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Particle motion in gas-fluidized granular systems by pulsed-field gradient
nuclear magnetic resonance
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Nuclear magnetic resonankespace andj-space imaging methods were applied for the first time to monitor
the time-averaged density variations and the random motion of granular particles in the presence of gas flow of
variable velocity in a model gas-fluidized bed reactor. The transitions toward fluidization, bubbling phase, and
slugging phase are visible as sudden changes in the density and the root mean-squared displacement. The onset
of these transitions is shown to depend on the particle sizes for a given cell geometry. The effective diffusion
coefficients are measured and the distributions of particle displacements, or propagators, are presented.
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The dynamics of granular media has recently attracted w(r)=—y(|Bo|+G-r) )
considerable interest particularly from the viewpoint of com-
parisons to “classical” physical states such as liquids andand thus depends linearly on the position of the spins in the
gases. In granular media, macroscopic particles take over thdirection of the applied gradiei@. The Fourier transform of
place of molecules and the main difference to classical statake signal directly gives a one-dimensional distribution of
of matter lies in the fact that, due to energy dissipation ocspin densities, or a profile of the sample. Likewise, a short
curring because of particle collisions, the equivalents togradient pulse of duratio@ leads to an accumulation of a
phase transitions are brought about by a permanent influx gghase shift¢(r)=ySG-r which correlates the position of
energy. A particularly interesting case of a granular mediunspins with the phase of their resonance signal.
is the gas-fluidized bed in which energy is provided by a While frequency encoding or phase encoding represent
continuous gas flow from the bottom of a vessel filled withthe means to produce images of samples containing NMR-
macroscopic particles. This model is of further importancesensitive spingin most cases protohsa twofold phase en-
because it represents the geometry for a wide range of induseding, employing a gradient pair with equal but opposite
trial processes such as catalysis of gas-phase reactions agffective amplitudeG separated by a time interval, is sen-
transports of powderfsl,2]. Such a vessel contains typically sitive to particledisplacementsluring this interval. The nor-
upwards from 16 particles and thus provides a sufficient malized signal amplitude as a function of gradient strength
number for statistical averaging, while numerical simulationsfor such a double-encoding experiment can be writtef7as
for similar numbers remain feasible. In recent work, such
numerical simulations have been perfori8#| and a va- _ [ = .
riety of phenomena, including bubbling and slugging phasess(q’A)_S(q’A)/S(O’A)_f P(R.A)exii2mg- R(A)]dR,
as well as apparent phase transitions, were described in terms 2
of particle volume fraction oscillations and velocity distribu- 1 . . . .
tions. However, direct experimental evidence for the dynamiWhereq=(2m) ~"y5G, the Fourier conjugate variable to dis-
cal properties of gas-fluidized beds is difficult to achieve PlacementR, is the equivalent to the wave number in scat-
one recent approach reported in the literature being the use §iNg experiments and has the dimension of reciprocal
diffusing-wave spectroscopPWS) in systems of transpar- length. The dlstrlbuu@ of particle displacements during
ent glass particles which was sensible to particle displaceor average propagatd?(R,A), can thus directly be obtained
ments of 10% m or less[5,6], but could not distinguish by Fourier transformation of thg-space data. Note that this
between displacements in different directions. relation is strictly true only if6<<A.

A much more direct approach is provided by techniques From the propagator, moments of displacements can be
derived from nuclear magnetic resonan®MR) imaging  computed; for random motion without net material transport,
[7,8] with displacements from about 10 m being acces- the first nonvanishing moment is the mean-squared displace-
sible, thus, in principle, representing a method complemenment which can be expressed @)=6D(A)A, where the
tary to DWS. Applications of nuclear magnetic resonanceproportionality constanD(A) is the dispersion coefficient
techniques to investigate the dynamics of granular media urfor material transport in the system. The time dependence of
der rotating[9] and vibrating boundary conditiori40] have  D(A) is related to the velocity autocorrelation function
been presented recently. The idea on which NMR imagingVACF) by [9]
is based lies in a spatial encoding of particle positions. If
the magnetic field consists of a homogeneous contribution
Bo=(0,0B,)! and a spatially constant gradienG
=(dB,/9x, dB,ldy, dB,/dz)!, the Larmor precession fre-
quency of a spin species of gyromagnetic rajids then  for stochastic systems at equilibrium, where the VACF de-
given by pends on the timelifferencesonly. In ordinary liquids and

A T
D(A)=fO (1_K)<U(O)U(T)>d7 (3)
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gases, collision times are usually short compared to the ti(a)

mescale of NMR diffusion measurements, so that a time-
independent asymptotic valle=1lim,_,..D(A) is observed.
For granular particles, on the other hand, the time depen:
dence ofD(A) has to be taken into account.

