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Bulk Segregation in Rotated Granular Material Measured by Magnetic Resonance Imaging
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Many mixtures of granular materials tend to segregate when tumbled in a rotating horizontal cylinder,
with the different components separating into bands of relatively pure single concentration along the
rotational axis. The use of magnetic resonance imaging (MRI) to study concentration variations within
a mixture of different sized spheres segregated in this manner indicates a more complicated structure
within the bulk than can be observed or even inferred from surface measurements. Moreover, when the
rotation speed is reduced and the homogeneous mixed state appears to be restored on the surface, the
MRI data reveals that the radially segregated state persists. [S0031-9007(96)02069-8]

PACS numbers: 46.10.+z, 47.27.Te, 64.75.+9g, 81.05.Rm

An intriguing property of granular materials such as sandL6] and vertically shaken containers [17,18]. Ehrichs and
or powders is the tendency for mixtures to segregate, evern-workers used MRI to study convection of granular ma-
in situations such as shaking or rotation where one woulderial in a vertically shaken cylinder [17,18]. Metcalfe and
expect mixing. Rotating cylinders or drum mixers are usedshattuck used MRI to investigate the effect of segregation
for mixing granular materials as well as for other industrialon the measurement of axial transport of granular solids
processes including calcinating and drying granular matein a slowly rotating drum [16]. They also discussed how
rials. (See, for example, Refs. [1] and [2], and referencesarying more than one particle property in the mixture af-
therein.) In some cases, however, horizontal drum mixergected the segregation process. Nakagawa and co-workers
will also segregate the individual species. In the case oihvestigated the dynamics of granular flow in a partially
axial segregation, the components separate into bands filed rotating drum by measuring the velocity and concen-
relatively pure single concentrations along the rotationatration profiles in planes perpendicular to the cylinder axis
axis of the cylinder (see, for example, Refs. [3—10]). Infor a system of single-sized mustard seeds [11,14]. This
certain cases the axial bands remix when the rotation speegloup also studied the migration of the segregated radial
is reduced; the segregated state is restored when the rotere for a mixture of different sized liquid-filled spheres
tion speed is increased again [9,10]. Although it has beeby imaging planes perpendicular to the cylinder axis while
thought that the segregating and remixing are driven prithe cylinder was rotated within the magnet [15]. We report
marily by surface effects [9,10], we report measurementadditional MRI studies on the segregation of granular ma-
of a more complicated segregation structure beneath therials in a rotating drum in which we attempt to develop a
surface than can be seen from outside the cylinder, whichmore complete description of axial and radial segregation
may partially influence the axial segregation. within the bulk of the material as it relates to surface ob-

All granular mixtures that axially segregate in horizon- servations. Towards this end, measurements were taken
tally rotated cylinders also display radial segregation [4-of the component concentrations in a slice parallel to the
6,9-11]. For a mixture of different sized particles, thecylinder axis, in addition to transverse slices as measured in
smaller particles form a radial core before axial segregaRefs. [11,14,15]. Measurements of the segregated bands
tion occurs. Rajchenbach and co-workers [12] and Canwere also taken outside the cylinder and compared with
telaube and Bideau [13] have studied radial segregatiothose taken within the bulk using MRI.
of different sized particles in a two-dimensional cylinder, When the MRI images are compared to the banding
that is, a cylinder that is only one particle long. However,pattern observed from outside the cylinder, it is apparent
there has been no published analysis of radial segregatidhat the structure within the bulk is often more complicated
in a three-dimensional system, nor any theory relating thé¢han the surface state. While these studies confirm a
development of the radial segregation within the bulk todirect relationship between the segregated bands of small
the axial segregation observed from outside the cylinder.beads seen from the surface and undulations in the core

