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Shape dynamics of interfacial front in rotating cylinders
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The evolution of the interface propagation in a slowly rotating half-filled horizontal cylinder is studied using
magnetic resonance imaging. Initially, the cylinder contains two axially segregated bands of small and large
particles with a sharp interface. The process of the formation of the radial core is clearly captured, and the
shape and the velocity of the propagating front are calculated by assuming a one-dimensional diffusion process
along the rotation axis of the cylinder and a separation of time scales associated with segregation in the radial
and axial directions. We found that the interfacial dynamics are best described when a concentration-dependent
diffusion process is assume&1063-651%99)06002-X]

PACS numbgs): 81.05.Rm, 45.05:x, 64.75+¢, 61.72.Hh

[. INTRODUCTION segregation This process was best demonstrated by Hill
et al. [9] using MRI. The final number of bands, their posi-
) . . ; ions, and widths varied from experiment to experiment but
cylinder, most particles undergo a solid body rotation excepNakagawa[S] found the three-band configuration to be

for a thin layer of particles flowing near the free surface.giapje after an extended number of rotations. These bands
With increasing rotation rat'e, particles first exhibit intermit- may not be pure and a radial core might still be present,
tent avalanches, then continuous flow near the surface, anghereas Chicharret al.[7] rotated two sizes of Ottawa sand
flna”y a ring structure due to Centrifugal for{:k] In indus- for two weeks at 45 rpm and found a final state of Me
trial applications, rotating cylinders are primarily used for pands each filling approximately half of the cylinder, ire,
mixing different component§2]. But it is well known that  radial core was found. Recently, experimental evidences
particles of different size or density show radial segregatiorwere given for two new mechanisms of axial segregation,
on small time scales and axial segregation on large tim@amelytraveling waveq8] and avalanche mediated trans-
scales which compete against the mixing prod@s<9). port [14], which were only observed when nonspherical par-
One of the ways to investigate the three-dimensional particles were used.
ticle motion is to stop the rotating cylinder and take samples Since the dynamics of the axial segregation process de-
from different locationg10]. However, this inevitably in- pends on the homogeneity of the initial mixture, it is desir-
volves a partial destruction of the internal structure whichable to start with a better defined initial packing. We propose
might provide vital information. Another shortcoming of this to start with a fully axially segregated state of a binary par-
approach is that it is time consuming to obtain global infor-ticle mixture and use MRI to investigate the three-
mation about the particle motion. Recently, noninvasivedimensional segregation front which is initially seen as a
magnetic resonance |mag||(]MR|) has been used to interro- Sharp flat interface. We Study the prOpagation velocities and
gate the internal structures of evolving granular assembliegompare them with results obtained from a simple diffusive
[11]. Since the current MRI flow measurement is designedProcess where @oncentration-dependertiffusion coeffi-
for a steady flow of particles and recording a single imagecient is used. The shape of the segregation front can be cal-
can take several minutes, the cylinder is also stopped to cagulated approximately analytically when a separation of time
ture a series of static images of the propagating front startin§cales for the segregation in the radial direction and the dif-
with the same set of initial conditions. Nakagaetaal. [11] ~ fusion in the axial direction is assumed.
first applied MRI to study the dynamics of granular flow in a
rotating cylinder and recorded velocity and density profiles
along and perpendicular to the flowing layer of particles.
Using a spin-tagging sequence, the flow and diffusion in a The initial state was prepared in such a way that the left
vertically shaken container of poppy seeds was recently medalf of the cylinder contained only large particles having a
sured and convection rolls fourdd2]. Most recently, the diameter of 4 mm and the right half contained only small
shape of the radially and axially segregated core was alsparticles having a diameter of 1 mm. It is similar to the one
investigated by MR[9,13]. used in[15] and is sketched in Fig. 1 where the larger par-
Not much is known yet about how this radially segregatedicles are shown in gray. A 50-50 mixture by volume was
core evolves. In the common segregation experiments, ongsed and the total volume was chosen to give a roughly
starts with a well mixed initial state containing small and half-filled cylinder.
large particles. The formation of a radial core of small par- Axial migration of the core of small particles is a three-
ticles which extends over the whole length of the cylinder isdimensional process and its dynamics should be monitored
already visible after a few rotationd]. This radial core may by a noninvasive method. The very strength of MRl among
become unstable forming band patterns, which is callédl  other existing noninvasive techniques lies in its ability of

