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Simulations of the flow of concentrated aggregated colloidal systems, at the particulate level, are
used to investigate the distribution of stresses in the shear-thinning regime. It is found that the

distribution of shear stress carried by interparticle bonds decays approximately exponentially at
large stresses, but with a double-exponential distribution for values of positive stress. The

microstructural mechanisms associated with large stresses are manifested in clusters which
dominate the positive contribution to the stress in the system. Towards the end of shear thinning the
highest forces occur along bonds defining rods of particles aligned approximately along the

flow-compression direction. We propose that the rheology of such systems is determined by a
rupture—reformation process of these clusters of stress concentration during the flow. The
aggregation forces play the role of enhancing such stress concentration by stabilizing clusters
against buckling. ©1999 American Institute of Physid$$0021-960609)51934-X

I. INTRODUCTION averaged, the dominant contribution to the stress comes from
repulsive springs on the particle surfaces—that is, bonds un-
The flow properties of concentrated and aggregated colder compressiohMoreover, this contribution is much larger
loidal suspensions continue to generate great interest nthan that of the same system with zero-aggregation force.
merely because of their relevance to many industrial proYet a perplexing fact is that the direct contribution to the
cesses, but also because of the fundamental understandisgess from the aggregating fordesf. Eq. (3)] is negligible
that is generally lacking in this area. Through the aid ofin comparison with the contribution from the surface coats.
recent numerical and simulation studies, with approximate Previously’ extensive simulation studies were carried
experimental verification, there now exist many models ofout on the flow behavior of aggregated colloidal suspensions
the shear behavior of aggregates at low-to-moderate colloidt high colloid volume fractions, 0.47¢.<0.57. The re-
volume fractions, generally.<0.301~° However, such sults borne out in Refs. 7 and 8 yielded many interesting
models make untested assumptions about the evolving dyrsights regarding the rheology of concentrated, aggregating
namics of the microstructure, with many microrheologicalsuspensions—aggregating systems experience a hugely en-
theories incorporating notions such as the breakup of aggrédanced viscous response over an equivalent nonaggregating
gating bonds in open-particle networks, typically charactersystem—including semiquantitative agreement with experi-
ized through a fractal-type analysis. The stress is usuallynent on both the rheolodyand also with light-scattering
considered to exist along chains of particles of strongly agstudies:’
gregated bonds and to be dominated by the extensions of the Earlier we computed the shear thinning through to the
bonds against the aggregation forces and rupture. Consbigh shear rate plateau flow regime of our model colloid
quently, it has been proposed that aggregating colloidal sugarticles with aggregation forcédlVe cannot, with the cur-
pensions necessarily possess a degree of stress concentrati®mt code, shear at low enough shear rates to observe the first
such as along the backbones of such fractal clugtenich ~ Newtonian plateau. In the shear-thinning regime, the suspen-
are sometimes characterized by the chemical dimension ision viscosityz scales with the imposed “simple” shear rate
fractal structure® or at rupture points. y as
In concentrated systems, we find that the effect of aggre- L
. . . n~vy “. 1)
gating forces is more subtle. Our model includes the aggre-
gation forces and short-range repulsive sprindsese  This power-law, shear-thinning behavior persists over many
crudely represent polymer coatsVe have found that, when yecades of shear rate. The value @fthe shear-thinning
exponent, is found to be independent &f in this highly
3Electronic mail: lesilbe@sandia.gov concentrated regime. We note that the valuenef0.84 is
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close to values of shear-thinning exponents obtained frorhigh packing fractions, on a three-dimensional array of
experimental studies on concentrated colldidsd “colloi-  springs, shows that such a strained system exhibits networks
dal gels”12|n the context of the simulations, the approxi- of high stress imbedded in a background of a lower-stress-
mately universal relationship, E@l), suggests that the ob- bearing matrixX* We have previously noted that concen-
served power-law, shear-thinning behavior of thesdrated colloids under flow exhibit similarly broad
concentrated systems is governed by the same mechanisnatstributions?
Therefore, we do expect a degree of structural evolution ge- The concentration of forces can be used to define net-
neric to the shear-thinning regime, although the concept ofvorks of contacts, which although only constitute a fraction
open-particle networks is practically unfeasible at these higlof the contacts in the system, carry a disproportionate
concentrations. amount of the applied stress. Imaged, these define lines of
In our structural analysis of the bulk suspensiome  force or stress-bearing pathwaysThose “spectator” par-
computed the bulk, steady-state structure fa8(d) over a ticles adjoined to this network, but not contributing to the
range of shear rates, both in the shear-thinning regime angiress propagation, are thus deemed to provide support to the
beyond. We found that during shear thinning on§(k) stress-bearing pathways. The directionality of these propaga-
changed very little; liquid-like short-range order exists, plustions may be predicted by various methd&8! and recent
the presence of prepeak(a correlation peak at lower wave- progress has been made in describing stress transmission
number k, than that expected for nearest-neighborfrom a statistical mechanical viewpofit.
correlations—usually situated at approximately integer val- ~We comment that the concepts of stress concentration in
ues ofkd/2z for particle diameterd). This lowk feature  granular systems and the fractal-type structures for aggregat-
persisted only during shear thinning. The presence of a préng colloids at lower¢. are not wholly dissimilar, merely
peak inS(k) indicates particle/cluster correlations, suggest.different manifestations of the same problem: stress trans-
ing some kind of intermediate range order within the bulk.mission in a particulate system. It seems that a natural exten-
We also found that this prepeak is not observed in the case §on of these ideas to the case of flowing colloids may help
nonaggregating systems. We thus note that in some sen#ethe understanding of our concentrated systems. It has al-
this represents a signature of the observed “universal” shedieady been suggestéd®that certain situations seen in con-
thinning of aggregated colloidén the context of our simu- centrated colloids, such as jammed states, for exafplre
lations. Ultimately, we wish to gain insight into the struc- better understood in terms of force chains. The similarity
tural arrangements of the stress-bearing networks, thus pr&etween colloidal systems and granular systems are now per-
viding a description of what are the mechanisms that controfeived to be less crude, and indeed, there is currently a large
the observed rheology—describing the observed macrd?veriap of ideas covering a variety of particulate-based prob-
scopic behavior through a study of the distribution of forces®ms. See Ref. 32, for example.
and stresses between the microstructural constituents. ~ We give a brief description of our model system and the
This approach is motivated by recent studies of dry pow-Simulation technllque employed to st.u'dy such concentrated
ders: it may be useful to consideoncentratectolloidal sus- ~ SYStéms. To avoid unnecessary repetition, we refer the reader
pensions as a class of “wet” granular systems. Simply!© Refs. 7, 33, and_34 fo_r rather more expl_|C|t_det_a|Is. In the
“dry” granular systems(apples packed in a containgrfor ~ results section we investigate the stress distribution problem

