative weight of the peak near zero displacement decreas-
es with increasing air flow rate. However, resolving the
velocity pattern directly by combination with MRI can
provide a much stronger support to this concept.

4.3. Velocity imaging and vector plots

Fig. 8 shows two velocity encoded images, which were
obtained from 5 mm thick slices inside a bed of poppy
seeds. Fig. 8A depicts the velocities of the slice from the
upper part of the bed, Fig. 8B from the lower slice, the dis-
tance of these two slices being 10 mm. The scale is repre-
sented by the color bar. The bed height in the absence of
air flow is 2.7 cm. For the chosen air flow rate of 70 hPa,
the average height increases to 3.5 cm, so the slices repre-
sent generally the upper and the lower part of the fluidized
bed (see sketch in Fig. 10).

In both images, one finds predominantly positive
(upward) velocities in the center of the bed, while negative
values are dominating at the edge, i.e., near the inner wall
of the glass cylinder. The averaged maximum positive
velocity, which, in this case, is the velocity with the gas
stream, is higher for the upper slice compared to the lower
slice, as can be seen more easily in the 3D surface plots of
the same data (Fig. 9). The average velocity, which is
required to be zero to ensure the particle flux balance,
was determined as �2.5 mm/s (top slice) and �7 mm/s
(bottom slice). As the reason for this deviation, a systemat-
ic trend cannot be ruled out completely, e.g., by velocity
averaging during the encoding time. The general observa-
tion that higher positive (upward) than negative (down-
ward) velocities do occur is in agreement with the results
of the propagator measurements discussed above Fig. 10
summarizes these findings in a simplified plot following
Werther�s model (Fig. 2B), where higher velocities in the
center are indicated by a longer arrow.

For the behavior of upward moving seeds, the explana-
tion is quite straightforward. Because of the higher resis-
tance of the particles in the lower part of the fluidized
bed due to interparticle friction, the velocity is smaller than
for the particles in the upper region. Particles in the upper
slice can move almost freely and feature a fountain-like
pattern, which can easily be seen by the naked eye; they
thus attain maximum upward velocities near the top layer
where the particle density is being reduced.

The downwards movement of the seeds is limited by the
boundary at the bottom of the bed, and also by the inter-
actions with the surrounding particles of the packing and
the glass wall. In both slices, which have sufficient distance
from the bottom layer, the maximum negative velocity is
found to be similar (see the 3D surface plots in Fig. 9).



Fig. 9. 3D surface plots of the velocity imaging data; (top) the upper and
(bottom) the lower part of a 2.7 cm high fluidized poppy seed bed inside a
glass vessel (same data as Fig. 8). Phase values outside the glass vessel have
been set to zero.

Fig. 10. Model for the upward and downward movement of the seeds
inside the fluidized bed, distinguishing between the upper and lower region
where velocity imaging experiments have been carried out.

x

y

x

y

Fig. 11. Vector plots of transverse particle velocities. (Top) upper part of
the bed; (bottom) lower part of the bed.

Fig. 12. Schematic of the particle motion inside the fluidized bed,
especially the transverse part. The bottom slice was more influenced by
the inwards movement, the top slice by the outward movement.
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To also visualize the transverse velocity pattern, imaging
experiments with encodings along x and y were combined
to generate vector plots, the results of which are shown
in Fig. 11. These plots represent the velocities in the same
slices as discussed above for the z component of motion
(Figs. 8 and 9). The length of the arrows is proportional
to the velocity, so that one can distinguish between areas
of higher and lower particle velocity. As only a few parti-
cles contribute to the signal in each voxel at any given event
of signal acquisition, the averaging needs to be taken over a
larger number of accumulations than is experimentally fea-
sible. Nevertheless, an average pattern is revealed from the
velocity plots despite the presence of substantial fluctua-
tions. What can be said with certainty is that in general,
larger transverse velocities do appear in the center region
of the slices and in particular in the lower region of the
bed. A tendency of particle motion from the outside
toward the center of the bed is visible for the bottom slice.
This can be understood by looking at the schematic of
Werther�s model, which we now have supplemented by
the transverse components of motion (Fig. 12). From the
boundary conditions, it becomes clear that motion inside
the single cell-pattern predominantly takes place inwards
in the bottom part but outwards in the top part of the gran-
ular bed.
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The outward motion in the upper slice (Fig. 11, top),
however, is not well defined in the experimental results,
possibly a consequence of larger velocity fluctuations in
the top region near the open surface, compared to the slice
near the bottom of the bed.

Combining the findings of the different velocity encod-
ed images, one can summarize that in the upper region of
the bed, larger upward but smaller horizontal velocities
occur, while the bottom region is characterized by smaller
upward and higher transverse velocities. This behavior
becomes most evident around the central axis of the bed
where spout-like motion is expected to be dominating.
This suspected negative correlation between vertical and
horizontal velocities might be quantifiable by applying
suitable two-dimensional propagator techniques that mea-
sure velocities in orthogonal directions simultaneously
[52].

5. Conclusion

In summary, all measurements conform with the mod-
el introduced by Werther. For fluidized beds with small
diameter and comparatively large particles, the inner par-
ticles follow an upwards movement and the outer parti-
cles a downwards movement, which could be revealed
by 2D velocity images. A second cell of particle motion,
which has sometimes been reported either next to or
above the main cell, was not observed for the small sys-
tem under study. From these images it could also be
concluded that the magnitude of upward motion has a
tendency to increase toward the upper (open) surface
of the granular bed, while the downward motion did
not show such a pronounced evolution. Averaging over
the motion in the whole bed provides a measure of direc-
tion-dependent dispersion coefficients; in particular, the
ratio between dispersion coefficients along vertical and
horizontal directions was found to decrease with larger
air flow rate.

This study has demonstrated the feasibility to conduct
velocity imaging experiments on random motion of gran-
ular beds with small particle numbers. Higher-dimen-
sional experiments are possible in principle, but the
necessary averaging does require the use of a larger
number of particles, i.e., larger cells or smaller grains,
which will also make the system more comparable to
technical applications. Changing the dimensions of the
granular bed, and at the same time the grain materi-
al—the most important property of which is to provide
an NMR signal of sufficient lifetime to allow imaging
and velocity encoding with an appropriate evolution
time—will also make accessible the different regimes of
granular behavior, in particular as the dynamics in the
vicinity of the granular phase transitions is concerned.
Ongoing research will focus on the fundamental ques-
tions of granular systems but maintain technical rele-
vance due to the wide range of industrial applications
of fluidized beds.
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