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By taking a discrete view of cohesion, we develop a particle-level model which can accurately predict the
extent of particle mixing and segregation in cohesiveswetd granular systems. Our model is based on a discrete
characterization tool and is used to generate phase diagrams of the predicted particle behavior. These phase
diagrams exhibit both mixed and segregated phases where the boundary is determined by the mechanical and
surface properties of the particles, such that manipulation of surface properties and/or size/density ratios
provides a method to control cohesive particle mixing and segregation. A detailed description of the phase
diagram development process as well as quantitative validation of the theoretical results are reported here.
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I. INTRODUCTION

Mixing of granular materials is of considerable practical
importance to many industries, such as pharmaceutical,
chemical, food, and construction, and has intrigued research-
ers for yearsf1–5g. It is well known that mixing is invariably
limited by the tendency for granular materials to simulta-
neously demix or segregate due to differences in size, den-
sity, shape, etc.f6,7g, and the interplay of mixing and segre-
gation is critical to the analysis and design of industrial
mixing operationsf8g.

Despite significant advances in our understanding of the
role of moisture in granular flowsf9–16g, much remains to
be done. In particular, while it has been long believed that
cohesion mitigates segregation, the origin of this phenom-
enon has been elusivef2,17g. Nevertheless, recent work fo-
cusing on the effect of varying moisture level on segregation
has shown a rich behavior both as a function of forcing ve-
locity f11g and interstitial liquid viscosityf9g.

In this work, our group focuses on a fixed volumesper-
centd of interstitial liquid and differing particle properties. As
will be discussed, our particle flow is sufficiently gentle as to
be located within the “mixing” phase of Geromichalos, al-
though a variety of mixing/segregation behavior is observed
as particle properties are varied. We develop a microscopic
sparticle-leveld model which we use to connect the macro-
scopic properties of the granular mixing/segregation to the
effects of interparticle forces. In earlier work, we developed
a simple discrete-based tool to characterize cohesivesliquid-
bridging inducedd granular materialsf18g. Here, we use an
extended tool applicable to binary particle systems, so that
we can determine phase diagrams which exhibit both mixed
and segregated phases for particle systemsf12g. The bound-
ary of the phases depends on the mechanical and surface
properties of the particlesf12g. By using these phase dia-
grams we are able to predict the extent of mixing for given
combinations of particles, and provide a method for control-
ling cohesive particle mixing. To support the theory various
experiments and simulations are conducted in a simple, in-
dustrially relevant, granular flow, a tumbler.

II. COHESIVE MIXING MODEL

A. Characterization tool

While the ubiquitous sink of granular thermal energy—
inelastic collisions—makes metastable or nonequilibrium
states quite commonplace in particulate systemsf19g, a con-
tinuous input of energy supplyshere, the rotated tumblerd can
be used to exactly balance the energy lost to inelastic colli-
sions. As a result, the system may eventually reach an
asymptotic state, where the reversible process between mix-
ing and segregation cancels and the particle distribution is
essentially invariant. It is at this point that our model is ap-
plicable. The basis of the model is that, in the asymptotic
state, the distribution of particles in a cohesive system will
depend almost wholly on the relative importance of the vari-
ous forces acting on the particles. Therefore by examining
the magnitude of the cohesion forceshere liquid-bridge in-
ducedd relative to other relevant forces, we can quantify and
elucidate the impact of the cohesion force on the system.