examplg exhibit some rather strange properties which areVith a view to elucidating the structures that appear to be
only recently coming to light However, we must make the controlling the observed flow behavior, and finally, we at-

distinction clear that colloidal systems are typically con-8MPt @ qualitative description of the dynamics of these
cerned with micron-sized particles with significant thermalStructures through simulation visualization.

agitation as opposed to many real granular systems where

particles have dimensions of the order of millimeters if not

more. Inertial effects can be neglected in our colloidal simu-;, SIMULATION METHOD

lations, but may play a role in a flowing granular system.
Finally, the nature of the dissipative forces differ: colloids in
suspension experience viscous hydrodynamic forces, which The simulation modeling essentially comprises a
are dominated by squeeze lubrication modes in concentrategrsior* of Stokesian dynamic¥;*® which enables the
systems; whereas dry granular particles experience sheastudy of concentrated colloidal systems by incorporating
frictional effects(e.g., Coulombig Lees—Edwards boundary conditidhson arbitrarily large,

A common finding in studies of two- and three- defined by the computational box volurfe periodic cells.
dimensional granular systems, which has been verifiee define the hard-core colloid volume fractioth,
experimentally®® and by simulatiort/~*° and also in ex- =/6pd® of N particles of diameted, with particle number
perimental studies of sheared granular mateffiis that the ~ density p=N/€. In considering time scales long with re-
distribution of forces(or stressesin a granular system is spect to the viscous momentum relaxation time of the sus-
extremely inhomogeneous. Such observations have led to thension, we treat the particles at the Langevin/
concept ofstressor force chains?>~23 A compact granular Smoluchowski level and the fluid by the creeping-flow
system under applied stress is typified by a stress distributioaquations. Stick boundary conditions are imposed on the
which extends out to much larger stresses than the mean-lid at the particle surfaces.
the variance is much larger than the modal vafti&/ork at The equations of motion foN such particles immersed

