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Velocity Fluctuations in Fluidized Suspensions Probed by Ultrasonic Correlation Spectroscopy
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Velocity fluctuations in a fluidized suspension of particles are investigated using two new ultrasonic
correlation spectroscopies: diffusing acoustic wave spectroscopy and dynamic sound scattering. These
techniques probe both the local strain rate and rms velocity of the particles, providing important in-
formation about the spatial extent of velocity correlations. Our results demonstrate the power of these
techniques to probe particle dynamics of fluidized suspensions, and suggest that the velocity correlations
are essentially independent of Reynolds numbers for Rep , 1.

PACS numbers: 82.70.Kj, 05.40.–a
The sedimentation of suspensions of solid particles can
be counteracted by the upward flow of the surrounding
fluid, thereby fluidizing the particles. Such fluidized
beds are widely used in chemical reactors to bring par-
ticles and reactants into contact. They also provide a
convenient means to study particle sedimentation, since
the average velocity in the lab frame is zero. While the
sedimentation of one or two particles can be determined
exactly, hydrodynamic interactions so strongly influence
particle motion that a detailed understanding of the
sedimentation of many particles has remained elusive.
Predictions vary widely; for example, at low particle
Reynolds number Rep � 2arfV0�h, where viscous
effects dominate inertial ones, the particle velocity fluc-
tuations have been predicted both to diverge with system
size [1] and to decay to zero due to hydrodynamic screen-
ing [2]. This startling prediction of a divergence was also
supported by large-scale computer simulations [3]. Here
rf and h are the fluid density and viscosity, respectively,
a is the particle radius, and V0 � 2

9 �rp 2 rf�a2g�h is
the Stokes velocity. Recent experiments [4] have clarified
the behavior in this creeping flow limit. For Rep � 1024

and for low particle volume fractions 1024 , f , 0.1,
the velocity fluctuations were found to be correlated over a
surprisingly large, f-dependent length scale j. While the
competition of j with system size helps rationalize some
apparently contradictory observations [4], the underlying
origin of this new length scale has not been established,
although several explanations have been proposed [5–7].
Moreover, the behavior of the velocity correlations when
Rep is increased has not been studied experimentally,
despite interesting theoretical predictions at Rep � 1 [8].
This question is of particular interest, both because most
technologically useful fluidized beds are operated at much
higher Rep and because many of the theories that account
for the behavior are expansions about low Rep , making
measurements at higher Rep a critical test to set the limits
of their validity.

In this Letter, we describe two new ultrasonic correlation
spectroscopies which allow us to directly probe velocity
fluctuations and flow in fluidized beds at much higher Rep
0031-9007�00�85(2)�453(4)$15.00 ©
and f. These spectroscopies build on the success of analo-
gous light scattering techniques [9–11], but because the
sound wavelengths are orders of magnitude larger, the ul-
trasonic spectroscopies probe length scales commensurate
with the larger particles required for higher Rep . The first
technique, diffusing acoustic wave spectroscopy (DAWS),
uses multiply scattered ultrasound to measure the vari-
ance of the relative velocity fluctuations and the local
strain rate at extremely short length scales, comparable
to the interparticle separations. In addition, DAWS is
a unique method to investigate the length-scale depen-
dence of the relative velocity fluctuations and hence to
probe spatial correlations in the velocities. The second
technique, dynamic sound scattering (DSS), uses singly
scattered ultrasound to measure particle motion and de-
termines both the mean square velocity and the dynamic
correlation length of the velocity fluctuations. Together,
these techniques also allow us to estimate the instanta-
neous velocity correlation length j. Most of our mea-
surements were performed at Re � 0.3, low enough to
avoid turbulence, but still orders of magnitude larger than
the creeping flow measurements. Comparison with mea-
surements at Rep � 0.007 shows that the magnitude and
length scale of the normalized velocity fluctuations do not
vary significantly with Rep over this range, suggesting that
they are essentially independent of Reynolds number for
Rep , O�1�.