As a simple way to obtain an unquenched, asymptotic
granular state, we use a half filled tumbler. When this geom-
etry is operated in the continuous flow or rolling regime, the
bulk of the bed undergoes a solid-body rotation by following
the cylinder motion. Near the surface, the particles flow
downward along the surface in a thin layer continuouslysi.e.,
without avalanchesd until they enter the bed again, and the
process repeatsf20,21g. Under these conditions, mixing oc-
curs almost solely due to collision-induced diffusion in the
thin surface layerf8g. After many revolutions, the particle
distribution in the bed remains time invariant and the system
is assumed to reach its asymptotic state. In our cohesive
trials, we add a small but consistent amount of interstitial
liquid to the beds<1% volumed. In all cases, we operate the
tumbler in the continuous flow regime, yet at a sufficiently
slow rotation rate that the shearing force is considerably
smaller than the particle weight, and the average velocity of
the beads limits the kinetic energy to the viscoplastic regime
f11g. The relevant forces acting on the particles therefore
include the cohesion forcesFcd and the particle weightsFwd.
The characterization tool that is the basis of our model, in
this case, is the granular bond numbersBogd which is defined
as a ratio of the maximumFc to Fw. For a monodisperse
systemf18g it is given as*Electronic address: jjmcc@pitt.edu
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Bog =
Fc

Fw
=

2pgR
4
3pgR3r

, s1d

whereg is the interstitial fluid’s surface tension,R andr are
the radius and density of particle, respectively, andg is the
acceleration due to gravity. It should be noted that this tool,
and in fact this work, is geared toward systems where the
liquid bridges act only pairwisesi.e., the system is in the
pendular regimed.

B. Phase diagram

In order to use the granular bond number to examine the
impact of cohesion on particle mixing/segregation, we ex-
tend the Bog for a homogeneous system to binary systems
where particles have different sizes, densities, and/or wetting
characteristics as

Bog =
2pgRescosudmin

4
3pgsR3rdmin

=
3gRescosudmin

2gsR3rdmin
, s2d

whereg is the interstitial fluid’s surface tension,sR3rdmin is
the smaller of the two masses to represent the fact that a less
massive particle’s motion will be dominated by the more
massive particlesi.e., it will behave as a guestd, u is the
wetting angle, Re is the geometric mean radiusfRe

=2R1R2/ sR1+R2dg, and differing wetting characteristics are
incorporated simply by using the larger value ofu sor the
smaller value of cosud.

The values of the Bog for each potential pair of particles,
i and j , within the systemsi.e., for a binary system, the
Bog11,Bog22, and Bog12, where 2 is defined as the larger of
the particlesd need to then be compared. It should be noted
that this approach necessarily limits our applicable range of
size ratios for two reasons. First, as the size ratio becomes
sinfinitelyd small, maintaining the bed in the pendular regime
will become impossible. Second, directly comparing pair-
wise particle interactions neglects both multiparticle interac-
tions as well as the reality that for small size ratios the prob-
ability of the three types of pairwise interactions may be very
different sso some scaled comparison would be warrantedd.
Nevertheless, as can be seen in Sec. IV, this simple approach
works well even down to size ratios of 0.25si.e., interaction
probability ratios of 16 to 1d.

Comparing the magnitudes of these Bogij leads to two
dimensionless groups:

R1 =
Bog11

Bog12
=

R1 + R2

2R2

cosu1

scosu1,cosu2dmin

sR1
3r1,R2

3r2dmin

R1
3r1

,

s3d

R2 =
Bog22

Bog12
=

R1 + R2

2R1

cosu2

scosu1,cosu2dmin

sR1
3r1,R2

3r2dmin

R2
3r2

,

s4d

which can be rewritten by defininga=r1/r2, b=R1/R2, and
l=cosu1/cosu2, yielding

R1 =
Bog11

Bog12
=

b + 1

2

l

sl,1dmin

sab3,1dmin

ab3 , s5d

R2 =
Bog22

Bog12
=

b + 1

2b

1

sl,1dmin

sab3,1dmin

1
. s6d

In order to determine the mixing behavior we can thenana-
lytically determine the locations of the phase boundaries of
our mixing/segregation diagram by identifying where in the
parameter space of size ratiosbd, density ratiosad, and wet-
ting angle ratiosld differing hierarchies of Bogij are ob-
served.