A. Equations of motion
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40 " " 250 : " system size effects show up in the rheology, for example. We
200 | . reason that the smallness of the box in smaBimulations
30 150 | | interferes with the microstructural mechanisms that give rise
. 100 | to the observed rheolody.
_ a 50 +
< 10 E o B. Computation of the stress tensor
=1 T i ) o
ol 50 In the computation, the bulk stress of the suspension is
-100 ¢ computed as the sum over nearest-neighbor, interacting par-
10l -150 ticle pairsi andj. We define nearest-neighbor pairs through a
~200 | neighbor list defined on a three-dimensional tetrahedral De-
20 . , -250 . ~ launay mesh—Voronoi neighbors. The particle centers on the

1.00 1.04 1.08 1.12 1.00 1.04 1.08 1.12

v va mesh define the positions of the vertices, and consequently,

the mesh edges define particle separations. With this rule, all
FIG. 1. Interparticle colloid pair-potenti&l(r), and force law—dU(r)/dr, particles whose centers lie closer théh(diametersd=1 in
with the.follow_ing set of parameters; polymgr concentration paramgger the simulation are neighbors(We point out that due to this
=0.7, size ratioR,/d=0.1, polymer coat thickness,=0.00%, andFo  -ocequre some nearest neighbors will occasionally be
=10% giving a maximal attractive force of 200 in these units. . . .. . .

slightly beyond the hydrodynamic lubrication approximation
range, however, we still employ the approximate hydrody-
namic terms regardlegs.

in a Newtonian fluid with viscosityu thus express a quasi- 20
W P d The stress is given by

static force balance:

FH+EP=FB=0. (2 :__2 2 f”l’”-l-a' 3)
The 6N force/torque vectors ardi) hydrodynamic forces
F, exerted on the particles due to their relative motions inwhere the edge vectar; is the center—center vector separa-
the presence of the solvert;) colloidal forcesF” (the sum  tion from particlei to its neighborj, and the sum ovew is
of repulsive and attractive termsand (iii ) Brownian forces the sum over the various colloid and dISSIpatlve forties
FB. The Brownian contribution to the stress® is detailed

The terms inF" have approximate representations elsewheré?3® Normalization is with respect to the volume
(based on hydrodynamic lubrication theory, see Ref. 38, foof the computational boX).
exampleé and their detailed expressions are available In steady simple shear, the relation of shear stress to
elsewheré®3* The calculation of FB is also discussed shear rate is conveniently expressed as
elsewheré®3°We refer the reader to Refs. 7, 33, and 34 for .. o
g : e iea Oy (V)= (¥)y, 4

iscussions on the applicability and general context of the
technique used here. where thexy component ofr represents the shear gradient—

In this work, the colloid force$" are composed of an flow element of the stress tensor, gadhe solvent viscosity.
attractive term, modeled on the Asakura—Oosawa depletiohhe measured quantity, the apparent relative viscogjty
potential—° hence, the term “aggregated” colloids—and a describes the viscous response due to the imposed shear rela-
repulsive term, which takes the form of a Hookean springtive to the base solvent.
coat on the surface of the particles; mimicking the osmotic ~ This relative viscosityz,, itself may be decomposed
part of an attached/adsorbed polymer layer. into various contributions arising from the force components

The depletion mechanism assumes a suspension of coMhere 7' and 7, denote the hydrodynamic and Brownian
loids in a mixture with nonadsorbing polymers of sRg at contributions to the relative viscosity, and the interparticle
volume fractiong, (which sets the depth of the attractive colloid force contribution to the V|sc03|t)yr , comes from
well). The polymer—colloid size rati®,/d, determines the the sum of the repulsive and attractive components.
range of the attractive force. The spring coat thicknéss We measure the imposed shear rate in terms of the ac-
sets how much the thermodynamic size of the particle excepted nondimensional shear rate Becletnumber. In the
ceeds the hydrodynamic size, and the strength of the springjmulations, the units are chosen so that the particle diameter
(which sets the maximal force the spring can supply befordl, the solvent viscosity, and the thermal enerdgT, Bolt-
collapse is parametrized by the dimensionless stiffnEgs ~ zZmann’'s constant times the absolute temperature, are nu-
The resulting interaction potential is shown in Fig. 1, andmerically equal to unity. We define tieecletnumber Pe, as
may be thought of as the colloidal equivalent of a Lennard- yd3u
Jones system. We note here that there exists a maximal at- Pe= T
tractive force. B

The size of the cubic simulation box has side length In these units, therefore, Pe is the shear rate. Consequently,
=03 To provide a reasonable study of structure, here weime is measured in units afu/kgT and force in units of
study systems wittN=700, L=9. Our ongoing studies for kgT/d.