When granular materials are put in a horizontal rotatin

Il. EXPERIMENTAL SETUP AND STUDIES
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FIG. 1. A simplified sketch of the initial configuration: large
particles are all in the left half of the cylinder and shown in gray.
This corresponds to the first side view image in Fig. 2.

measuring dynamic flow properties such as velocities and
velocity fluctuations. Measurement of true concentration still

remains a challenging problem because in granular flows
concentration and particle agitation, characterized by the
granular temperature, are strongly coupled, which is pre-
dicted by kinetic theories. It is not trivial to separate causes
for the lesser concentration signals. Less challenging but
equally important is MRI's ability to probe a dense static
granular system. In fact, the denser the system of interest is,
the higher the quality of the images become. Since the MRI
technique used is best suited for flows in a steady state, the
cylinder was stopped when the images were taken.

Our MRI imager/spectrometéNalorac Cryogenics Cojp
has a 1.9 tesla superconducting magi@etford) with a bore
diameter of 31 cm. The useful space inside the bore is a
sphere of diameter of about 8 cm after the insertion of the
gradient coils and the rf probe. The acrylic cylinder with 10
cm and 7 cm in its length and diameter, respectively, was
rotated at a constant rate of 11.4 rpm by a dc servo motor
(12FG and a controllefVXA-48-8-8) made by PMI inside
the imaging apparatus. The material properties, the drum ge-
ometry, and its rotation speed were chosen such that the
drum was operating in the beginning of the continuous flow
regime. Images were taken after 0, 15, 30, 45, 60, 75, 90, anc
600 s of rotation. The particles used were spherical pharma-
ceutical pills of 1 and 4 mm diameter which contain a liquid  F|G. 2. Cross sectional views of the interface propagation for a
core of vitamin oil. Lougeet al. [16] conducted a detailed mixture of 1- and 4-mm vitamin pills in a half-filled rotating cylin-
binary impact experiment using these particles and estimategkr. The small particles cannot be resolved individually and the
the normal coefficient of restitution to be about 0.9. In theregion they occupy is shown in light gray.
perpendicular direction, however, they have found that these
liquid-filled particles exhibit rolling contacts with negligible ing the highest intensity value of all planes. This averaging
compliance. increased the contrast and we verified that the shape of the

The cylinder was put into the magnet for recording three-front did not change significantly within these planes. For the
dimensional intensity signal§64x64x64 point3 which  top view, 12 planes in the lower half of the cylinder were
took around 40 min each. Due to the limitations in the spatiasuperimposed. By this procedure, we can clearly identify the
resolution, the smaller particles cannot be resolved individuregions containing large particles without losing spatial in-
ally and appear as light gray in the images. Since the largdiormation. The time evolution in Fig. 2 shows that the cas-
particles contain more liquid, they give a higher signal andcading layer is almost entirely composed of large particles
show up in black or dark gray in the images. Despite the factvhereas the small particles caimk into the surface layer
that our images are three-dimensional, we have decided tmore easily and consequently their concentration in the layer
illustrate the dynamics of the conical shape of the migratingwill decrease. The distance of the tip of the migrating front
front by showing two different cross-sectional views in Fig. of small particles and the free surface, denoted lny Fig. 2,

2, namely the side views on the left and the top views on theemains more or less constant. This indicates that the small
right. Initially (0 seg, the large and small particles were particles in the cascading layer are responsible for the front
packed in the left and right half of the cylinder, respectively,advancement. Immediately after the cylinder starts to rotate,
and the heaping of the large particles at the left end in the tothere is a mixture of large and small particles flowing in the

left image is due to an actual uneven initial packing. Thiscascading layer developed at the interface. Due to the perco-
quickly disappeared and was flattened to the same level as lation mechanism, the smaller particles travel under the free
other parts of the cylinder once the cylinder was in motion.surface and move in the axial direction driven by the con-

