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Axial segregation of granular media rotated in a drum mixer: Pattern evolution
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In the traditional axial segregation effect, a homogeneous mixture of different types of granular material
rotated in a drum mixer segregates into surface bands of relatively pure single concentrations along the axis of
rotation. This effect primarily has been studied with respect to the initial segregation. However, the initial
pattern is not stable, but evolves in time with continued rotation through metastable states of fewer and fewer
bands. We describe two experimental studies of this evolution that provide a more complete picture of the
dynamics involved in the pattern progression. The use of a charge coupled device camera in conjunction with
digital analysis techniques provides a quantitative measure of the state of the surface as a function of time,
while magnetic resonance imaging techniques provide a noninvasive method for studying the segregation
beneath the surface. These methods indicate that the underlying mechanisms for the pattern evolution may
originate in the bulk of the material, beneath the avalanching surf&d©63-651X%97)04910-9

PACS numbsd(s): 81.05.Rm, 46.10:z, 47.27.Te, 64.75.g

[. INTRODUCTION ticles. One attractor, near the outer edge, kept larger particles
near the edge, away from the center of rotation. The other
Granular media such as sand and powders exhibit a rang@tractor near the axis of rotation drew smaller particles to-
of fascinating behaviors that can lead to practical problemavards the centef6]. A third explanation was based on the
when processing granular materials in, for example, pharma-
ceutical and agricultural industries. These include properties -
such as dilation and arching that have been studied for some _ R
time [1] and others such as oscillons in vibrated granular
materials, which only recently have been discovefad
Some of the properties that lead to complications in the pro- la
cessing of granular materials include the nonlinear pressures : 4 o

o

exerted by grains on the side walls of silos or other storage Y 1.5 min.
containers and the tendency of granular materials to separate

(See, for example, Reff3,4].) Mixtures of granular materi-

als such as powders and sand tend to segregate by particl _—

property, which is a significant industrial problem as well as
an interesting phenomenon in nonlinear pattern formation.

Granular materials often segregate even in situations
where one is trying to mix the different components. In par-
ticular, some granular mixtures will segregate when they are
rotated in a horizontal cylinder in a manner similar to the
motion of a drum mixer, as indicated by the arrows indicat-
ing motion around the dotted line in Fig. 1. When certain
binary mixtures of different-sized granular materials are ro-
tated in this way, the components in the mixture will first
radially segregate, with the smaller component becoming
more highly concentrated near the center of the bulk. In a
systematic study of segregation in a rotating drum, Donald
and Roseman described the cause of radial segregatidn
mixing in terms of the movement of particles from one cir-
culation path(closer or farther from the center of rotatjco
another. Radial segregation, they claimed, was due to the
higher likelihood of the smallest particles in a faster flowing £, 1. surface images of the granular mixture taken while it
circulation layer to become trapped within the gaps of theyas rotated. The images ii)—(g) were taken while the cylinder
more slowly flowing layer beneath it and thus to move intocontinuously rotated. The location of these images is indicated by
that circulation path closer to the center of rotat[®h On  the white box in(a). (b) was taken after 1.5 min of rotatiotc) after
the other hand, Clement, Rajchenbach, and Duran cited ev.5 min of rotation,(d) after 5 min of rotation(e) after 10 min of
dence that the phenomenon was based on a stochastic bistatation, (f) after 12 min of rotation, andg) after 15 min of rota-
bility where there were two competing attractors for the par-tion.

10 min.

12 min.

15 min.
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theory of Mehta, Edwards, and Oakshott on the statistics oflevelopment as well as the details of subsurface interactions
granular materialf7,8]. Hill and Kakalios claimed the radial may have strong implications for the understanding of axial
segregation to be due to variation in compactivity in thesegregation. However, the pattern development remains
flowing layer extending from the axis of rotation to the freely poorly understood, in part due to the difficulty of obtaining
flowing top surfacd9]. The reader is referred to a number of quantitative measurements of the state of the system as a
reports on experiment,10] and simulationg11,12 that  function of time.
examine the radial segregation in more detail. While the ra- I this paper we describe two imaging techniques used to
dial segregation effect is not extensively investigated in thi€XPerimentally study the pattern development of the axially
report, which is primarily concerned with axial segregation,segregated bands'ln rotated granular materials. Digital im-
radial segregation plays an important role in the evolution ofZ9€S Were taken with a charge coupled dev@eD) camera
the axially segregated bands as described below. Whll_e the system was rotated to provide quantitative infor-
After radial segregation occurs, as the cylinder continued ation of the state of the surface segregation and the relevant

to rotate, some mixtures segregate further into what appea e and length scales of the pattern development. These

from the surface to be bands of relatively pure single cons udies are complemented by magnetic resonance imaging

centration along the rotational axis, as illustrated in the pho:(MRl)' which provides a method for noninvasively examin-

tographs in Figs. ()-1(d), termed axial segregation ing concentrations and other details beneath the surface of

