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Phase diagrams for cohesive particle mixing and segregation
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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 cohegivet) 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 Il. COHESIVE MIXING MODEL
Mixing of granular materials is of considerable practical A. Characterization tool

importance to many industries, such as pharmaceutical,
chemical, food, and construction, and has intrigued researcrih
ers for year§1-5]. 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, de
sity, shape, etd.6,7], and the interplay of mixing and segre-
gation is critical to the analysis and design of industrial
mixing operationg 8].

Despite significant advances in our understanding of th

While the ubiquitous sink of granular thermal energy—
elastic collisions—makes metastable or nonequilibrium
states quite commonplace in particulate systgb®%, a con-
tinuous input of energy supplyere, the rotated tumblecan
'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

role of moisture in granular flowk9—16], much remains to %ssentially invariant. It is at this point that our model is ap-
9 o licable. The basis of the model is that, in the asymptotic

be dof‘e- In.parncular, Wh'le.'t has beep_long bglleved tha tate, the distribution of particles in a cohesive system will
cohesion mitigates segregation, the origin of this phenomgeneng almost wholly on the relative importance of the vari-
enon has been elusiyé,17]. Nevertheless, recent work fo- o5 forces acting on the particles. Therefore by examining
cusing on the effect of varying moisture level on segregatione magnitude of the cohesion foréeere liquid-bridge in-
has shown a rich behavior both as a function of forcing vegyced relative to other relevant forces, we can quantify and
locity [11] and interstitial liquid viscosity9]. elucidate the impact of the cohesion force on the system.
In this work, our group focuses on a fixed volurfger- As a simple way to obtain an unquenched, asymptotic

ceny of interstitial liquid and differing particle properties. As granular state, we use a half filled tumbler. When this geom-
will be discussed, our particle flow is sufficiently gentle as toetry is operated in the continuous flow or rolling regime, the
be located within the “mixing” phase of Geromichalos, al- bulk of the bed undergoes a solid-body rotation by following
though a variety of mixing/segregation behavior is observedhe cylinder motion. Near the surface, the particles flow
as particle properties are varied. We develop a microscopigownward along the surface in a thin layer continuous#y,
(particle-level model which we use to connect the macro-without avalanchasuntil they enter the bed again, and the
scopic properties of the granular mixing/segregation to theyrocess repeaf{0,21]. Under these conditions, mixing oc-
effects of interparticle forces. In earlier work, we developedcurs almost solely due to collision-induced diffusion in the
a simple discrete-based tool to characterize cohdtiygid-  thin surface layef8]. After many revolutions, the particle
bridging induced granular material$18]. Here, we use an distribution in the bed remains time invariant and the system
extended tool applicable to binary particle systems, so thas assumed to reach its asymptotic state. In our cohesive
we can determine phase diagrams which exhibit both mixegtials, we add a small but consistent amount of interstitial
and segregated phases for particle systgifis The bound-  Jiquid to the bed=1% volumé. In all cases, we operate the
ary of the phases depends on the mechanical and surfagémbler in the continuous flow regime, yet at a sufficiently
properties of the particlegl2]. By using these phase dia- slow rotation rate that the shearing force is considerably
grams we are able to predict the extent of mixing for givensmaller than the particle weight, and the average velocity of
combinations of particles, and provide a method for controlthe beads limits the kinetic energy to the viscoplastic regime
ling cohesive particle mixing. To support the theory various[11]. The relevant forces acting on the particles therefore
experiments and simulations are conducted in a simple, innclude the cohesion fordé.) and the particle weightF,,).
dustrially relevant, granular flow, a tumbler. The characterization tool that is the basis of our model, in

this case, is the granular bond numbBog) which is defined

as a ratio of the maximunk. to F,. For a monodisperse

*Electronic address: jjmcc@pitt.edu system[18] it is given as
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Bog = E = 4277‘)/R , (l) mz — Bogzz - B+ 1 1 (aﬁ3! 1)min'
Fo 3mgR%p Bogiz 28 (\,Dmin 1
wherey is the interstitial fluid’'s surface tensioR,andp are  In order to determine the mixing behavior we can tlaea-
the radius and density of particle, respectively, anig the  lytically determine the locations of the phase boundaries of
acceleration due to gravity. It should be noted that this toolour mixing/segregation diagram by identifying where in the
and in fact this work, is geared toward systems where th@arameter space of size ratjg), density ratio(a), and wet-
liquid bridges act only pairwiséi.e., the system is in the ting angle ratio(\) differing hierarchies of Bg; are ob-