N=4000, in rectangular boxes, give quantitatively identical  Although our simulations do not include Brownian
results. It is only in small systems, s#<50, L<4, that forces, we nevertheless insist on measuring the shear rate in

®
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units of Pe, although it is not strictly correct to do so. Our 10°
previous studie§ on model variations that compares sys- . - Total Stress

. . . . -1 H squeeze i
tems with and without Brownian forces show that the inclu- 100 ¢ HE ook

¢ —--- depletion

sion of Brownian forces plays no qualitative role in deter-
mining the rheology of such systems.

Ill. RESULTS

Frequency of bonds w(c)
5

We reiterate some important points from our previous s = aﬂ%ﬂu o
studies’®3® Concentrated and aggregated colloids undergo LR S
shear thinning over many decades in shear rate*<@Pe 10" !

. . . . . -1.0 —(;.5 010 OiS 1.0
<10.0. In this regime, the viscosity scales with shear rates as Non-—dimensional Stress &

in Eq. (1); the suspension microstructure is disordered, o ) o
IG. 2. The stress distribution of the nondimensionalized shear stress per

liquid-like Short_rangef order exists plus _a prepeak. NO,Slg_ngond for an aggregating system @ag=0.50 being sheared at P&.0. The
of long-ranged ordering are observed in the shear-thinninga| and the individual contributions to,, are shown. The two points

regime—ordering is not a feature of shear thinning in con-shown by the arrow indicate that both the total and the squeeze curves have

centrated colloids. On average, the dominant contributioroints at exactly0, 0.

(over 90% to the jump in viscosity between aggregating and

nonaggregating systems is the contribution of the repulsive . . . .

coat ﬁqgtergctior? Y P an important feature of the simulation technique: there are no
ceyond the shear-tining reqime 7200, e system DO7CE WNEh experence zer suese o fce, T o be

viscosity levels and the rheology is Newtonian like. Equation P P Y y

(1) no longer applies. The system now possesses a Wen/yhich couple particle motions over relatively long-ranged
ordered structure—the string phase @t=0.50 (for Pe distancegcompared with the colloid forcgsThis is a sig-

~50.0 and its rheology is effectively that of hard Spheresnlflcant feature over those simulations which neglect hydro-

. . ; . dynamic interactions and must account for the qualitative
with repulsive surface coatsithout attractive forces. ’
differences between the two schemes.

A. Stress distributions By contrast, the distributions of the colloid forces, the
(Hookean, and the depletion terms are actually finite at zero

To examine the mechanisms that give rise to this rheo

ogy, we calculate the distribution of force or stress on bond§tress. A significant fraction of bonds belong to this zero bin,

in the system under shear. This comprises a histogram d'f'dicating that _in the comput_ation of the_: forces a large frac-
particle pair bonds binned according to the value of the forcd'o" _Of Voronoi ne|gh_bor_ pairs do not interact through the
or stress they carrywe recall that a bond is defined as g colloid forces, most significantly the Hookean term. Hence,

Voronoi neighbor. An ensemble, steady-state, average iSthose pairs that do not contribute to the stress must be sepa-

taken by averaging this over many particle configurationsrated by a distance greater than the interaction range. Even at
throughout the simulation run this high concentrationp.= 0.50, this suggests that many of

The viscous response of these systems is characterizél?je particles have a separatiog,/d>1.1. Computation of
by thexy element of the stress tensor—the shear stiressll the average gap does show that on average many of the par-

n=0yy1%). For convenience we drop the suffiey when ticle pair bonds are greater than the interaction range.

discussing the stress in the system and it should be under-_b Several otger featu:es are apparent:_ rt1he t|0ta| strle ss dis-
stood that stress refers to the shear stress. tribution extends out to large stresses, with values at least an

The stress distribution of a 700-particle systBwhere order of magnitude greater than the peak value. The positive
the stress is defined as in E@), i.e., we retain the volume tail of the distribution extends out further than the negative

normalizatior] is plotted in Fig. 2. Here, we focus on one part. The ratio of positive-to-negative stress-carrying bonds

particular shear rate, PeL.0 [well into the shear-thinning 'S+ On average, 67:33. Likewise, the Hookean and the

regime where Eq(1) holds at 50% volume fraction. The Sdueeze hydrodynamic stress components to the distribution
data in Fig. 2 provide the backdrop to much of the remainingfe,x_tend out to large stresses, whergas the depleyon term has a
discussion. Variations over shear rate are discussed later. "N't€ cutoff to the stress, indicating the maximum force