The side views were obtained by superimposing the 1@&entration gradient. The smaller particles advance more eas-
vertical planes in the central region of the cylinder and tak-ly into the region occupied by larger particles since there are
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FIG. 3. Side view of the segregation front for later times at 90 s 3 I N 7
(left) and at 600 gright) after start of rotation. L
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more voids in the cascading region for the small particles to
move into. We also observed that the larger particles travel- fiG. 4. Theoretical prediction of the interface shape for three
ing on the surface always reached the other end of the cylifferent times after the start of rotation using the same constant
inder before the smaller particles did. Eventually, this leadsjiffusion coefficientD =0.02 cni/s.

to an extended radially segregated core, shown in Fig. 3 and

also observed in other experimefs. rates studied. Nakagawet al. [15] investigated a mixing
process of 50-50 mixtures of liquid-filled pharmaceutical
Ill. RADIAL CORE DEVELOPMENT pills of different sizes. After different numbers of revolutions

. . L ) .. they inserted 12 dividers along the rotational axis and mea-
Assuming random particle motion in the axial direction g ;e the fraction of small particles in each of the 13 seg-
(z axis), one component systems could be well described bynents. They obtained one-dimensional concentration profiles
a diffusion process according to Fick's second 40,17.  gimjjar to the theoretical prediction given by E@). How-
The interface of a two-component system can also be studiger, for longer rotation times, their profiles showed a slight
in this fashion and the diffusion equation reads asymmetry with respect to the position of the initial front. It
IC(z,) (9( aC(z,t)) should be kept in mind, however, that the final configuration

(1)  in both our MRI study and Ref15] was a radial segregated

ot 9z core of small particles and not a mixture as in R¢1€),17).

0z

where C(z) and D denote he relave concentaton by 2% 00 Seenenallod e el
volume of the smaller particles and the corresponding diffu- y P greg

sion coefficient, respectively. The initial conditions for a cyl- ,‘;ﬂ:ﬁ;%{/‘g:sfgwarr(;izogs' 1”5‘ tshewiki)gr\: %osrlrjggesﬁglsex?;uplﬁl
inder with lengthL are p y ’ p ghly

three full rotations, and each particle had a chance to partici-

L pate in approximately six avalanches. In order to calculate
0, - Esz<0 analytically the exact shape of the interface of small particles
C(z,0= migrating into the region initially occupied by large particles,
it is assumed that the concentration change in each section is
slow enough that the fully radially segregated core is already
completely developed. This approximation states a direct re-
whereas the boundary conditions read lationship between concentrati@z,t) and width and po-
sition of the region occupied by small particles which will be
given now.

For a half-filled cylinder, the center of mass of the core of
small particles lies B/3w below the free surface. For lower
which states that there is zero axial flux at the boundaries dueoncentrations, we assume that all small particles occupy a
to the end caps. region in the shape of a half circle, again centered at the

For a constant diffusion coefficient, E@.) can be solved same point as the full half circle. The radinsf this half
analytically for the specified initial and boundary conditionscircle is related to the concentration and the cylinder radius
and the solution reads by

1, o<
= —
) 4 5

aC
Jz

_aC

z=—L/2 gz

:O,
z=L/2

2
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1 25 1 (2k—1)27°Dt
C(z,t)= §+ ;kgl Zk_lexp{ —

LZ

X sin

(2k—1)mz The analytically obtained interfacial shape dynamics of the
L |- 2 region occupied by small particles is shown in Fig. 4 for
three different times after the start of rotation. From the
Hogg et al. [10] solved a similar diffusion problem for a cross-sectional views of Fig. 2, we estimated that the front of
single component system by replacing the time derivativesmall particles reached the left cylinder boundary around
with the derivative with respect to the number of rotations,t=45 s, which gave a value & =0.02 cnt/s for the dif-
thus assuming that the dynamic effects on the diffusion profusion coefficient in Eq(1). Mixing experiments using 6.4
cess were not significant within the range of the rotationmm lucite beads gave diffusion coefficients around 0.%#/sm
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for three different concentration dependencies of the diffusion co- . . . .

efficient D. FIG. 6. Propagation of large particles along rotation axis, com-

parison of experimental dat®) and from the diffusion equation
Psing a constant---) or a concentration-dependeft-) diffusion

and the higher value is due to the larger particle diamete )
coefficientD.