(6)

pendular regime served.
_ The following cases may be observed:
B. Phase diagram If aﬁ3> 1,
In order to use the granular bond number to examine the 3
impact of cohesion on particle mixing/segregation, we ex- 1<RL,1I<R, A> 2afs ,
tend the Bg for a homogeneous system to binary systems 1+p
where particles have different sizes, densities, and/or wetting
characteristics as 2a8°
R<1I<Ry;, AN<—. (7)
27 YR(COSH)min _ 3YR(COSH)pmin 1+8
BOg =2 = ) (2) 3
EWg(Rgp)min 2g(Rap)min If <1,
. . .. - . . 2
l/\r/]herey is the interstitial fluid’s surface tensiofR®p) min is R, < 197, < 1, (B3+ B a “h< 2 ’
e smaller of the two masses to represent the fact that a less 2 1+
massive particle’s motion will be dominated by the more
massive particlgi.e., it will behave as a guesté is the B+ BPa
wetting angle, R, is the geometric mean radiugR, R <1I<R,, AN<<—F,
=2R;R,/(R+Ry)], and differing wetting characteristics are 2
incorporated simply by using the larger value @for the
smaller value of cog). R, <1<NR;, \> i (8)
The values of the Bpfor each potential pair of particles, 1+8

| andj, within dthe syster:’n(i.e., fordaf bindary S%St?m’ thef In the case ofe8®>1 (i.e., the smaller particle is more
Boy11, Bog,, @and B where 2 is defined as the larger o ; .

911, BO0g22, Q12 g =
the particley need to then be compared. It should be noted 12>°V€ than the larger partiglen, > 1 is always true for

. - . ny combination of particle propertigse., size, density,
that this approach necessarily limits our applicable range 0gnd/or surface characteristicThis implies that the interac-
size ratios for two reasons. First, as the size ratio becomet

AP S . OM&Fon of the two dissimilar particle§.e., the “mixing” inter-
(mﬁmtely) smgll, malntalnlng the bed.|n the pendulqr regIrT?eactior‘) is always weaker than the interaction of the two larg-
will become impossible. Second, directly comparing pair-

: o . S est particlegsee Fig. 1 In fact, for some values of, the
wise particle interactions neglects both multiparticle mterac'dissimilar particles interaction is theeakestof the three

tions as well as the reality tha_t f(_)r ST“a” size ratios the prob ossible interactions. We expect that this region of parameter
ability of the three types of pairwise interactions may be ver)P

. - space will therefore always favor segregation as larger par-
different (so some scaled comparison would be warranted P Y greg ger p

Nevertheless. as can be seen in Sec. IV. this simple a roati les cluster together and exclude smaller ones. This sug-
’ . >€c. 1V, TiS Simple app E; sts that cohesion here will lead to a mechanism of segre-
works well even down to size ratios of 0.2%., interaction

probability ratios of 16 to 1 gati_on an_d ultimatelymore segregation than would be
Comparing the magnitudes of these jBdeads to two achieved in thg dry case. 3 . .
dimensionless arouns: 9 ~ Incontrast, in the case @iB><1 (i.e., the small particle
groups: is less massive whena(8%+8%)/2<\<2/(1+p), both®,
_Bogi Ri+R, cosf, (R3p1,R3p2) min and R, are less than 1. This indicates that the interaction
= = ' between dissimilar particles is the strongest, therefore favor-
Bopz 2R, (C086,,C00)mn  Ripy ing intimate particlepmixing. Systems tha%l lie in this region of
3 parameter space are expected to be more mixed than the
corresponding dry experiment. For other values\phow-
_Bogp, Ri+R, cosé, (R3p1, R3p2)min ever,:,>1 or R,;>1, so that in this region, as well, we
2= Bogiz © 2R, (cos6y,c0S65)min Rip, ’ expect some instances of cohesion-enhanced segregation.
It is instructive at this point to examine in detail why
) hierarchies of properly scaled cohesive fofce., Bq,) are

which can be rewritten by defining=p;/p,, B=R;/R,, and  used as opposed to simply comparing that of the unségled