The different distribution curves in Fig. 2 represent the:\r':’:tigg i;hle:igeg)letion term can provide per bofitlis was

total stresdfilled circles, squeeze hydrodynamic, Hookean, F he distributi - ol . h
and the depletion components to the stress. Each of these is I rom the d'St:c' Et'on curve, it |sfp(;133| eto esbtlmatet €
computed individually and the normalization @fo) of Fig. total stress(and of the componentsf the system by aver-

2 is such that the sum over the total number of bonds pe?glng over the distribution curs,
configurationNC is unity, SN (o) =1.0 NC

We note that the two points by the arrow in Fig. 2 indi- (™= > w(o})0; |, (6)
cate that both the total distribution and the squeeze hydrody- =1
namic component distribution go to zero at zero values of thevhere an ensemble average, denoted.by, is taken over
stress. Although the choice of this bin is arbitrary, and wemany particle configurations. The average number of par-
could just as easily avoid this zero bin, we wish to reiterateticles per configuratioN® provides an estimate of the num-
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Stress per bond FIG. 4. Percentage contribution to the positive stress coming from positive-

stress-carrying bonds and the percentage of those positive-stress-carrying
FIG. 3. Comparison of stress distributions for an aggregating sy&ipem bonds contributing to that amount, for different values of the cutSfthat
circles and a nonaggregating systdopen squargssheared at Pel.0. defines positive-stress-bearing clusters. The inset highlights the low-
percentage region.

ber of bonds each particle has attached to it, and hence, an
estimation of the average coordination numftee average
number of nearest neighbors per partic™ At Pe=1.0 nential decays. The second between 0.05 and 0.25 with a
andN =700, the average number of bonds per configuratiorslope ~10 and the third beyond 0.25 with a slope20.
sampled over the simulation is computed to &=5165.  There is a slight deviation from exponential in the middle
Therefore, the average number of nearest neighbors per pdggion. The distribution curve kinks around the mean value
ticle is N"=14. In the simulations, bonds are defined as—0.01, which roughly coincides with the region where the
Voronoi neighbors. This value of the number of Voronoi contribution from the depletion force becomes small relative
neighbors is a little higher than the number of nearest neighto the Hookean spring. Study of the distribution curves of the
bors found in a randomly packed static system of sph¥res.components indicate that the distribution of squeeze stresses
Using these values fdX® and N, the average stress in @lso contains a kink in a similar position to that seen in the

the system computed using E@) for the full distribution  total distribution curve. The double-exponential form of the
curve presented in Fig. 2gys) is distribution curves is also found in simulations of colloid

particles at high-shear rates in the regime of shear

(disp =43.3, thickening®®
which is to be compared with the computed stress from the Also clearly evident in Fig. 3, the aggregating system
simulation rheology data has a broader distribution than the nonaggregating system,

thus reflecting the differences between the macroscopic
(o =43.2£0.2. stress values of each system: the aggregating system has a
Thus, the average stress per bond, assuming that the stredscosity almost an order of magnitude greater than the non-
were distributed homogeneously over all the bonds, isaggregating system at this shear rate. Therefore, the generic
(Tpongy=8.37-103. appearance of exponential decays in stress distributions is
In studies of granular systems, for example, see Refs. 15nore a feature of concentrated particulate systems. Only the
16, 19, and 20, significant attempts have been made to chaguantitative shape of the curves are dependent on the specif-
acterize the distributions in the stresses or forces, a commadns of each system.
theme appears to be the exponential decay of the tails at The positive side to the distribution must be significant
large stresses. Figure 3 shows the distributions of stress per the determination of the structural mechanisms associated
bond on a linear—log plot where we compare the distribuwith the distribution of stress, as globally, on the macro-
tions of an aggregating systefuircles with a nonaggregat- scopic scale, the total stress is positive. To investigate this
ing system(squarey at the same shear rate. We have diffi- issue the positive part of the stress distribution of the aggre-
culty in fully characterizing the distribution of the gating system is further analyzed in Fig. 4 for a system
aggregating system, but we reason this is due, in part, to th&heared at RPel.0.
fact that the aggregating system experiences both compres- Figure 4 compares the percentage contribution of the
sive and tensile forces, whereas granular systems are mosihysitive stress-carrying bonds to the positive stress when the
concerned with compressive forces only. criterion to be a contributing bond is that the stress it carries
Both distributions in Fig. 3 are seen to be dominated byis greater than the cutoff value®. The corresponding per-
exponential decays. The system without aggregating forcesentage of stress-carrying bonds contributing at a particular
and the bonds with negative stress in the system with aggresutoff is also shown. It is clear from the data that a small
gating forces are well approximated by a single exponentialffraction of positive-stress bonds in the stress computation
However, the bonds carrying positive stress in the systensan actually contribute a significant percentage to the posi-
with aggregating forces have a more complex distributiontive stress, justifying the assumed dominance of these high-
One identifies three distinct regions. An inner most regionstress-bearing bonds. For example, bonds which have
(< 0.05 and two outer regions well approximated by expo->0.15 (i.e., over an order of magnitude larger than the av-
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FIG. 5. Stress distributions compared over a range of shear rate€.®k
0.10, 1.0, 10.0, and 100.0. The increasing stress with increasing shear rate is
seen to be due to the broadening of the positive tail to the distribution.