Magnetic resonance imaging (MRI) can be used to exef radially segregated small beads, they also reveal that
amine the development of the axial and radial segregasurface observations are often insufficient to interpret the
tions inside the bulk of granular media. Altobelli and bulk segregation. For example, there are sometimes more
co-workers first showed that liquid state MRI techniquesaxially segregated regions within the bulk than can be
can noninvasively image arbitrary planes within the bulk ofseen from the surface which over the course of continued
fluid-filled granular materials [14]. These technigues haveotation never develop into bands that reach the surface.
been used to study granular flow in rotating drums [11,14+Furthermore, when the rotation speed is reduced and the
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mixture appears to have returned to a homogeneous state (a)
on the surface, the MRI images show that the radial core
of segregated small beads remains.
The experimental setup used is similar to that employed
by Nakagawagt al.[11,14], although we use a mixture
of one MRI-sensitive component and one that is not
MRI active, so that a concentration image will directly
show the distribution of the MRI active species. The
MRI-sensitive beads are 1 mm diameter pharmaceutical
spherical pills of densityt.1 g/cm® while the inert beads
are 3 mm plastic spheres of density6 g/cm’. The (b)
spheres were rotated in two different acrylic cylinders, one
45 cm long and the other 24 cm long, bo#7.5 cm in |
diameter. Pharmaceutical spheres were taped around the -
outside of the cylinders at 5 cm axial intervals to provide ) -
reference points to indicate where the cylinder walls are % . X
in the images. An NMR imager/spectrometer (Nalorac e
Cryogenics Corp.) was used at The Lovelace Institutes
with a 1.9 Tesla Oxford superconducting magnet. The . ] o
31 om magnet bore is horzontal, s0 a cylinder cou 0. L SKeth o e 2 segegion e s roean
b,e pIa(.:ed.lnto the birdcage coil of t.he magnet withou )z)th were verticagll; one was perpendicular to the a?xis of the
disturbing its contents. Image analysis was performed OBylinder (a), while the other was parallel to and contained the
a Power Macintosh 7100/80 computer using the publiaxis of the cylinder (b). The former was taken at various
domain NIH image program. positions along the length of the tube.
The cylinder used was approximately one-half filled
(by volume) with a binary 50-50 mixture of plastic
spheres and pharmaceutical pills. The partially filledthe state of the mixture below the surface. Figures 2(b)
cylinder was rotated outside the magnet where measurend 2(c) reveal that the small beads have receded from the
ments of the surface segregation were taken. Rotatioandplates, but the core of small spheres near the center
was then stopped, and the cylinder was imaged in the boref the rotational axis exists along the entire length of the
of the magnet with spin-warp static NMR imaging. The cylinder, even within the bands of the larger 3 mm spheres.
cylinder was removed from the magnet and this procedur€&igure 2(c) clearly shows that bands of small beads visible
was repeated. In this way the evolution of the radial andn the surface are merely those parts of the radial core
axial segregation could be serially monitored. that are wide enough to extend through to the surface.
We imaged a 5 mm thick slice either perpendicularlyThus, at least for this case, the bands of large beads are
to the axis at several points along the length of the cylinisolated rings that encircle the core of small beads at certain
der or parallel to and containing the axis of the cylinderaxial locations. When the rotation speed was reduced to
as schematically illustrated in Figs. 1(a) and 1(b), respec4 rpm, the axial bands disappeared from the surface. After
tively. The intensity of the image is directly proportional 45 min of this slow rotation, there were no vestiges of
to the local concentration of the smaller MRI-sensitiveaxial segregation, but the radial segregation remained, as
spheres; the maximum intensity light regions contain onljindicated in Fig. 2(d).
the MRI-sensitive, i.e., small spheres. Figure 3 clearly demonstrates that surface observations
Images taken parallel and perpendicular to the longlo not reveal the full complexity of the segregation within
axis of each cylinder prior to rotation confirmed that ourthe bulk. This MRI data shows additional segregated
technique of shaking and rocking the particles inside thestructure within the bulk that has no corresponding concen-
tube achieves a relatively uniform mixture. Figure 2(a)tration changes visible from the top surface. Figure 3(a)
schematically illustrates the system as seen from outside an image taken parallel to the cylinder axis for the sys-
the cylinder after the 24 cm long cylinder had been rotatedem after the spheres had been rotated for approximately
for approximately 5.5 min at 30 rpm. The system is9 min at 30 rpm in the 45 cm long cylinder. As in the pre-
axially segregated into three bands of small spheres andous example, the mixture appeared from the outside of
four bands of large spheres. the cylinder to have segregated both radially and axially.
The images perpendicular to the axis [Fig. 2(b)] at axialFigure 3(b) is a concentration profile of the top surface in-
locations indicated in Fig. 2(a) show that the pattern idicating, also as before, three sharp bands of small spheres
roughly cylindrically symmetric around the axis at any and four bands of large spheres over the outside surface as
given location, and thus the images containing the cylindewas observed from outside the cylinder. However, from
axis [as in Fig. 1(b)] are sufficient for a representation ofthe MRI image, it is apparent that five areas of a higher
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FIG. 3. Data from MRI image parallel to the axis of the
cylinder (a) of a mixture of 1 mm pharmaceutical and 3 mm
plastic spheres after 9 min of rotation in a 45 cm tube.
(b) MRI intensity along the top surface of the system, verifying
three axial bands of small spheres as seen from outside the
cylinder. (c) Average intensity as a function of position along
the axis, from the image shown in (a), indicating five regions
of a high concentration of small spheres.