1

A=c0s6,/cosb,, yielding Consider particles of the same density and surface properties,
3 but differing diameters. Clearly, the largest unscaled cohe-
R, = Bogu _B+1 A (@B Dmin (5) sive force will be found to exist between two larger particles

" Bog, 2 (NDpin  ap® (F.*R.). Nevertheless, the particle sizes may be chosen in
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right-most plot it is clear that, in general, varying the density
ratio causes a relative change in the size of kheand E
phases—th&1 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 valueRpf1. It
should be noted that on the far right akighere the size ratio

is equal to }, the value ofR; for \ is equal to that of 1X, as

the identity of particle Qthe larger ongis not defined.

FIG. 1. Schematic demonstration of the possible interactions
between particles in a binary cohesive system, leading to
B0ogy11, BOgop, and Byo

Ill. EXPERIMENTAL SETUP

We use binary mixtures of spherical particles—glass
and/or acrylic—in half filled, pseudo-two-dimensional tum-
such a way that Bp <1<Bog . In this case, despite the pler mixers. The mixer is made of a glass petri dishich is
fact that the unscaled cohesive force is strongest between tieated with a hydrophobic silane to reduce adhesion to the
two large particlei.e., F ,>F. ), the larger particles will  surfacey and is cylindrical in shape with roughly 14 cm
not adhere to each other, yet the smaller ones will adhere tdiameter and 2 cm depth. The total available volume of the
the larger onega simple physical example might be sand petri dish is 308 mL. In each experiment, the tumbler is filled
sticking to a bowling ba)l [12]. In fact, under these half way (approximately 150 mL The particles are initially
conditions—particles differing only in size—it is easily completely segregated, with componeéiiieing contained in
shown that the mixing interaction is always most significantthe lower left quarter of the tumbler and compongi the
(largest Bg) despite the fact that the unscalégvalues may lower right quarter. We conduct experiments first with dry
lead one to think otherwise. beads, then repeat the experiment under the same conditions

The implications of combining Eq$7) and (8) are best except with the addition of a small amount of distilled water
visualized by phase diagrams, which outline regions of miti-(=1% by volume. After approximately thirty revolutions
gated(M phase and enhance(E phase segregation for par- the system reaches the asymptotic state. The digitized images
ticle mixing/segregation. The definitions of these phases aref the particle distribution at both initial and asymptotic
based on the values 6%; andfR,, as discussed above; that states are taken for later comparison and image processing to
is, values ofiR; greater than 1 lead to segregation. Figure 2obtain qualitative and quantitative information. The effect of
shows the phase diagrams for the caseasfl (left), «  the cohesion force can be elucidated with an examination of
=0.56 (right with both light and dark grayM phasé, and the difference in the pictures at asymptotic states between the
a=1.8(right with only dark grayM phase. In both plots, the dry and wet case. Experimentally we restrict the rotation
white region corresponds to tHe phase whereéR;>1 for  speed such that it is sufficiently sméb—9 rpn) to assure the
eitheri=1,2 or both, while the gray region corresponds to thesystem is in the rolling regime and that the cohesion is pri-
M phase where botlg; values are less than 1. From the marily dictated by the granular bond number,Bo

p1/p,=0.53
2 N L
\\ E phase o
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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 systemspyifh=1. Solid lines depict phase boundaries, while dashed lines
show contours of the largéR; values. Right: The size of thel phase for a density ratio of 0.56 grows, and the phase boundary is shown
as a solid line; while that of the inverse cdskensity ratio of 1.78shrinks, the phase boundary is shown as a dashed line, i.e., the lighter
gray region becomes part of tiiephase.
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TABLE |. List of experiments conducted.