The following cases may be observed:
If ab3.1,

1 , R1,1 , R2, l .
2ab3

1 + b
,

R1 , 1 , R2, l ,
2ab3

1 + b
. s7d

If ab3,1,

R1 , 1,R2 , 1,
sb3 + b2da

2
, l ,

2

1 + b
,

R1 , 1 , R2, l ,
sb3 + b2da

2
,

R2 , 1 , R1, l .
2

1 + b
. s8d

In the case ofab3.1 si.e., the smaller particle is more
massive than the larger particled, R2.1 is always true for
any combination of particle propertiessi.e., size, density,
and/or surface characteristicsd. This implies that the interac-
tion of the two dissimilar particlessi.e., the “mixing” inter-
actiond is always weaker than the interaction of the two larg-
est particlesssee Fig. 1d. In fact, for some values ofl, the
dissimilar particles interaction is theweakestof the three
possible interactions. We expect that this region of parameter
space will therefore always favor segregation as larger par-
ticles cluster together and exclude smaller ones. This sug-
gests that cohesion here will lead to a mechanism of segre-
gation and ultimatelymore segregation than would be
achieved in the dry case.

In contrast, in the case ofab3,1 si.e., the small particle
is less massived, whenasb3+b2d /2,l,2/s1+bd, bothR1

and R2 are less than 1. This indicates that the interaction
between dissimilar particles is the strongest, therefore favor-
ing intimate particle mixing. Systems that lie in this region of
parameter space are expected to be more mixed than the
corresponding dry experiment. For other values ofl, how-
ever, R2.1 or R1.1, so that in this region, as well, we
expect some instances of cohesion-enhanced segregation.

It is instructive at this point to examine in detail why
hierarchies of properly scaled cohesive forcesi.e., Bogd are
used as opposed to simply comparing that of the unscaledFc.
Consider particles of the same density and surface properties,
but differing diameters. Clearly, the largest unscaled cohe-
sive force will be found to exist between two larger particles
sFc~Red. Nevertheless, the particle sizes may be chosen in
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such a way that Bog22
,1,Bog12

. In this case, despite the
fact that the unscaled cohesive force is strongest between the
two large particlessi.e., Fc22

.Fc12
d, the larger particles will

not adhere to each other, yet the smaller ones will adhere to
the larger onessa simple physical example might be sand
sticking to a bowling balld f12g. In fact, under these
conditions—particles differing only in size—it is easily
shown that the mixing interaction is always most significant
slargest Bogd despite the fact that the unscaledFc values may
lead one to think otherwise.

The implications of combining Eqs.s7d and s8d are best
visualized by phase diagrams, which outline regions of miti-
gatedsM phased and enhancedsE phased segregation for par-
ticle mixing/segregation. The definitions of these phases are
based on the values ofR1 andR2, as discussed above; that
is, values ofRi greater than 1 lead to segregation. Figure 2
shows the phase diagrams for the case ofa=1 sleftd, a
=0.56 sright with both light and dark grayM phased, and
a=1.8sright with only dark grayM phased. In both plots, the
white region corresponds to theE phase whereRi .1 for
eitheri =1,2 or both, while the gray region corresponds to the
M phase where bothRi values are less than 1. From the

right-most plot it is clear that, in general, varying the density
ratio causes a relative change in the size of theM and E
phases—theM phase grows when the smaller particle is less
dense and shrinks when it is more dense. Finally, in antici-
pation of using the model for quantitative analysis of the
extent of segregation, the left-most plot in Fig. 2 shows
dashed lines corresponding to various values ofRi .1. It
should be noted that on the far right axisswhere the size ratio
is equal to 1d, the value ofRi for l is equal to that of 1/l, as
the identity of particle 2sthe larger oned is not defined.