[5,9,13—-18. Some mixtures of granular materials also ex_granulgr material§19-24. The (_:Iescri_ption of the dig.ital
hibit a reversible axial segregation, wherein the bands disa analysis of the surface segregation wil be.present_ed in Sec.
pear when the rotation speed is decreafgftectively fol- | as well as results for a system of a binary mixture of
lowing the reverse process, in the pictures frofm) 1o 1(a)] spherlf:al particles. Statistical "’!”?"VS.'S supports surface ob-
[9]. As shown in Figs @)_1'(9) the initial segregation pat- servations that some local remixing is associated with band
tern resulting from rotation at 'higher speeds is only temloo_merglng eve_nts. Therefore,_lnteractlons beneath th_e surface
rary. When a mixture that has segregated into bands conti re at least in part _responsmle for the band ev_olut|on. Fur )
ues to rotate at the same speed, the original pattern of ban ermore, systematic pattern development studies done with
usually evolves into one with a smaller number of bands tha ne system |nd|catgs thgt the rate gnd form of th? pattern
are wider than those in the original configurati@y16,17. development vary with different rotation speeds. This would

An initial report of axial segregation was by Oyama in indicate that subsurface dynamics vary with changing rota-

1939[13]. A theory was developed to explain axial segrega—f[Ion spegd. In Sec. Il the MRI m.ethods_us_ed for obtaining
tion in terms of surface flow and an effective diffusion equa_lnformatmp about the concentration variations beneath the
tion [15,16}, which was successfully modified and adapted tosurface will be presented as well as results that provide ad-
explain1the: reversible effed®]. In 1993, Savage reported ditional evidence for the subsurface interactions that lead to

observing pattern evolution in an axially segregating systerr?anOl merging. In Se_:c. IV we ‘.N'” conclude with plans for
[16]. Later, other group£9,17] also reported observing the utu_re studies mcludmg dynamic MRI measurements to ex-
merging of bands with continued revolution. However, none2Mine the rotation speed dependence of subsurface dynam-
of these authors had an explanation for the pattern develoﬁgs'
ment nor the dependence of system wavelength on specific
parameters beyond the natural coarsening that might occur
with time in a system driven by an effective diffusion equa-
tion. Savage developed a cellular autonoma model patterned The experimental apparatus for the surface segregation
after the diffusion equation theory that successfully imitatedstudies is similar to that in Ref9]. The drum mixer used
the development of a metastable pattern of bands, as well agas a 61-cnm2-ft-) long Plexiglas cylinder with a 6.4-mm-
the merging of bands, often triggered by a random fluctuathick (3-in.) wall, 12.5 cm(5 in.) in diameter, rotated about
tion [16]. He acknowledged, however, that the cellular au-its axis with a-hp motor(providing rotational speeds up to
tonoma model and the explanation for axial segregation inapproximately 100 rpm For the images in Fig. 1 the cylin-
volving an effective diffusion equation oversimplify the der was one-third filled with a 50/50 mixture by volume of
details involved. The actual flow is more complex as it in-0.75-mm-diam(dark) and 3.0-mm-diam(clear, appearing
volves radial as well as axial movement of particles. light) glass spheres. The specific gravity of both large and
When two bands merge in a real system, they do not, irsmall glass beads is 2.55. While the mixture was rotated in
general, simply move toward each other until they meetthe cylinder, digital images were taken at regular time inter-
Rather, in the case of the merging of two small bead bands asls with a Cohu 4915 CCD camera and Scion LG-3 frame
shown in Fig. 1, for example, it appears from the surface thagrabber operated with the public domain NIH image soft-
the region between the small bead bands becomes increasare on a Power Macintosh. Figure 1 shows such images
ingly more concentrated with small beads, while the smaltaken through the cylinder wall. The box in Fig(al indi-
bead concentration within the bands themselves appear tmtes the region from which the data in the remainder of Fig.
decrease slightly, until the concentration of all three regiond were taken. The regions near the end plates were not in-
is roughly uniform. Finally, a new single band of small beadscluded in this analysis as, unlike the majority of the axial
“sharpens.” That is, the band itself narrows while the regionbands farther from the end plates, the development of the
within it becomes more highly concentrated with small bands near the ends of the cylinder appear to depend largely
beads. The pattern is then stable again with only minor axiabn end-plate—bead interactions and evolves differently from
movement of the bands until the next relatively sudderthe rest of the patterf8].
merging event occurs. The time dependence of the pattern For the system illustrated in Fig. 1, after 1.5 min of rota-