Ry Ry p1 P2
Expt. (mm) (mm) (g/cm®) (g/cm®) 6, 6, Phase
3a 0.4 0.4 2.8 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
ls) 0.25 1.0 2.5 2.5 20° 20° M
4 0.25 1.0 2.5 2.5 60° 20° M FIG. 3. (Color) Varying wetting anglesa) Particles with differ-
4b 04 075 25 25 dry  ing surface propertieged hydrophilic and green hydrophopiout
4e 0.4 0.75 2.5 2.5 20° 60° E otherwise identical in all other respedtsig. 2, points) 3b] will
4h 0.4 0.75 25 25 20° 20° M mix perfectly when tumbled dry; howeveh) when interstitial wa-
aK 0.4 0.75 25 25 60° 20° M ter is added, they will instead segregate.
4c/7a 0.75 1.0 25 25 dry . . . .
4f 075 1.0 o5 25 20° 60° E (i.e., m|X|ng/s_egreganc)nr_elapve to that of _the_ dry cases.
4i/Tb 075 1.0 95 95 20° 20° M Each change is both qualitatively and quantitatively in agree-
' ’ ' ’ ment with the predictions of our model.
4 0.75 1.0 25 25 60° 20° M
5a 0.9 1.0 1.4 25 dry 1. Varying wetting angles
Sb 0.9 1.0 14 2.5 50° 70° E The particles in systemtB3(a=1, 8=1,A=1.88 or 0.53
ic 09 10 1.4 2.5 dry  have the same size and density but different wetting angles
7d 0.9 1.0 14 2.5 20° 60° E (see Table I, experimenb} so that it represents tHe phase

[point(s) 3b in Fig. 2; note that the “larger” particle is unde-
fined in this cask While the particles are perfectly mixed in
the dry cas¢Fig. 3(@)], our model predicts that adding water

_— . . . will make the particles segregate more than in the dry case.
All glass beads are initially soaked in a dilute HF solutlon’-E P greg y

Material: soda lime glass.
PMaterial: acrylic.

. igure 3b) (wet casg shows that there are more green beads
both to clean the surfaces as well as produce approximate gure 3b) ( 2 9

i ‘ h D di h . ere, hydrophobicclustered in the center of the tumbler.
uniform surface roughnesses. Depending on the experimenty;s cap pe easily understood in this way: since the weights

half are further treated with a surface-modifying hydrophilic of both types of particles are the same, the smaller wetting

silane (and a trace amount of fluorescent silane following a le bet hvd s -
procedure detailed in Ref22]) and the other half with a angle between hydrophilic beatted/oranggyields a larger

e cohesion force, and thus a bigger granular bond number
cant Slans As & festlt, he parioles have weting angies of 220 The hydrophiic particlesiied then preferentialy
6~20° (hydrophilig and 6~60° (hydrophobig, respec- cluster together and migrate toward the outside.
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 We next conduct three sets of experiments with varying
and surface properties examined in these experiments aRarticle size ratio in addition to the wetting angfeig. 4).

2. Varying wetting angles and size ratios

summarized in Table I. One set of experiments is with glass beads of 0.25 (ran
dius) along with 1.0 mm—i.e., the size ratio is 0.ZEble I,
IV. EXPERIMENTAL RESULTS AND DISCUSSION experiments &,4d, 4g,4j; Fig. 2). 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 0.5@able I, experimentslia, 4e, 4h, 4k;

In all the dry cases(see Table |, experiments Fig. 2). The last set of experiments is with glass beads of
3a,4a,4b,4c,5a), the segregation by density will force the 0.75 mm along with 1.0 mm—i.e., the size ratio is 0.75
less dense particles to the periphery and the more dense pafable |, experimentse}4f,4i,4l; Fig. 2).
ticles to the inner core, while the segregation by size will It is obvious that, for all three size ratios, the dry case
promote larger particles migrating to the periphery andeads to strong radial segregation due to size differences
smaller particles to the inner cof@]. All the dry systems [Figs. 4a-4(c)]. The smaller particles stay at the center
will end up with the particles segregated but with differing (dark) areas while the larger ones remain at the periphery.
segregation distribution with the exception of experimemt 3 When the small particle is more hydrophilibere, green
(Table ) where the particles are mechanically identical, butthe systems represent thephase(points 41, 4e, and 4 in
have different wetting angles so that they are perfectly mixedrig. 2). We therefore expect that the segregation achieved in
at the asymptotic state, when dry. the dry cases will be enhancéar remain strongby adding

As discussed in detail below, the results from the wetwater. While Figs. &)—4(f) confirm our prediction, the mac-
experiments show a dramatic change of particle distributiorfoscopic segregation patterns are beyond our expectation, but