III. EXPERIMENTAL SETUP

We use binary mixtures of spherical particles—glass
and/or acrylic—in half filled, pseudo-two-dimensional tum-
bler mixers. The mixer is made of a glass petri dishswhich is
treated with a hydrophobic silane to reduce adhesion to the
surfacesd and is cylindrical in shape with roughly 14 cm
diameter and 2 cm depth. The total available volume of the
petri dish is 308 mL. In each experiment, the tumbler is filled
half way sapproximately 150 mLd. The particles are initially
completely segregated, with componenti being contained in
the lower left quarter of the tumbler and componentj in the
lower right quarter. We conduct experiments first with dry
beads, then repeat the experiment under the same conditions
except with the addition of a small amount of distilled water
s<1% by volumed. After approximately thirty revolutions
the system reaches the asymptotic state. The digitized images
of the particle distribution at both initial and asymptotic
states are taken for later comparison and image processing to
obtain qualitative and quantitative information. The effect of
the cohesion force can be elucidated with an examination of
the difference in the pictures at asymptotic states between the
dry and wet case. Experimentally we restrict the rotation
speed such that it is sufficiently smalls6–9 rpmd to assure the
system is in the rolling regime and that the cohesion is pri-
marily dictated by the granular bond number Bog.

FIG. 1. Schematic demonstration of the possible interactions
between particles in a binary cohesive system, leading to
Bog11,Bog22, and Bog12.

FIG. 2. Phase diagrams for binary cohesive systems. Phase diagrams are a function of the ratios of sizes, densities, and values of the
cosine of the wetting angles. Left: Phase diagram for the systems withr1/r2=1. Solid lines depict phase boundaries, while dashed lines
show contours of the largerRi values. Right: The size of theM phase for a density ratio of 0.56 grows, and the phase boundary is shown
as a solid line; while that of the inverse casesdensity ratio of 1.78d shrinks, the phase boundary is shown as a dashed line, i.e., the lighter
gray region becomes part of theE phase.
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All glass beads are initially soaked in a dilute HF solution
both to clean the surfaces as well as produce approximately
uniform surface roughnesses. Depending on the experiment,
half are further treated with a surface-modifying hydrophilic
silanesand a trace amount of fluorescent silane following a
procedure detailed in Ref.f22gd and the other half with a
hydrophobic silanesand a trace amount of colored fluores-
cent silaned. As a result, the particles have wetting angles of
u<20° shydrophilicd and u<60° shydrophobicd, respec-
tively. The wetting angles of beads are measured by inspec-
tion of magnified images of roughly microliter sized droplets
on actual particle surfaces. The range of particle mechanical
and surface properties examined in these experiments are
summarized in Table I.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Qualitative analysis

In all the dry cases ssee Table I, experiments
3a,4a,4b,4c,5ad, the segregation by density will force the
less dense particles to the periphery and the more dense par-
ticles to the inner core, while the segregation by size will
promote larger particles migrating to the periphery and
smaller particles to the inner coref2g. All the dry systems
will end up with the particles segregated but with differing
segregation distribution with the exception of experiment 3a
sTable Id where the particles are mechanically identical, but
have different wetting angles so that they are perfectly mixed
at the asymptotic state, when dry.

As discussed in detail below, the results from the wet
experiments show a dramatic change of particle distribution

si.e., mixing/segregationd relative to that of the dry cases.
Each change is both qualitatively and quantitatively in agree-
ment with the predictions of our model.

1. Varying wetting angles

The particles in system 3b sa=1, b=1, l=1.88 or 0.53d
have the same size and density but different wetting angles
ssee Table I, experiment 3bd so that it represents theE phase
fpointssd 3b in Fig. 2; note that the “larger” particle is unde-
fined in this caseg. While the particles are perfectly mixed in
the dry casefFig. 3sadg, our model predicts that adding water
will make the particles segregate more than in the dry case.
Figure 3sbd swet cased shows that there are more green beads
shere, hydrophobicd clustered in the center of the tumbler.
This can be easily understood in this way: since the weights
of both types of particles are the same, the smaller wetting
angle between hydrophilic beadssred/oranged yields a larger
cohesion force, and thus a bigger granular bond number
sBogd. The hydrophilic particlessredd then preferentially
cluster together and migrate toward the outside.