Il. DIGITAL SURFACE ANALYSIS



4388 K. M. HILL, A. CAPRIHAN, AND J. KAKALIOS 56

]
=

changes in these average pixel values as a function of time.
0.5 min. The 0.75-mm beads are dark and the 3.0-mm beads are clear.
+ Thus a high intensity in the graphs of FiggaR2-2(g) corre-
8 16 24 2 40 48 . .
Distance along cylinder axis (cm) sponds to high concentration of large beads near the surface,
2a a low intensity indicates a high concentration of small beads,
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%é f:: and an intermediate intensity reflects a mixture of the two.
32 5 o . _ Lsmin.  Figure 2a shows the mixture ratio as a function of axial
] 8 16 2 ) W a8 distance for the area outlined in Fig(al after only 30 s of
Distance alohg cylinder axis (em) rotation. Figures ()—2(d) correspond to the images in Figs.
v150 1(b)—1(d)_ when thg mixture_ had been rotated fpr 1.5, 25
goé . = . and 5 min, respectively, while the ba_nds were f|r§t forming.
gg SO:W 2.5 min. Figures 2e)-2(g) correspond to the images in Figgel-
x T3 o) > 5 5 1(g) and show some of the intensity data during the merging
Distance along cyinder axis cm) event. As suggested by surface observation, these traces in-
L8230 T dicate that the band merging event does not involve two
¥ 150:WW\ 5 min. bands moving together. While the third and fourth valleys,
<E T : - - - - o) representing the third and fourth small bead bands, remain
Distance along cylinder axis (cm) centered around 30 and 38 cm from the end, respectively, the
v 250 2d peak between them representing the concentration within the
gag:m:- large bead band drops, especially apparent in Fig. Zhe
23 T 10 min. final single band of small beads in that region is represented
= 3 | by the wide trough in Fig. @).
Distance along cylinder axis cm) These data can be converted into a comprehensive image,
§§290T with the values for the average intensity for each image in
E?::W 2mn. Fig. 2 reconverted to a string of pixel values and pasted

together to form a time line for the pixel values, as shown in
8 16 24 32 40 48 . . .
Distance along cylinder axis (cm) Fig. 3(@). Since the images were taken at a rate of two per
2f minute, there is a vertical string of pixels every 30(Ehe

1]
S

%5 150 T . image may be easier to interpret if turned PEigure 3b) is
33 SOZW m 15 min. a graph of the mean valu@otted ling and the standard
g 16 N 4 ] deviation of the mearsolid line) for similar traces as shown
Ditance sl colinder s (m) ' in Fig. 2 also taken from images during the entire experi-