A. Qualitative analysis
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FIG. 4. (Color 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 wher@hyg); wet with the smaller particlégreen being more hydrophilic,
(d)—(f); wet with both particles hydrophilidg)—(i); and wet with the smaller particiged/oranggbeing more hydrophobidj)—). Results
are in agreement with the predictions from thedfjg. 2).

may be related to the time varying surface angle resultingoncentration maps. In the digitized images each pixel is
from the difference in cohesion between the two materialgdentified as its own RGB value that represents the degree of
[23]. When the particles have almost identical wettingred, green, and blue. A threshold value of red to green inten-
angles, the systems representih@hase(points 4, 4h, and  sity is determined from the known volume ratio and posi-

4i, Fig. 2. Figures 4g)—4(i) show that the corédark areas tions of the initial condition. The images are then segmented
in all experiments shrink after adding water, i.e., particlessg that mixing measurement calculations may be performed.
mix more than in the dry cases, as expected. Finally, whe mixing measurgS), essentially the standard deviation of

the larger particles are more hydrophiljoints 4, 4k, and  he concentration, is calculated from multiple spot concen-
4l in Fig. 2), the 0.25 and 0.53 cases remain firmly in Me tration measurem,ents as pie sp

phase and mix more than in the dry céise., core(red) area
shrinkg, however, since the 0.75 case lies near the phase
boundary, the experiment is essentially unaffected by cohe:
sion (see Figs. 4)-4(1)][12].

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 result
for the casea=0.56, 8=0.9, and\=1.88(i.e., point % in
Fig. 2). The asymptotic distribution for dry particles repre-
sents only mild radial segregation as the density and siz¢
effects compete and almost cancel each otbee Fig. 5)].
In the wet case, however, the same initial condition instead p)
evolves to a more segregated state as pred|&ied 5(b)].

o ) FIG. 5. Varying density ratios. When particles of density ratio of
B. Quantitative analysis 0.56, size ratio 0.9 and wetting angle ratio 1(88g. 2, point )
Quantitatively, we process the digitized images of theare tumbled:(5a) dry, they will segregate radially only slightly;
asymptotic state from both the dry and wet cases to extracbb) add water and they segregate more profoundly.
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N TABLE Il. Quantitative analysis of the experimental results.
E (C - Cayg)2
IS= i=1 (9) Dry case Wet case Wet case Wet case
N-1 3a 3b(s)
whereN is the number of useful cell§ is the concentration R; 1.9(1)
of red or green pixels in a designated cell, &g, is the %, 1(1.9
average concentration of red or green pixels in the entirgg 0.16 0.24
image. Table II lists all thdS values for the experiments g change % —54%
conducted, as well as the percentage change from the corre-
sponding dry cases, which are calculated as 4a 4d 4g 4
ISy~ IS, R, 1.2 0.63 0.63
change(%) = —a 2"t s 100 % . (100 %, 0.04 0.04 0.07
Isd’y IS 0.356 0.361 0.25 0.26
A positive change means the system is more mixed than irs change % -1.5% 29% 27%
the dry case while a negative change means more segregated.

Figure 6 shows the variation of the mixing extent change 4b de 4h 4k
[Eq. (10)] as a function ofR;. As is evident from the devel- % 14 0.77 0.77
opment of the phase diagrams, tim@ximumvalue ofR; is R, 0.22 0.22 0.41
the critical value for the case of cohesion-enhanced segreges 0.37 0.39 0.21 0.31
tion (i.e., where one ofi; > 1). By analogy, one might argue |s change % -5.8% 44% 18%
that the critical value for cohesion-enhanced mixing is that of
the minimum®;. In Fig. 6, we show both values &f;, but 4c af 4i 4
highlight the expected critical value as a solid symbol. If oneR; 1.6 0.88 0.88
were to follow the critical values, we would obtain a rotatedsy, 0.49 0.49 0.93
sigmoidal dependency, whereas tracking the average valyg 0.39 0.41 0.30 037
woul_d yield roughly a linear depend_ence._Our theory WouldIS change % _5 9% 24% 4.6%
predict that all experiments should lie in either the upper left
or lower right quadrantgas our critical values do 5a 5b