2. Varying wetting angles and size ratios

We next conduct three sets of experiments with varying
particle size ratio in addition to the wetting anglesFig. 4d.
One set of experiments is with glass beads of 0.25 mmsra-
diusd along with 1.0 mm—i.e., the size ratio is 0.25sTable I,
experiments 4a,4d,4g,4j ; Fig. 2d. The second set of experi-
ments is with glass beads of 0.4 mm along with 0.75 mm—
i.e., the size ratio is 0.53sTable I, experiments 4b,4e,4h,4k;
Fig. 2d. The last set of experiments is with glass beads of
0.75 mm along with 1.0 mm—i.e., the size ratio is 0.75
sTable I, experiments 4c,4f ,4i ,4l; Fig. 2d.

It is obvious that, for all three size ratios, the dry case
leads to strong radial segregation due to size differences
fFigs. 4sad–4scdg. The smaller particles stay at the center
sdarkd areas while the larger ones remain at the periphery.
When the small particle is more hydrophilicshere, greend,
the systems represent theE phasespoints 4d, 4e, and 4f in
Fig. 2d. We therefore expect that the segregation achieved in
the dry cases will be enhancedsor remain strongd by adding
water. While Figs. 4sdd–4sfd confirm our prediction, the mac-
roscopic segregation patterns are beyond our expectation, but

TABLE I. List of experiments conducted.

Expt.
R1

smmd
R2

smmd
r1

sg/cm3d
r2

sg/cm3d u1 u2 Phase

3a 0.4 0.4 2.5a 2.5 dry

3b 0.4 0.4 2.5 2.5 20° 60° E

4a 0.25 1.0 2.5 2.5 dry

4d 0.25 1.0 2.5 2.5 20° 60° E

4g 0.25 1.0 2.5 2.5 20° 20° M

4j 0.25 1.0 2.5 2.5 60° 20° M

4b 0.4 0.75 2.5 2.5 dry

4e 0.4 0.75 2.5 2.5 20° 60° E

4h 0.4 0.75 2.5 2.5 20° 20° M

4k 0.4 0.75 2.5 2.5 60° 20° M

4c/7a 0.75 1.0 2.5 2.5 dry

4f 0.75 1.0 2.5 2.5 20° 60° E

4i /7b 0.75 1.0 2.5 2.5 20° 20° M

4l 0.75 1.0 2.5 2.5 60° 20° M

5a 0.9 1.0 1.4b 2.5 dry

5b 0.9 1.0 1.4 2.5 50° 70° E

7c 0.9 1.0 1.4 2.5 dry

7d 0.9 1.0 1.4 2.5 20° 60° E

aMaterial: soda lime glass.
bMaterial: acrylic.

FIG. 3. sColord Varying wetting angles.sad Particles with differ-
ing surface propertiessred hydrophilic and green hydrophobicd but
otherwise identical in all other respectsfFig. 2, pointssd 3bg will
mix perfectly when tumbled dry; however,sbd when interstitial wa-
ter is added, they will instead segregate.
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may be related to the time varying surface angle resulting
from the difference in cohesion between the two materials
f23g. When the particles have almost identical wetting
angles, the systems represent theM phasespoints 4g, 4h, and
4i, Fig. 2d. Figures 4sgd–4sid show that the coresdarkd areas
in all experiments shrink after adding water, i.e., particles
mix more than in the dry cases, as expected. Finally, when
the larger particles are more hydrophilicspoints 4j , 4k, and
4l in Fig. 2d, the 0.25 and 0.53 cases remain firmly in theM
phase and mix more than in the dry casefi.e., coresredd area
shrinksg, however, since the 0.75 case lies near the phase
boundary, the experiment is essentially unaffected by cohe-
sion ssee Figs. 4sjd–4sldg f12g.