[17]. All shapes agree well with the MRI data considering

the level of approximations made and the dashed line fOC{L(C) from a constant diffusion coefficient with a larger

for D_) or smaller (for D.) value. However, we will
present in the next section a more suitable method to do so.
Since the larger particles give a higher MRI signal, the
ropagation of these particles into the region initially filled

t=600 s predicts an already nearly fully radially segregate
core of small particles which corresponds well to the right
picture of Fig. 3. In order to derive an improved model,
however, we need to know the exact shape of the regio

occupied by small particles and the exact position of th ith small particles can be studied by recording intensity

Cer_}tﬁr of mass gf th'g rleg!;)hn. tant diffusi ici tvalues that correspond to large particles. These values were
'€ proposed model with a constant diftusion COeICIENly, 44 ctaq from the side views of Figs. 2 and 3 and are shown
D in Eq. (1) always leads to symmetric concentration pro-

- : .~ in Fig. 6 as filled circles with corresponding error bars. Also
files, which can be seen from E(R). However, the experi- g P 9

ld d in R&L5] indi h houah shown as a dashed line is the theoretical curve according to
m_en.ta ata presente. n ¢15] indicate that even t oug Eq. (2) using the same constant diffusion coefficient of
this is a good approximation for small numbers of rotations

D=0.02 cnf/s as in Fig. 4. The data show that the front

clear deviations from symmetric proflles_ are deteCted_foradvancement is underestimated when a constant diffusion
large numbers of rotations. Since particle concentration

§%as a thickness of a few large particles for the range of ro-
tation speeds used here. For a low concentration of small
particles, these can be trapped in a region well below this
ayer and they will show a low mobility relative to one an-

us to test the effects of @oncentration dependeiiffusion
coefficient on the particle motion, especially the shape dy
namics. We will investigate two linear dependencies of th

form other due to percolation. For higher concentrations, the seg-
D.(C)=Dy=Dy(C—0.5 (3  regated core is large enough so that some of the small par-

- ticles in the core are mixed with the large particles in the

which fulfill fluidized surface layer. Therefore, not all small particles can

remain in the segregated core but some will be recirculated
in the flowing layer. The mobility of particles in this layer is
much higher than for particles in the segregated core which
makes us believe that the diffusion coefficient is concentra-
and solve Eq.1) numerically by using a standard finite- tion dependent.
difference procedure. The exact functional dependence can only be inferred
This linear concentration dependence has a significant efrom a detailed understanding of the microscopic particle
fect on the shape dynamics which is shown in Fig. 5 bymotion of the two species, e.g., by looking at the asymmetry
comparing both laws with the shape given by a constanof the concentration profile or by calculating the diffusion
diffusion coefficient att=90 s. The effect is most pro- coefficient microscopically. Unfortunately, neither the ex-
nounced in the left part of the cylinder, i.e., in the region theperimental nor the numerical results available are accurate
small particles propagate into. Whénincreasesdecreases and detailed enough to address this question fully. However,
with small particle concentratio@, the diameter of the seg- it is already very instructive to consider the two linear de-
regated core close to the left cylinder wall is largemalley. pendencies proposed in E@) and we show in Fig. 6 as a
Unfortunately, we are not able to judge which of the inves-solid line the numerical result fad (C)=D _(C). The result
tigated three concentration dependencie® @jives the best for D(C)=D,(C) will lie between the solid and dashed
agreement with the experimental data. The spatial resolutiolines and in either case we get a better agreement with the
is not high enough to reconstruct the full shape which wouldexperimental result as compared to the case in which a con-
be necessary in order to distinguish a dependence of the forstant diffusion coefficienD (C)=D, is used.

1
(0)= | 'b.(crac-p,
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V. CONCLUSIONS more accurately when a concentration-dependent diffusion

Usina MRI measurements. we investiaated the shape d coefficient is considered. However, in order to determine the
Sing . o g NaPEe AYe orrect concentration dependence of the diffusion coefficient,
namics and interface propagation in a slowly rotating half-

one must compare the shape of the whole concentration pro-

filled horizontal cylinder. By assuming that the radial >€9€%ie or one has to calculate the diffusion coefficient micro-

ation and the axial migration process occur on different : :
Sme scales, we showedg that thr()e propagating front can b%coplcally from the particle movements.
well d.escrlbed by a one—dlmenS|ona! d|ffu5|c_)n process. The ACKNOWLEDGMENTS
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