ment. The approximate locations on the graph for the images
FIG. 2. Results from digital image analysis for the mixture and graphs in Figs. (&)—1(g) and Za)—2(g), respectively,
shown in Fig. 1.(@—(f) show the average pixel intensitin arbi-  are indicated and one can also follow the development of the
trary unit9 as a function of distance along the cylinder axis for the segregation in the image in Fig(3.
images shown in Figs.(a)-1(f). The mean valuédashed lingis roughly constant in time,
indicating no loss of beads of either type and no loss of
tion at approximately 15 rprfFig. 1(b)] a hint of axial seg- information beneath the surface. On the other hand, the stan-
regation is visible. After 2.5 min of further rotation at 15 dard deviation is closely related to the state of segregation.
rpm, the beginning of axial segregation is more clearly ob-\When the mixture is fairly uniform in distribution, as indi-
served[Fig. 1(c)]. After 5 min of rotation, clear segregation cated bya in Fig. 3(b), the pixel value at every point in the
of the large and small beads into sharp bands is achievegurface is fairly close to the mean value and the standard
[Fig. 1(d)]. The system shown in Fig. 1 appeared stable foideviation of the mean is low. If the bands are sharply de-
the next 5 min of rotation; the image taken at 10 rffilg.  fined, the pixel values in images taken of the surface should
1(e)] is similar to the one taken after 5 min of rotation. How- be far from the mean value. Thus the sharp (ibeoughb
ever, after an additional 2 miisee Fig. 1f)], it was clear andc) in the standard deviation in the graph corresponds to
that the pattern was changing. As mentioned above, the twthe initial formation of the bands, until the bands finally
bands did not appear to simply move toward each other unt$harpen after approximately 5 min of rotation, indicated by
they merged. Instead, the concentration of small dark bead$ While casual surface observation suggest that nothing is
increased beneath the surface within the large bead bandhanging while the cylinder is rotated for the next 5 min, the
which was soon to be lost in the merging event. This smaldip in the standard deviation as the bands are merging sug-
bead concentration continued to increase until the three regests otherwise. The continuous slope indicates that the band
gions became one wider band of small beads. The systemevelopment is a continuous process. Betweeand f the
reached the new metastable state after approximately 3 mincal minimum occurs, when surface observations indicate
more of rotationFig. 1(g)]. subsurface interactions and local remixing occurs during a
Figures 2a)—2(g) show the average intensity as a function band merging event. When the band number is finally re-
of position along the cylinder axis for the images in Figs.duced, there are fewer band-band interfaces and thus fewer
1(a)—1(g), respectively. Since the pixel value at each pointregions closer to the mean value of the traces, which is pre-
corresponds to the concentration of the mixture, the developsumably why the next semistable pattéimdicated byg in
ment of axial segregation can be evaluated from studyindrig. 4 has a higher standard deviation than the previous one.
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This increased rate of segregation at higher rotation speeds

g 50 may be caused by a number of factors, for example, an in-
- crease in the velocity and thickness of the flowing layer
'g 40 when the speed of rotation is increage@,26.
5 Once the banding pattern has developed initially, the evo-
T 30 lution of the bands can differ tremendously depending on the
= speed of rotation. The evolution follows one of three quali-
:o 20 tatively different patterns depending on whether it is rotating
g at slow, intermediate, or high speeds. First, at slower speeds,
= the pattern moves through many intermediate metastable
8 10 states of fewer and fewer bands. The duration of each inter-
g mediate metastable state is much shorter than the time it
Z takes for the pattern to move from one metastable state to the
= 0 5 10 15 20 next. The pattern development takes this form at speeds near
Time of rotation (min.) the transition speetbelow which the mixture does not seg-
3a regate, just above 3.5 rpm, and continues for speeds up to
160 | . . 70 approximately 5.5 rpm. The system in Figs. 1-3, for which
Standard Deviation the bead sizes differed from the system in Fig. 4, is operating
150 L Leo within th_is _first regime. This first form of the pattern devel-
opment is in contrast to the pattern development observed at
140 L \ 150 intermediate speer where thg patte_rn appears to reach a very
stable state early in the rotation. Figureddshows an ex-
g 130 b 40 ample of the typical result of statistical analysis of the im-
é’ T T ages for these runs. The standard deviation of the mean pla-
teaus early in the experiment for a time significantly longer
120 T30 than the time it takes for the system to segregate and the
a system remains stable for some time. The evolution of the
110 “& T20 system of 0.75 and 1.5 mm beads is similar to this for speeds
between 6 rpm up to about 40 rpm.
100 | l ) 10 At very high speeds, the pattern development changes
0 5 Tim::O(min) 15 20 gualitatively once again as shown in Figgedand 4f). Ad-