3. Varying density ratio, size ratio and wetting angles

Finally, we vary the density ratio, size ratio, and wetting
characteristics at the same time. Figure 5 shows the results
for the casea=0.56, b=0.9, andl=1.88 si.e., point 5b in
Fig. 2d. The asymptotic distribution for dry particles repre-
sents only mild radial segregation as the density and size
effects compete and almost cancel each otherfsee Fig. 5sadg.
In the wet case, however, the same initial condition instead
evolves to a more segregated state as predictedfFig. 5sbdg.

B. Quantitative analysis

Quantitatively, we process the digitized images of the
asymptotic state from both the dry and wet cases to extract

concentration maps. In the digitized images each pixel is
identified as its own RGB value that represents the degree of
red, green, and blue. A threshold value of red to green inten-
sity is determined from the known volume ratio and posi-
tions of the initial condition. The images are then segmented
so that mixing measurement calculations may be performed.
A mixing measuresISd, essentially the standard deviation of
the concentration, is calculated from multiple spot concen-
tration measurements as

FIG. 4. sColord Varying size ratio and wetting angle. From top to bottom the rows correspond to size ratios of 0.25, 0.53, and 0.75,
respectively. From left to right the images represent results when dry,sad–scd; wet with the smaller particlesgreend being more hydrophilic,
sdd–sfd; wet with both particles hydrophilic,sgd–sid; and wet with the smaller particlesred/oranged being more hydrophobic,sjd–sld. Results
are in agreement with the predictions from theorysFig. 2d.

FIG. 5. Varying density ratios. When particles of density ratio of
0.56, size ratio 0.9 and wetting angle ratio 1.88sFig. 2, point 5bd
are tumbled:s5ad dry, they will segregate radially only slightly;
s5bd add water and they segregate more profoundly.
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IS=
Îo

i=1

N

sC − Cavgd2

N − 1
, s9d

whereN is the number of useful cells,C is the concentration
of red or green pixels in a designated cell, andCavg is the
average concentration of red or green pixels in the entire
image. Table II lists all theIS values for the experiments
conducted, as well as the percentage change from the corre-
sponding dry cases, which are calculated as

changes%d =
ISdry − ISwet

ISdry
3 100 % . s10d

A positive change means the system is more mixed than in
the dry case while a negative change means more segregated.

Figure 6 shows the variation of the mixing extent change
fEq. s10dg as a function ofRi. As is evident from the devel-
opment of the phase diagrams, themaximumvalue ofRi is
the critical value for the case of cohesion-enhanced segrega-
tion si.e., where one ofRi .1d. By analogy, one might argue
that the critical value for cohesion-enhanced mixing is that of
the minimumRi. In Fig. 6, we show both values ofRi, but
highlight the expected critical value as a solid symbol. If one
were to follow the critical values, we would obtain a rotated
sigmoidal dependency, whereas tracking the average value
would yield roughly a linear dependence. Our theory would
predict that all experiments should lie in either the upper left
or lower right quadrantssas our critical values dod.

V. DEM SIMULATION

To further test our theory, particle dynamics simulations
are performed. Particle dynamics has been quite successful
in simulating granular materials, yielding insight into such
diverse phenomena as force transmissionf24g, agglomera-
tion formation and breakagef25g, and segregation of cohe-
sionless materialsf26g. It captures the bulk flow of the ma-
terial via simultaneous integration of the interaction forces
between individual pairs of particles, and the particle trajec-
tories are obtained via explicit solution of Newton’s equation
of motion for every particlef27g. While the forces in the
system typically include only a contact forcesnormal repul-
siond, tangential friction, and gravity, additional particle in-
teraction forcesse.g., capillary force and van der Waals
force, etc.d can be easily added. In this work, the collisional
forces are modeled after the work of Hertz and Mindlinf28g.
The cohesive forces, which arise from liquid bridging, are
modeled after the work of Lian and Thorntonf29,30g. For
simplicity, bridges form at the instant of interparticle contact
and persist until the separation between surfaces is sufficient
to rupture the bridge. Also, the liquid content of each bridge
is assumed to be a constant, here taken as 0.1% of the vol-
ume of the largest particle. Both of these simplifications are
consistent with existing literaturef30–32g and have com-
pared favorably with experiment.