These experiments show details within the bulk that cannot
be inferred from surface observations. First, the remixing
that occurs when the rotation speed is reduced appears lim-
ited to axial remixing, while the radial segregation persists.
This supports the conjecture that the radial segregation oc-
curs as the system attempts to minimize its compactivity,
as stated in Refs. [9] and [10]. Second, the observation
that some axially segregated regions may exist in the bulk
FIG. 2. MRI data for a mixture of small pharmaceutical without ever extending to the surface implies that axial
spheres (MRI active) and plastic spheres rotated in a 24 crgegregation may not be driven exclusively by a surface
long cylinder. (a) schematically illustrates the state of thephenomenon such as differences in angles of repose as sug-

system as viewed from outside after rotation for 5.5 min at . .
30 rpm. The mixture appears to have segregated radially angested in Refs. [9] and [10]. The segregation effect may

axially. (a) shows the approximate locations of the p|anegesult from_variafcio'ns in the radially segregated small bead
from where the images of (b) were taken: near the end ofoncentration within the bulk, which then extends to the

the cylinder (1), within a small sphere band (2), and within thefree surface. The dynamic angle of repose may therefore
large sphere band (3). (c) is the image along the plane paralighfiect these variations in the bulk concentration rather than

to the axis of the cylinder. The brighter regions represent . ; o
higher concentrationsyof 1 mm Sphereg. (d) isgthe image alonfause the segregation process. Future studies will include

the same plane after the cylinder was rotated at 4 rpm foforrelating changes in the radial core with the development
approximately 45 min indicating that the radial segregationand evolution of the axial segregation bands. Similar stud-
remained even though the axial bands had disappeared. ies as a function of the percentage of smaller beads in the
mixture may reveal the relative importance of the axial and
radial segregations. There may be a minimum fraction of
concentration of the smaller spheres are present along tlilee smaller spheres below which there will not be enough
axis of rotation within the bulk of the material, as demon-small beads to support both axial and radial segregations.
strated by the average concentration along the axis pre- This research was supported, in part, by the Minnesota
sented in Fig. 3(c). Two of these regions never extende®Graduate School Grant-in-Aid program, NSF-CTS-
to the surface, but instead, with further rotation, merge®501437, the U.S. Department of Energy, Pittsburgh
into neighboring bands. Energy Technology Center via Grant No. DE-FG22-
Magnetic resonance measurement of concentration pr®4PC94248, and the U.S. Department of Energy, Office
files is an invaluable technique for studying the radial ancdf Basic Energy Sciences via Grant No. DE-FGO03-
axial segregation in the bulk of rotated granular media93ER14316. We also acknowledge the help of Steve
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