© (d)

erage constitute only 2% of the number of bonds, but 22%FIG. 6. Clusters of particles whose bonds carry a stress greater than the
of the stress. cutoff value,o® = (a) 0.136,(b) 0.164,(c) 0.204, andd) 0.250.

B. Variations in shear rate ) )
and choosing a cutoff to the streg§ at which to analyze

We analyze the distribution curves over a range of sheagqnigurations of those particles which belong to these high-
rates in Fig. 5. The range of shear rate studied covers thgess bonds.

shear-thinning regime, 0.64Pe<10.0, intermediate shear The properties of these dominant bonds are still not
rates Pe-10.0, and high shear rates, where ordered phasg§ear. This finally brings in the question of structure and
exist, Pe=100.0. kinetics: whatare the structural mechanisms associated with

In terms of the distribution curves in Fig. 5, the reasonihese bonds and their effect on the remaining particles
why the stress increases with increasing shear rate is due {ound them. Figure 6 shows several snapshots of particle
the broadening of the positive side of the distributions. The,|sters which are picked out on the stress that their bonds
positive bonds are contributing a greater positive stress Wit'&arry at Pe=1.0. The pictures in Fig. 6 show that at the lower

increasing shear rate. There is a particular change once Rgress cutoff, clusters are less well defined as separate entities
system is at high-shear rat€Be=100.0. The distribution  anq exist as multiply connected structures. Even still, al-

curve at Pe=100.0 is qualitatively different from the other {hough the number of bonds picked out in all the pictures is
curves. A shoulder appears in the distribution up to wherejj| only a fraction of the total number of bonds in the sys-

the curve is clearly approximately exponentiatyond stress  tem at lower stress cutoff many of the particles are included
=0.4). These qualitative differences are mirrored by the rhey, the clusters. However, clearly there is a propensity for the

ology where the system at this high-shear rate is no long€fjysters to form elongated structures, leading to rod-like
shear thinning, and has actually arranged into an orderegsters at the higher cutoff.

flow phase(string phase orderingWe note here that the Figure 7 shows an instantaneous shapshot of a full-size

ordered phase still has an exponential tail, but the high-stresgmyiation cell, differentiating between the high-stress net-
regime is now dominated by the squeeze hydrodynamic congorks (dark gray, immersed within the bulk suspension

tribution rather than the Hookean component which dom"(light gray). This picture depicts the arrangement these net-

nated at lower Pe. works have with respect to the surrounding particles in sus-
pension.
IV. STRESS BEARING STRUCTURES A. Cluster kinetics

The distribution curves, Fig. 2, show disparities between  Particle clusters, defined on their bond stresses, are
the stress carried by bonds, but also that many of the bondsrming along the shear-compression direction through
are inactive in the sense that they do not contribute to thevhich high-stress bonds are continually being formed and
colloid forces. It is, therefore, hard to see how the high-stresbroken. However, as yet we do not have a clear idea of their
bonds can be evenly distributed throughout the system, andngevity. The snapshots presented in Fig. 6 are instanta-
the geometrical arrangements of these bonds should be imeous in time, therefore, they need not represent the absolute
portant. We now investigate the positions of these high-stressonfiguration of these clusters over longer time periods. The
bonds within the bulk suspension, and hence, visualize thpresence of the imposed shear is responsible for the direc-
geometrical arrangements of the structures associated witionality of these clusters—a simple model of shear-induced
these bonds. This may be achieved by running a simulationlustering has been reportedyet intuitively, it is expected
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O
(@) (b)
O (b O O
FIG. 7. The whole simulation cell looking into the flow-gradient pléfew %
is left to righy. The darker particles are picked out on the stress value that
their bonds carry. Herer$ =0.204 for Pe=1.0. o
(0) (d)

that the shear will affect the kinetics of these clusters: th&!G. 8. A qualitative measure of the kinetics of stress bearing clusters at

clusters have the pOSSibiIiW to either break, group, or eveﬁecl.o, for a 700-particle system, where only those pa_rtlcles whose bonds
| ith the flow. Thus. we need to have some view Ofcarry a stress greater tharf. =0.204, are shown. Strain values &®

tumble wi - , _ ome vi 106.000,(b) 106.013,(c) 107.001, andd) 289.001.