3b

mittedly, it is in part similar to the pattern development at

low rotation speeds in that the pattern development occurs

FIG. 3. Compilations of the data of Figs. 1 and 2 from imagesvery symmetrically, as seen in Figsia#and 4b). In addi-
taken during the entire experimeftotal rotation time of 20 mi ~ tion, the metastable states at the very low and very high
for measurements taken every 30a.shows the pattern develop- Speeds last for a relatively short time compared to the initial
ment graphically by reconverting the average pixel values from thdime for segregation. However, the band pattern does not
traces(as in Fig. 2 into gray-scale images and thus representingevolve in the same manner as occurs at lower speeds, with
each time step by a vertical string of pixel) is a graph of the bands merging, two at a time. Instead, it seems driven by the
mean value and the standard deviation of the mean for these tracasxpansion of the outer two bands of small beads in towards
The approximate locations on the graph for images and graphs qhe center while the central band of large beads is main-
Figs. 1@-1(f) and 2a)-2(f), respectively, are indicated. tained. Of course, at such high rotation speeds the top ava-

lanching surface displays strong curvat(see, for example,

The same analysis was done for a 50/50 mixture ofRefs.[27,28) and thus it is not surprising that the segrega-
0.75-mm(dark) spheres and 1.5-mittight) spheres, also of tion dynamics are changed. From the darker appearance of
specific gravity 2.55. The pattern development was followedhe image it is clear that a higher percentage of small beads
for speeds ranging from just under 4 rpm to almost 100 rpmare being carried up to the surface from the radial mode. This
This mixture exhibited qualitatively different segregation can be seen clearly in the different mean values for the dif-
and evolution behaviors at the different speeds, as demorierent runs(Note the difference in the scale for the different
strated in Fig. 4. Figure(d) is the comprehensive image of speeds.At 4.8 and 11 rpm, the mean is approximately the
the pattern developmerfus in Fig. 3a)] for the images taken same. At~100 rpm, the mean is much lower, showing more
of the pattern evolution when the system was rotated at 4.9mall (dark) beads being continually carried to the surface.
rom and Fig. 4b) is the graph of the mean and standardHowever, the shape of the surface remains relatively flat be-
deviation[as in Fig. 3b)]. Figures 4c) and 4d) contain the tween 4.8 and 11 rpm. Since the pattern development
corresponding information for one run performed at 11.4changes qualitatively even at these lower rotation speeds, it
rpm and Figs. &) and 4f) contain the data from a run taken is likely that the form the pattern development follows is not
with the cylinder rotating at the highest speed mea-solely driven by surface effects. If indeed the dynamics be-
sured: 97.6 rpm. Clearly, the initial segregation occursneath the surface drive the development of the band pattern,
more quickly at higher speeds. The initial time for segregathese data show that these dynamics must vary qualitatively
tion in some cases is related to the speed of rotation via with speed of rotation even at the lower speeds.
power law and is planned to be discussed elsewh2s¢ The analysis of the surface images provides important in-
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FIG. 4. Compilation images and statistical analysi®an and standard deviation plotted against rotation)tforethe pattern develop-
ment of a system rotated at different speddsand(b) are plots for the system rotated at low spe@isund 4 rpm, near the transition speed
below which the system will not segreggté) and(d) are for the system rotated at intermediate spéadsind 11 rpry and(e) and(f) are
for the system rotated at very high speédsound 100 rpm