Rather than computingD(A) from the propagator

E(R,A), it is also possible to obtain it more directly from the

initial slope of the signal function$(q,A) in a one-
dimensional(1D) NMR experimen{11]

aInS(g,A)|

D(A)~—(4m?A) tlim 5 (4)

q—0 (?q

The representation of the experimental datajispace has
one further advantage. It was shown that structural feature:

of a medium in which restricted diffusion takes place lead to(b

the occurrence of peaks or shoulders at the reciprocal value
of these lengths. For example, diffusion of liquids in pack-
ings of monodisperse spherical beads show such diffraction
like phenomena at the reciprocal of the bead diameter

[12,13. The signal functior5(q,A) can thus be exploited as
a means to estimate such restriction sizes.

In this paper, we present NMR imaging and diffusion ex-
periments on a gas-fluidized bed consisting of a 21 mm
inner-diameter glass vessel oriented vertically and parallel tc
the direction of the magnetic-fielBy, which at its bottom
was connected to a pipe supplying a continuous flow of dry
air. In the vessel, the granular medium was supported by ¢
glass frit which also served as a gas diffusor. As granular
particles, we have chosen poppy seeddiameter
500-800 um) and sieved catalyst particléype G-43, Sd-
Chemie, Germanyin three different grain size ranges, 200—
250, 140-200, and 112-14Am, respectively, the filling

normalized density

normalized density
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FIG. 1. Densities of gas-fluidized beds for different particle
sizes, normalized by the density at zero flow rate. Data are plotted
as a function of the superficial gas velocifg) Poppy seeds(b)

height being 30 mm. The NMR proton signal came from thecatalyst particles of different diameter ranges.

oil component of the seeds and from acetone adsorbed into

the catalyst particles, respectively. Acetone was filled into thé?oppy seeds, fluidization has occurred; at 35 cm/s, a further
catalyst material until full saturation of the pore volume decrease of the density indicates the formation of bubbles,
(039 Crﬁ’/g) was achieved. Due to evaporation from theWh”e around 45 Cm/S, the bubble size becomes equal to the
particles, a loss of approximately 20% of the acetone aftebed cross section and the slugging phase starts to occur, with
six hours was observed. All experiments had thus been reearticle ejection following at even larger flow rates. The

stricted to total durations of less than three hours.

main difference observed for the smaller catalyst particles

The profiles along the vertical direction were obtained bylsee Fig. 10)] lies in the fact that bubbling occurs at a con-
single-point imaging, where the signal intensity was acquireciderably larger expansion of the bed. Before the onset of
following a low flip-angle rf pulse in the presence of a bubbling, the density decreases monotonously. Due to a
magnetic-field gradient which was varied in 128 steps. Usindiigher influence of cohesive forces, the beds containing the
this method, the disturbing effect of particle motion wassmallest particles are most difficult to fluidize, and bubbling
minimized due to the short acquisition time of approximatelyand slugging occur at small air flow rates. These observa-
10 us which led to a considerable improvement of the im-tions are in good agreement with results previously reported
age quality compared to the conventional frequency encod® [6] for a smaller range of flow rates but similar particle

ing technique.
The spin density near the central region of the granular
bed was measured from the 1Dprofiles (z axis parallel

sizes.
We have investigated the translational behavior of fluid-
ized particles in the direction of the air stream by NMR

with the cell axi$ and normalized to their value in the ab- d-Space imaging, using=0.4 ms and an encoding tine
sence of gas flow. The superficial air velocity, defined by thedf 1.4 ms. All experiments describe a statistical average over
ratio of volume flow rate and total cross section of thethe whole bed as well as a time average over typically one

sample cylinder, is used as a parameter. In Fig), lthis

hour for a given gas flow rate. In Fig(a, the signal func-

normalized density reflects the different stages in the dytion S(q) is shown for catalyst particles of 200—250m
namic behavior of the gas-fluidized bed: at 20 cm/s fordiameter as a function of the air velocity. In general, a sharp
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FIG. 2. Normalized signal intensit$(q)/S(0) for different par-
ticle sizes and air flow velocitiega) Particle size 200—25Q.m;

(b) 140—200 xm; (c) 112—140 m.
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FIG. 3. Effective self-diffusion coefficient for beds of catalyst
particles of different sizes obtained by E¢).

relative weight at growing air flow rates. In this range, bub-
bling does not yet occur, but the relative bed denpity is
reduced from 1 to 0.5.