the kinetics of these clusters leading to an indication of

mechanisms through which these clusters contribute to the

stress. We plot the distribution of lifetimes of cluster bonds at

clus-trearZIZf:ei?ct’r\:ve N Tg;valcﬁ]rgg:;té%n?cfrsct’gstshe” T;]geh}f;gisosr'ghree different shear rates in Fig. 9. On the linear—log scale
. g P o we clearly see that these distributions are well characterized
of high-stress bonds decreases, the contribution to the stre

o . BSQ'/ an exponential decay in lifetimes. On average, cluster
from these clusters likewise decreases, leading to a Iow%onds live for only fractions of a shear tintene shear

itr?tﬁi(pos't;;? strterzss. T/hlljs’ thtifhalﬂstgeitremetie fIlJCtuatIon%imezone unit of straih Thus, it is clear the particles that
'I?hzotsem eorsalej\?oliizﬁsof tr?gge cluester 'elsatlzifz;ltivel constitute the stress clustene continually changing and the
. mpo . < y ?opulations of these clusters evolve with the flow.
examined in Fig. 8. Figure 8 shows a sequence of snapshofts The snapshots in Fig. 8 indicate that, at any one instant

gfofilgT-gtrZi(Sj (1:I(L)j§teLstsogfpztr:;?fsfofzp?gg?dar?‘)c/;]eog OsrtieEhe geometrical manifestation of the stress concentration ex-
P unt n. part YSteMsts as particle clusters that appear as rod-like entities. We

. o
with ‘7*_0'204 at Pe-1.0. . . . o have examined this behavior averaged over many

Figure 8 presents us with a first view of the kinetics of configurations—ensemble  averaging over long times.
these clusters. Although the same coloring scheme is used Lﬂwough the simulation scheme we compute the “reduced”

the each of the four pictures of Fig. 8, the particles COMPOSL4 ture factorS'(k), where “r” denotes reduced in the

ing the clusters viewed in each picture are not necessarily thgense that these configurations are made up of high-stress

same as in each of the _other plctqres of Fig. 8. Howevefrclrjsters only—a subset of the full particle configuration.
what becomes apparent is the persistence of the geometrical

arrangement or orientations of the individwhlisters Even
though the populations of the clusters are continually chang-
ing as the shear flow disrupts the arrangements of individual
particles the orientations of these pathways or chains along .
which the stress propagates persist around the compressional

axis (see also Fig. 10

10°

Pe=1.0
---- Pe=0.1
—-— Pe=0.01

Frequency of Bonds
5

TABLE I. Comparing the contributions to the total stress from high-stress SN
clusters and the relative number of high-stress bonds in the clusters for T
different instantaneous values of the stress. T .

Fractional contribution Fraction of bonds .
Total positive stressfrom high-stress clustersdelonging to these clusters 1075 o1 02 03 o 0.5
Strain
84.5 0.26 0.020
715 0.13 0.009 FIG. 9. Distribution of high-stress cluster bond lifetimes at=Re01, 0.1,
59.6 0.07 0.005 and 1.0(in units of strainy). Cluster bonds are defined as those bonds

experiencing a stress higher than the average bond stress by a fact®s of
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FIG. 10. The “reduced” structure facto®8(k) (top
pictures computed over many high-stress cluster con-
figurations, compared against the the f8(k) (bottom
pictures for bulk system sizeN=700, sheared ata)
Pe=0.1 and(b) Pe=1.0. Note the scale of the verticle
axis Sis different between the top and the bottom pic-
tures.