We performed two sets of simulations to compare to the
experimental results. One set of simulationsscases 7a and
7bd is conducted using a computational analogue of the cases

4c and 4i, i.e., the glass beads of 0.75 mmsradiusd along
with 1.0 mmsTable Id; however, the particle stiffness is low-
ered to facilitate more rapid computations without affecting
kinematic resultsf33g. As in the experiment 4c fFig. 4scdg,
the particles segregate strongly when dryfFig. 7sadg, yet be-
come more mixed when wetfFig. 7sbd; point 7b in Fig. 2g.

The other set of simulationsscase 7c and 7d, Table Id is
conducted with the smaller particle being less densesa
=0.56d, and more hydrophilicsu<20° versusu<60°d. Here
we chose slightly different absolute values of the wetting
angles that nevertheless yield essentially the same wetting

TABLE II. Quantitative analysis of the experimental results.

Dry case Wet case Wet case Wet case

3a 3bssd
R1 1.9 s1d
R2 1 s1.9d
IS 0.16 0.24

IS change % −54%

4a 4d 4g 4j

R1 1.2 0.63 0.63

R2 0.04 0.04 0.07

IS 0.356 0.361 0.25 0.26

IS change % −1.5% 29% 27%

4b 4e 4h 4k

R1 1.4 0.77 0.77

R2 0.22 0.22 0.41

IS 0.37 0.39 0.21 0.31

IS change % −5.8% 44% 18%

4c 4f 4i 4l

R1 1.6 0.88 0.88

R2 0.49 0.49 0.93

IS 0.39 0.41 0.30 0.37

IS change % −5.9% 24% 4.6%

5a 5b

R1 1.8

R2 0.43

IS 0.27 0.35

IS change % −29%

7a 7b

R1 0.88

R2 0.49

IS 0.39 0.30

IS change % 23%

7c 7d

R1 1.8

R2 0.43

IS 0.25 0.33

IS change % −29%
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angle ratio as the experiments 5b s5ad ssee Table Id. As be-
fore, the asymptotic distribution for free-flowingsdryd par-
ticles represents only mild segregationfFig. 7scdg, while the
addition of interstitial moisturefFig. 7sddg again causes the
particles to become more segregated, as predicted.

It should be pointed out that the method ofIS calculation
differs between the computationsswhich can probe the full
three-dimensional flowd and the optical technique used for
experimentsswhich is limited to surface and wall measure-
mentsd. Nevertheless, there is a surprising degree of agree-
ment between the simulatedIS percentage changes between
Figs. 7 and 4 or 5ssee Table IId.

VI. CONCLUSION

In this work we examine the effect of a liquid-bridge in-
duced cohesion force on particle mixing for flows dominated
by gravity. We apply a recently developed characterization
tool, Bog, to develop a model complete with phase diagrams

which exhibit both mixed and segregated phases. Using this
model we correctly predict, both qualitatively and quantita-
tively, the mixing and segregation at the asymptotic state for
systems with constant moisture content, but varying particle
properties. These results may support a method for control-
ling the mixing behavior of particle systems via manipulat-
ing the phase diagramse.g., changing size or density ratiosd.

In this work we have expressly avoided the effect of both
liquid-bridge viscosityf9g and volumef10,11g on mixing and
segregation by varying only particle properties at constant
water saturation. Clearly, for a more complete picture of the
impact of interstitial moisture on generic particle mixing sys-
tems, these and other effects must be examined further.
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