The fluidized bed used in our experiments con-
tained monodisperse glass beads of radius a � 0.438 6

0.012 mm in a mixture of glycerol and water. Since the
Peclet number Pe � 1011, the particle motion is non-
Brownian. Two different glycerol concentrations were
used to vary Rep . The bed was rectangular in shape, with
cross section 120 3 200 mm2 and a thickness L of either
7.76 or 12.2 mm. Uniform fluid injection at the bottom
of the bed was ensured by careful design and testing of
the distributor, which consisted of a section of closely
packed glass beads held rigidly in place with fine nylon
mesh (cf. [12]). By adjusting the fluid flow rate to equal
the sedimentation velocity Vsed, the volume fraction f of
glass beads was varied between 0.2 and 0.5.
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To probe the local velocity fluctuations of the particles,
we have developed diffusing acoustic wave spectroscopy,
which determines the relative particle motion from the
autocorrelation function g1�t� of the temporal fluctuations
of multiply scattered ultrasonic waves. This technique,
which is analogous to the optical technique of diffusing
wave spectroscopy (DWS) [10,11], uses the diffusion
approximation to model propagation of multiply scat-
tered sound through the suspension [13,14]. We used a
transmission geometry, with a plane wave pulse incident
on the cross section of the sample, and we detected the
transmitted field in a single near-field speckle using a
miniature hydrophone [13,14]. The acoustic field trans-
mitted through the fluidized bed was measured at a fixed
sampling time after a short input pulse was incident on
the sample, enabling the temporal variation of the field to
be measured for multiple scattering paths of length s. The
decay of g1�t� is determined by the total phase change of
diffusing sound Df�n��t� for n � s�l� sequential scatter-
ings from the moving particles, where l� is the transport
mean free path. When the motion of the particles is highly
correlated over length scales comparable to l�, Df�n��t� �Pn

i � �ki ? �D�ri11�t� 2 D�ri�t���, where �ki is the wave vec-
tor of the wave scattered from the ith to the �i 1 1�th
particle, and D�rrel,i�t� � D�ri11�t� 2 D�ri�t� is their
relative displacement. The field correlation function for
pulsed DAWS then becomes [15] g1�t� � 	e2iDf�n��t�
 �
exp�2�s�l��k2	Dr2

rel�t�
�6�, where 	Dr2
rel�t�
 is the

mean square displacement (msd) of the particles relative
to their neighbors a distance l� away and 	 
 denotes
ensemble average. This expression for g1�t� reduces to
the form used in DWS [10,11,16–18] when the motion
of the scatterers is uncorrelated on length scales �l�,
since in this case 	Dr2

rel�t�
 is twice the single-particle
msd 	Dr2�t�
. In g1�t�, 	Dr2

rel�t�
 does not include
pure rotational contributions to the relative motion, since
DAWS is sensitive only to the component of 	Dr2

rel�t�

parallel to the scattering wave vector between adjacent
scatterings. We determine s, l�, and k from independent
measurements of ballistic and diffusive sound propagation
[13,14,19,20] through the suspensions, enabling the tem-
poral evolution of 	Dr2

rel�t�
 to be determined by inverting
g1�t�. At frequencies f above 1 MHz, the scattering is so
strong that l� is essentially equal to the nearest neighbor
separation of the beads; thus these measurements probe
the relative motion of adjacent beads in the suspension,
providing hitherto unavailable information about the flow
behavior in fluidized beds.

Typical results of our DAWS measurements at f �
2.3 MHz and Rep � 0.32 are shown by the solid symbols
in Fig. 1. At early times, 	Dr2

rel�t�
 � t2, indicating that
the particles initially move in ballistic trajectories and pro-
viding a measure of the variance in the relative velocities of
the particles, 	Dr2

rel�t�
 � 	DV 2
rel
t2. At later times, how-

ever, 	Dr2
rel�t�
 crosses over to a weaker time dependence

reflecting the change in particle trajectories due to inter-
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FIG. 1. Relative and absolute mean square displacements of
fluidized particles at Re � 0.3 measured with DAWS (solid
symbols) and DSS (open symbols). The solid curves are fits
to the empirical crossover function discussed in the text.

actions with neighboring particles. We use the purely em-
pirical relation 	Dr2

rel�t�
 � 	DV 2
rel
t2��1 1 �t�tD�22m�

to parametrize this behavior and to determine the local
crossover time tD. Fits of this function to the data with
m � 0, shown by the solid curves in Fig. 1, give an ex-
cellent description of the observed behavior and provide a
quantitative measure of both 	DV 2

rel
 and tD.
Because l� becomes strongly frequency dependent be-

low f � 1 MHz, we can vary the length scale over which
the relative velocity fluctuations are probed by repeat-
ing these measurements at lower frequencies. Typical re-
sults for f � 0.4 are shown in Fig. 2, where we plot the
length-scale dependence of DVrel �

p
	DV 2

rel
 normalized
by Vsed. We find a pronounced increase of the fluctuations
with the length scale; this increase is well described by
DVrel�Vsed �

p
l�, as shown by the solid line through the

data. Since DVrel is the asymptotic value of the relative
velocity fluctuations as t ! 0, these data probe the spa-
tial velocity correlations before they decay temporally.