In order to understand this behavior, one can tentatively
assume that the bed density reduction is equivalent to an
introduction of homogeneously distributed “free volume”
around each particle of radiug. This allows free oscilla-
tions of +rq(p,.1>— 1) in each spatial direction. One would
expect oscillation amplitudes up to 3@m which corre-
spond to an upper bound of the effective diffusion coefficient
of D(A)=(30 um)?/2A~3x107 m?s. In reality, the
mean-squared displacement is expected to be considerably
smaller than this maximum value, leading to a valueDof
which is in agreement with the slow component of the ex-
perimental data. Moreover, if the maximum particle velocity
is set to the gas velocity, then the average time between
two particle collisions can be estimated as=rq(p,o°
—1)/v. For the measured velocities, one obtaipsof less
than 300 us, thus each particle is expected to encounter
many collisions during the experimental encoding tinef
1.4 ms. The approximation of particle motion as a case of
restricted diffusion inside a cage of surrounding particles
therefore seems reasonable. The fast diffusion component, on
the other hand, corresponds to a large-scale, coherent motion
process in the bed which is not hindered by particle colli-
sions. This result is at variance to the findingq 64 where
for particles of similar size, a short-time ballistic regime
(A<r7.) is followed by a very slow increase of diffusivity
for A> 7, and, in general, much lower values of the mean-
squared particle displacements. Investigations of the mixing
process of dye particles with artificially reduced cohesivity
[14], on the other hand, seem to corroborate our results as
they indicate a relatively broad region of fluid-like behavior

decrease is followed by a more slowly decaying function.below the onset of bubbling in which particles are mobile.

The average diffusion coefficient was computed from the

It is interesting to note that for the smaller catalyst par-

initial slope according to Eq4) and is presented in Fig. 3. ticles, the transition is less smooth and that the fast diffusion
Forv<10 cm/s, it is possible to fit a biexponentially decay- component dominates for all but the lowest air velocifise

ing function. The fast component increases up to about 1.5igs. 2b) and Zc)]. This might be a consequence of the fact
x10°°% m?/s, while the slowly increasing second compo- that the regime prior to the transition to the bubbling phase is
nent of approximately 10’ m?/s is found with a reduced less well covered. A particular feature is found for particles
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FIG. 4. Particle displacement statistiggopagatorsfor poppy
seeds at different air flow velocities. All propagators are normalize

to equal maximum peak height.
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similar results were found for the catalyst samples.

A narrow peak represents particles with small displace-

ments (see Fig. 4, while a second fraction of particles is
found to have considerably larger displacements. Note that
for the relatively short encoding times used in this study,
displacements larger than about one-particle diameter are not
found, suggesting that even for the much-reduced bed den-
sity, an exchange of particles over distances much exceeding
the local cage size is still unlikely to happen for the given
ratio A/ 7. . A clearly asymmetric propagator is observed for
poppy seeds at high gas velocities above the transition to a
bubbling phase. A possible explanation might be a scenario
where some particles are carried along rising gas bubbles
with a reduced probability of collisions and, as a conse-

quence, a higher effective velocity; the collision rate be-
fomes increased again for falling particles, resulting in a
smaller maximum negative velocity along the direction of

gas flow.

In conclusion, we have shown the feasibility of obtaining

with diameters 112—14Qu.m where for the lowest flow rate direction-dependent particle displacement distribution func-
(v=0.34 cmi/s), $(q,A) decays to one half its initial den- tions as well as average quantities such as mean diffusivity
sity and then remains constant for the whole range of gradiand bed density in a gas-fluidized bed of particles by means
ents applied, suggesting a much less mobile fraction of patof NMR k-space andj-space imaging techniques. Cross-
ticles in the bedsee Fig. 2c)]. In no case can a pronounced Overs representing the granular-media equivalents to phase
peak at a particular wave number be observed, as would Héansitions in condensed matter could be verified by different
expected in the analogous case of restricted diffusion withiiechniques independently. The propagators of displacements
were found to be distinctly asymmetric with much larger
The crossovers between different regimes as obtainefhaximum velocities occurring along the direction of the gas
from density and diffusion measurements coincide with eactpressure gradient. The noninvasive character of NMR and its

a well-defined confined geometf$2,13.

other reasonably well. By comparison of Figgb)land 3,

ability to combine informations such as chemical composi-

one can assign the onset of the bubbling phase to the begiHion, position, and velocity by employing suitable techniques
ning of the plateau in the bed density and to the beginning obas the potential to investigate a wide variety of granular
a pronounced increase of the effective diffusivity, both oc-motion phenomena, provided that signal encoding is made
curring aroundv =12 m/s for the largest catalyst particles feasible by a sufficient amount of liquid matter in the granu-
and being shifted towards lower-gas velocities for smalledar particles. The continuation of such investigations will in-
volve the separate determination of displacement statistics in
The probabi“ty densities of disp]acements a|ong the gravdifferent spatial directions, at different encoding times and

particles.

ity axis, P(Z), reflect the observation of a bicomponent de-
cay shape present in tliedata picture. In Fig. 4, the propa-
gators obtained for poppy seeds at different air flow rates ar

the measurement of higher-order correlations in particle mo-
tions being supplemented by numerical simulations of the
Barticle motion characteristics.
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