S'(k) is computed and we compare these against the corr&lusters—their kinetics—determines their size and geometri-
sponding fullS(k). cal distribution. Given that there is such a large jump in
In the S'(k) (top two pictures of Fig. 10the regularity ~ Viscosity on turning on aggregation forces, we need to un-
of the correlation ridges along the compressional directiorflerstand the role of these forces in the concentration of
are indicative of strong correlations between particles withirstress. Although the analysis presented here is largely quali-
the same cluster. However, we see that these correlatiorigtive, it provides an impetus towards a theoretical under-
become less well defined towards lower shear rates, suggestanding of these systems. As has been mentioned, current

ing that with decreasing Pe, the stress-bearing clusters b&eories on flowing colloids do not seem to be applicable to
come less rod-like, possibly becoming more multiply con-the concentrated systems studied here. The observation of

nected. these extended structures suggests that a many-body treat-

The peaks at lovksuggest correlations over intermedi- ment is required.
ate ranges, between individual clusters. But again, these are Theories of cluster kinetics have existed since the pio-
diminished at Pe0.1. However, it is suggestive that the neering works of people like Smoluchowski, etc., for ex-
emergence of the low-peaks in the top pictures of Fig. 10, ample, see Ref. 6. The many-body, cluster treatment of jam-
which are due to the stress-bearing clusters, are related to tfi@ing in Ref. 29 utilizegSmoluchowskKikinetic equations to
prepeaks, observed as small bumps at kpun total struc-  explain some of the features observed in simulations of bare
ture factorS(k) (bottom picturel though the scales are dif- hard sphere$.*° The population dynamics, in this case of
ferent betweers' (k) andS(k) in Fig. 10. our stress chains, can be expressed as

A further consequence of these high-stress bonds can be
inferred from Fig. 11. Because these evolving clusters con-
centrate the stress, with bonds/chains breaking and reforming
over time scales shorter than a shear time, as shown in Fig. 9,
one might expect that the short-time viscous response of the
system will reflect this behavior. In Fig. 11, the individually 500
sampled viscosities, which are continually averaged to com-
pute the total average viscosity, are shown against strain
(time). Over this short-time scale, the sampled viscogiiyt-
ted line exhibits broad fluctuations about the mean value of
the viscosity(solid line).

55.0

Viscosity
»~
wn
o

400

. . . 35.0 ‘ .
B. Theoretical discussion 150.0 151.0 152.0 153.0 154.0

Strain

It has been shown that the rheOIOgy is_controlled byFIG. 11. Variations in the computed viscosity during the simulation. The

stress QOncentration_ into clusters carrying high Stress ORyean-bulk viscosity is denoted by the solid line, whereas the instanta-
bonds in compression. The temporal evolution of theseeously sampled viscositglotted ling fluctuates about this mean value.
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dn, * considered one of the aspects of “microstructural inhomoge-
W:-Z [Kijnin;—Gjjnij1(di+jk— dix— k), (7)  neities.” Anisotropy in the directionality of the forces the
b=t anisotropy in the particle contacts are both lik&lybut

where n, is the concentration of clusters of lengkd, d  which of these dominates in each regime is still not clear.
being the particle diameter. However, the real physical probWe hope to report on such studies in the future. The discrete
lem lies in the ability of correctly interpreting the forms of regions of this stress concentration are necessarily generated
the aggregation kerné{;; and the breakup kern@;;, and by the imposed shear with evolving populations of particles,
below we argue the physical mechanisms which these termshere cluster bond lifetimes are typically less than a shear
describe. A full theoretical treatment, based on an extensiotime.
of the concepts introduced by Farr, Melrose, and BAlias The stress may also be computed from a dissipation ar-
recently been proposéd. gument, whereby the disturbance that the clusters cause on

The first term on the right-hand side of E) contains  the surrounding fluid causes an equivalent viscous response
information on the rate at which clusters of sizandj pro-  through mean-field fluid power dissipation. Whether the
duce clusters of sizei j). Effectively, K accounts for the greatest dissipation occurs around the clusters, or within the
flow-induced clustering between particles and clusters. Theluster bonds themselves, has not yet being resolved, and we
main factor contributing to this term will be the imposed have not yet been able to reconcile such a mechanism with
shear ratey, which sets the time scale for these collisions, ashe effects studied here. We hope to answer these questions
this is the driving force behind particle motions. in the near future.

If we view the clusters as rods of particles under com-  Itis proposed that the kinetics of the stress chains can be
pression, then the breakup te@ns determined by the buck- described by a Smoluchowski-type kinetic equation. By tak-
ling of these rods. We argue that the role of the aggregatioing into consideration the rate at which shear-induced clus-
forces is to stabilize the rods against buckling—thereby settering occurs, and the rate at which particle bonds are broken
ting a time scale for the lifetime of these rods—and hence(which is highly dependent on the strength of the attractive
enhancing the compression of the springs within the rods. Téorces, this theory® provides a first attempt at a many-body
buckle, the rods must break aggregation forces on neighbogpproach to flowing colloids.
ing spectator particles. It is through this mechanism that the
aggregating forces enhance the shear stress despite their ne@EEKNOWLEDGMENTS
ligible contribution on average. . .
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