FIG. 2. Length-scale dependence of the local velocity fluc-
tuations measured by DAWS (solid symbols), showing that
DVrel�Vsed �

p
l� (solid line) at short length scales. The

horizontal dotted line is the upper limit
p

2 DVrms�Vsed and the
dashed line is the crossover function described in the text.
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Even at the shortest length scales measured, the mag-
nitude of DVrel is remarkably large throughout this range
of f, with DVrel�Vsed � 1 at the interparticle separation;
this is shown by the solid symbols in Fig. 3(a). The re-
sults depend only weakly on f, first increasing and then
decreasing as f increases; however, there is no depen-
dence of these local fluctuations on either L or Rep . These
measurements also allow us to determine the average local
strain rate [21,22], G � DVrel�l���l�; in Fig. 3(b), we plot
G, scaled to the mean interparticle separation and normal-
ized by a�Vsed, as solid symbols. The relatively large
values indicate that there are very substantial local re-
arrangements; moreover, there is a substantial f depen-
dence, with Ga�Vsed � f2�3 up to f � 0.4 (solid line),
but decreasing at higher f, indicating that the local flows
become more strongly correlated.

FIG. 3. (a) Local velocity fluctuations DVrel�Vsed from DAWS
(solid symbols) and rms velocities Vrms�Vsed from DSS (open
symbols). The rms velocities at Re � 1024 are shown by the
crosses [23] and by the dashed line which is extrapolated from
data at low f [4]. (b) The normalized local strain rate from
DAWS (solid symbols). Its values extrapolated to the length
scale j (shaded symbols) are compared with results at low
Rep obtained from Refs. [4] (dashed line) and [17] (crosses).
(c) Ddsep (solid symbols) from DAWS compared with the mean
surface-to-surface distance between the particles (solid curve),
and the dynamic correlation length dc (open symbols) from DSS
compared with data at low Rep from [23] (crosses). The dashed
curve in (c) shows that dc � 4af21�3 at low f. In (a), (b), and
(c), the circles are data for the thin cell at Rep � 0.32, while
the down and up triangles are for the thick cell at Rep � 0.32
and 0.007, respectively.
The DAWS data also provide a measure of a new length
scale, Ddsep � DVreltD�

p
3, which is the average change

in the separation of adjacent particles before their trajec-
tories have been modified by interparticle interactions;
we plot the f dependence of Ddsep�a as solid symbols
in Fig. 3(c). The largest possible value of Ddsep is
presumably the mean surface-to-surface distance between
the beads dsep , which we estimate to be approximately
2a�0.9f21�3 2 1� since dsep � 0 for close packing. We
plot dsep as the solid curve in Fig. 3(c); the data for Ddsep
are substantially lower and have a weaker f dependence.
This difference in the f dependence suggests that there
may be additional mixing on these short length scales at
lower f, where the flow rates are larger.

To provide a complementary probe of the fluctuations
on larger length scales, we developed dynamic sound scat-
tering, in which we use much lower frequencies, where
sound is singly scattered. For single scattering, the field
autocorrelation function of the temporal fluctuations is
g1�t� � exp�2 1

6q2	Dr2�t�
�, where q � 2k sin�u�2� is
the scattering wave vector, u is the scattering angle, and
	Dr2�t�
 is the single-particle msd. We use the same ex-
perimental geometry and determine u from the sampling
time; this is possible since the time taken for sound from
the incident pulse to be singly scattered into the detector
increases when u is larger and the path length is longer.
However, because of the azimuthal symmetry of our de-
tection geometry, the measured 	Dr2�t�
 is an average of
the vertical and horizontal components of the particle dis-
placements, which may differ [4]. The results for 	Dr2�t�

are shown by the open symbols in Fig. 1. The time depen-
dence is qualitatively similar to 	Dr2

rel�t�
, but the magni-
tude is substantially larger, as it is determined by the rms
velocity of the beads Vrms. Similarly, the crossover time
tc, which characterizes the maximum time for the particles
to follow ballistic trajectories, is also larger. The crossover
is more gradual for DSS than for DAWS; nevertheless, the
same empirical functional form can parametrize the behav-
ior, using m � 1