formation concerning the development of the banding patterbands. The experimental setup employed for the band devel-
of axially segregated systems. The results support some @jpment studies is similar to that in R¢f.9]. A mixture of
the surface observations about the band merging events. the MRI-sensitive component and one that is not MRI active
particular, the band merging events do not simply involvejs used, so that a concentration image will directly show the
two bands moving together, but instead all of the bands ingistribution of the MRI active species. The MRI-sensitive
volved become less distinct until the final band sharpens. Ibeads are 1-mm-diam spherical pharmaceutical pills, while
addition, the band merging events are not as sudden as th@ye MRI inert beads are 3-mm plastic spheres. The spheres
appear from casual surface observation, but seem to involVgere rotated in an acrylic cylinder, 24 cm long and 7.5 cm in
a more continuous process. Finally, systematic studies afjameter. Fluid-filled spheres were taped along the outside of
band evolution in one mixture rotated at different rotationthe cylinder at 5-cm intervals to provide reference points in
speeds find that the subsurface involvement varies at diffethe images. A NMR imager-spectrometdtalorac Cryogen-
ent speeds. To understand more of the details involved in thigs Corp) was used at The Lovelace Institute with a 1.9-T
segregation, data are needed regarding the concentrati@kford superconducting magnet with a bore diameter of 31
changes beneath the surface. cm. The magnet bore is horizontal, so the cylinder may be
placed into the magnet without disturbing its contents. Digi-
tal image analysis was performed on a Power Macintosh
7100/80 computer using the public domain NIH image pro-
In order to investigate the local remixing during band gram. The partially filled cylinder was first rotated outside
merging events magnetic resonance imaging was used. MRihe magnet, where the state of the surface segregation was
allows for noninvasive observation of the evolution of thenoted. Rotation was then stopped and the cylinder was
pattern within the bulk as it progresses from one stage to thplaced within the bore of the magnet where the material was
next. Nakagawa and co-workers demonstrated that liquidimaged using standard stationary NMR imaging techniques.
state MRI techniques may be used to image arbitrary planebhis procedure was repeated for extended rotation periods.
within the bulk of granular media for material containing a In this way, the evolution of the radial and axial segregation
fluid [20]. They have used these techniques to investigate theas serially monitored. The MRI experiment images a
dynamics of granular flow in a partially filled rotating drum 5-mm-thick slice either perpendicular to the axis at any point
as well as the migration of the radially segregated core of along the length of the cylinder as illustrated in Figa)Sor
mixture with continued rotatioh21]. parallel to and containing the axis of the cylinder as illus-
In a recent reporf19] we described the use of MRI to trated in Fig. %c). The smaller MRI sensitive spheres appear
obtain a full three-dimensional picture of axial segregationas bright regions in the images and dark regions correspond
by imaging planes both perpendicular and parallel to the cylto high concentrations of the larger MRI inert spheres.
inder axis at successive stages of the development of the After the mixture had been rotated for approximately 5.5

Ill. MAGNETIC RESONANCE IMAGING EXPERIMENTS
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FIG. 5. MRI data for a mixture of pharmaceutical sphetés
mm) and plastic sphere@ mm) rotated in a 24-cm-long cylinder
for 5.5 min at 30 rpm. From outside the cylinder, the mixture ap- e of
pears to have segregated radially and axi&#yillustrates the state
of the system as viewed from outside after rotation and the approxi- FIG. 6. (a), (c), and(e) Subsurface MRI data ar®), (d), and(f)
mate locations of the planes from where the images show)in corresponding surface illustrations for a mixture of pharmaceutical
were taken: within the small sphere bafid and within the large  sphereg1 mm) and plastic sphereg® mm) rotated for an extended
sphere band?2). (c) indicates the location of the image taken par- period of time in a 24-cm cylinder at 30 rpm. The images were
allel to the axis shown iid). The brighter regions represent higher taken while a band merging event was occurrif@y.and (b) corre-
concentrations of small spheres. spond to the state of the mixture after approximately 15 min of

. . . . rotation, (c) and(d) correspond to the system after 23 min of rota-
min at 30 rpm in a 7.5-cm-diam 24-cm-long cylinder, the tjgn and(e) and (f) correspond to the state of the system after 33
mixture appeared both radially and axially segregated on thgin of rotation. Again, brighter regions represent higher concentra-
outside as indicated in the sketch in Figa)s Images taken tions of 1-mm spheres.