R, 1.8
V. DEM SIMULATION Rz 0.43
. . . . IS 0.27 0.35

To further test our theory, particle dynamics simulations h o% oo
are performed. Particle dynamics has been quite successﬂﬁc ange 0
in simulating granular materials, yielding insight into such 7a 7b
diverse phenomena as force transmisdia4], agglomera- %, 0.88
tion formation and breakage5], and segregation of cohe- - 0.49

) . ’ .
sionless materialf26]. It captures the bulk flow of the ma- s 0.39 0.30

terial via simultaneous integration of the interaction forces
between individual pairs of particles, and the particle trajec!S change % 23%
tories are obtained via explicit solution of Newton’s equation

of motion for every particld27]. While the forces in the - e Ids
system typically include only a contact forGeormal repul- ! '
sion), tangential friction, and gravity, additional particle in- Rz 043
teraction forces(e.g., capillary force and van der Waals 'S 0.25 0.33
force, etc) can be easily added. In this work, the collisional IS change % —-29%

forces are modeled after the work of Hertz and MindR8].
The cohesive forces, which arise from liquid bridging, are
modeled after the work of Lian and Thornt¢29,30. For  4c and 4, i.e., the glass beads of 0.75 mmadiug along
simplicity, bridges form at the instant of interparticle contactwith 1.0 mm(Table )); however, the particle stiffness is low-
and persist until the separation between surfaces is sufficiegfed to facilitate more rapid computations without affecting
to rupture the bridge. Also, the liquid content of each bridgekinematic result§33]. As in the experiment @[Fig. 4(c)],
is assumed to be a constant, here taken as 0.1% of the vdhe particles segregate strongly when fifig. 7(a)], yet be-
ume of the largest particle. Both of these simplifications arecome more mixed when wgFig. 7(b); point 7o in Fig. 2].
consistent with existing literaturf30-32 and have com- The other set of simulationgase € and ®, Table | is
pared favorably with experiment. conducted with the smaller particle being less defige
We performed two sets of simulations to compare to the=0.56, and more hydrophili¢f~20° versuf=~60°). Here
experimental results. One set of simulatideases @ and we chose slightly different absolute values of the wetting
7b) is conducted using a computational analogue of the casemngles that nevertheless yield essentially the same wetting
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— . o B=025
40 4 e © [3=O.53 i
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SIS e o 7 <o Pl
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FIG. 7. Results from PD simulatioia) Dry and(b) wet mixing
FIG. 6. Mixing extent variation of cohesive systems. The r_esults for_ varying pqrticle sizg onlﬁcorre_sponds to & computa-
change in the extent of mixing is expected to be positive for value§Ional equivalent of Figs. @)-A(i), respectively. (c) Dry and (b)

of ;<1 and negative fofR;>1. Here we plot the values of the wet mixing results for yarying size, density, gnd wetting angle
extent change antk; for experiments in Figs. 3-5. [roughly equivalent to Figs.(8) and 5b), respectivel}

which exhibit both mixed and segregated phases. Using this
angle ratio as the experimentb a) (see Table)l As be- model we correctly predict, both qualitatively and quantita-
fore, the asymptotic distribution for free-flowinglry) par-  tively, the mixing and segregation at the asymptotic state for
ticles represents only mild segregatigdfig. 7(c)], while the ~ Systems with constant moisture content, but varying particle
addition of interstitial moisturg¢Fig. 7(d)] again causes the Properties. These results may support a method for control-

particles to become more segregated, as predicted. !ing the mixing _behavior of partic_le systems via manipulat—
It should be pointed out that the methodifcalculation ~ Ind the phase diagraie.g., changing size or density ratios
differs between the computatiofiehich can probe the full In this work we have expressly avoided the effect of both

three-dimensional flowand the optical technique used for liquid-bridge viscosity 9] and volume 10,11 on mixing and
experimentswhich is limited to surface and wall measure- S€gregation by varying only particle properties at constant
ments. Nevertheless, there is a surprising degree of agreevater saturation. Clearly, for a more complete picture of the
ment between the simulatd8 percentage changes betweenMpact of interstitial moisture on generic particle mixing sys-
Figs. 7 and 4 or Gsee Table . tems, these and other effects must be examined further.
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