2 and replacing 	DV 2
 by V 2
rms and tD by

tc. The fits, shown in Fig. 1, are in excellent agreement
with the data, providing a measure of V 2

rms and tc.
As shown by the open symbols in Fig. 3(a), Vrms is

roughly 2 to 3 times larger than the average fluid velocity
and is substantially larger than DVrel. The values of Vrms
are larger for the thicker cell (down triangles), suggesting
that the cell thickness may be responsible for truncating
the magnitude of the velocity fluctuations [7]. In addition,
our data for the thick cell show a very slight increase in
Vrms with Rep [down and up triangles in Fig. 3(a)]. Fig-
ure 3(a) also compares our results for Vrms with previous
data at low Rep [4,23], represented by the dashed curve
and crosses, showing that the results obtained using these
other techniques are remarkably similar, especially at low
f. Thus our results clearly show that Rep is not an im-
portant control parameter in determining the magnitude of
the velocity fluctuations for Rep , O�1�.
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Further important insight is obtained by determining
the absolute distance dc � Vrmstc traveled by the beads
before their motion becomes decorrelated. As shown in
Fig. 3(c), dc is much larger than the local fluctuation dis-
tance Ddsep and shows no significant variation with either
L or Rep . Up to f � 0.3, dc is very similar to the average
dynamic correlation length determined at lower Rep from
the temporal decay of the vertical and horizontal veloc-
ity autocorrelation functions, shown as crosses in Fig. 3(c)
[23]; by contrast, at the highest f, dc does not fall off as
it does in their data.

The velocity fluctuations measured with DSS determine
an upper bound that cuts off the growth of DVrel with
length scale. This allows us to determine the largest length
scale for velocity correlations, which must correspond
to the velocity correlation length, j, recently observed
for much lower Rep . Since 	DV 2

rel�x�
 � 	�D �V �x� 2

D �V �0��2
 � 2	DV 2
 2 2	D �V �x� ? D �V �0�
, and assuming
that the velocity correlation function decays exponen-
tially with distance x, we obtain DVrel�x� �

p
2 Vrms 3p

1 2 e2x�j . A fit to this functional form is shown by the
dashed line in Fig. 2 and allows us to estimate the value
of j. The existence of this correlation length, and its
values, has not previously been determined in this range
of Rep ; at our lowest f, we find that j is comparable to
the extrapolation of the values measured at low Rep and
f by Segrè et al. [4], but at higher f, j can be as much
as 2 to 3 times larger. These data indicate that the large-
scale velocity correlations observed at low Rep persist at
higher Rep .

Using the measured values of j, and the length-scale
dependence of the local strain rate, we can extrapolate G

to the largest length scales and compare it to the values of
G measured for these length scales at low Rep . We do this
in Fig. 3(b), where our data are plotted as shaded points
and are compared to values from data at Rep � 1024,
shown by the crosses [17], as well as the extrapolation of
Ga�Vsed � DVrms�j � 0.1af2�3, shown by the dashed
line [4]. Our results are somewhat larger, although we do
not see a significant Rep dependence in our data. Inter-
estingly, as shown by the solid line in Fig. 3(b), the nor-
malized strain rate at short length scales exhibits the same
f2�3 dependence at low f, although it is nearly an order
of magnitude larger. In addition, the dynamic correlation
length dc is typically one-sixth of j in the range of f in-
vestigated, suggesting that the velocity correlations evolve
substantially in the time tc over which dc is measured;
thus the lifetime of the correlated regions is so short that
the particles can move only a small fraction of j before
their velocities become decorrelated.
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The ultrasonic techniques described here provide a valu-
able new approach for investigating the behavior of flu-
idized suspensions over a wide range of Rep and f. Our
results, showing that the velocity fluctuations are nearly
independent of Rep , at least for Rep , 1, serve as an im-
portant benchmark for future theoretical work, which is
required to unambiguously determine the origin of the ve-
locity correlations.
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