beneath the surface at this point indicate an interdependence
between radial and axial segregation. Figuta) Hlustrates  Finally, after an additional 10 min of rotation the bands had
the state of the mixture as observed from the outside, as wetlompletely merged, as illustrated by Figge)éand &f).
as the approximate location of the images taken perpendicu- This qualitative description is supported graphically by
lar to the cylinder axis shown in Fig(). The images in Fig. the results in Figs. 7 and 8. Figure&@)~-7(d) are the inten-
5(b) serve two purposes. They indicate that the high concersities of the MRI image near the surfad@hese are some-
tration of small spheres near the center of the rotational axisyhat noisier than the surface data taken with the CCD cam-
the radial segregation, exists both within the bands of thera due to the lack of data from the entire surface for
smaller spheres and within the bands of the larger sphereaveraging. Figures §a)—8(d) are the average concentrations
These images also ensure that the pattern is roughly cylirelong the axis for the MRI images. In these graphs, since the
drically symmetric around the axis of rotation at any givensmaller 1-mm spheres are MRI sensitive, a high intensity
location and thus the images containing the cylinder fags indicates a high concentration of small beads and a low in-
in Fig. 5(d)] are sufficient for a first-order representation of tensity indicates a high concentration of large beads. Figures
the state of the mixture below the surface. Figuf® Shows 7(a) and §a) are data from the image in Fig(dj, taken after
the location of the image taken down the length of the cyl-approximately 5 min of rotation at 30 rpm. Figure®)7and
inder axis shown in Fig. @l). In Fig. 5d) it is verified that  8(b) are data from the image in Fig(d®, taken after approxi-
the “radial mode” of small beads runs down the entire mately 15 min of rotation when surface observations indi-
length of the cylinder, widening to the surface in the regionscated little (if any) change from the initial state of segrega-
where axial bands of small spheres are seen from above. tion of three bands of small beads and four bands of large
Figure 6 illustrates the pattern development of this sysbeads. Figures(€) and §c) are data from the image in Fig.
tem. Figures @), 6(c), and Ge) are the subsurface images 6(c), while the bands were merging, and Fig&d)7and &d)
taken using MRI as two of the bands merged. These imagesre data from the image in Fig(e.
are all vertical and parallel to the cylinder axis in the position One marked difference between these sets of graphs is
indicated in Fig. &). Figures €b), 6(d), and &f) are that the graphs in Fig. 7 indicate that the bands are distinct
sketches illustrating the state of the surface extrapolated frorffom each other at the surface: between each pair of small
MRI data taken near the surface. Figur@Gs the subsur- bead bands the intensity is close to zero, indicating almost no
face image taken after approximately 15 min of rotation aftersmall bead bands on the surface in the large bead bands
the mixture had radially segregated and axially segregate@though, from the low intensity in the small bead bands com-
into three bands of small beads and four bands of large beagimred to the average images, it is clear a number of large
[as shown in Fig. @®)]. After approximately 8 min of further beads remain on the surface of the small bead Haittsv-
rotation, the bands had begun to merge, mostly beneath trever, in the graphs of the average concentration, the bands do
surface as illustrated in Figs(® and &d). The radial mode not appear as distinct. The intensity is relatively high be-
of small beads increased significantly in the region betweeitween the small bead bands due to the radial mode. Thus the
the small beads that were merging and that region becamgnd merging events do not seem as dramatic beneath the
more highly concentrated with small beads. The bands asurface, but instead appear to be a minor rearrangement of
seen on the surface had not moved much closer togethehe relative concentrations, moving the system from a state
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~ FIG. 7. MRl intensity along the top surface of the system from  F|G. 8. Average intensity as a function of position along the
images taken parallel to the axis of the cylinder during the mergingaxis, from the identical images used for the surface intensities in

event. (@) is the data from the image in Fig(d, (b) is the data  Fig. 7. (a)—(d) corresponds to the surface data in Fig&)#7(d),
from the image in Fig. @), (c) is the data from the image in Fig. respectively.

6(c), and(d) is the data from the image in Fig(e.
of smaller pockets of each component to fewer and fewege pattern evolution as these images reveal a relationship

ockets with a gradual concentration gradient from one ban etween the radial and axial segregation and movement in
tpo the next 9 9 e radial mode when the axial bands are merging. Future

MRI studies will involve velocity measurements within and
beneath the surface to determine the mechanisms responsible
IV. SUMMARY for the change in dynamics with rotation speed.

The evolution of the axial banding pattern in a system of
granular material rotated in a drum has been studied. An
analysis of digital images taken of the surface segregation in
conjunction with subsurface measurements using MRI tech- This research was supported in part by the Minnesota
nigues provides important information about the details ofGraduate School Grant-in-Aid program, Grant No. NSF-
the evolution of the surface pattern. The data from the sur€TS-9501437; the U.S. Department of Energy; Pittsburgh
face segregation show that as a band merging event occuenergy Technology Center via Grant No. De-FG22-
there is some local mixing, indicating that there are interac94PC94248; and the U.S. Department of Energy, Office of
tions beneath the surface that are driving the pattern evolBasic Energy Sciences via Grant No. DE-FG03-93ER14316.
tion. Systematic studies of the changes in the pattern deveWe gratefully acknowledge the help and hospitality of Steve
opment at different rotation speeds suggest that thesaltobelli, Eiichi Fukushima, Masami Nakagawa, Allen Wag-
subsurface interactions must vary with rotation speeds. MRgoner, and the Lovelace Institute, where the MRI data were
data support the conjecture of subsurface dynamics drivintaken.
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