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Rheophysical classification of concentrated suspensions and granular pastes

P. Coussdt* and C. Ance¥
Y MSGC, 2 Alle Kepler, 77420 Champs sur Marne, France
2Cemagref, Division ETNA, Domaine Universitaire BoPostale 76, 38402 St.-Martin-d’ifes Cedex, France
(Received 17 September 1998; revised manuscript received 19 Novembegr 1998

On the basis of existing data along with rational arguments we propose an overview, in a conceptual diagram
(solid fraction vs shear rateof the dominant interaction typ@rownian, colloidal, and hydrodynamiat a
mesoscopic scale within flows of concentrated suspensions or granular pastes. Different flow regimes identified
by the values of dimensionless numbers are thus distinguished. The main characteristics of the rheological
behavior of suspensions within each regime are inferred. A specific domain corresponds to regimes for which
dilatancy effects occur which may lead to frictional or collisional processes if an additioo@ha) force is
applied over the particle$S1063-651X%99)09104-1

PACS numbgs): 83.70.Hq, 83.106-y, 83.20—d, 82.70-y

[. INTRODUCTION interstitial fluid (), the solid volume fractiori¢), and the
maximum packing fraction,,) through various formulas,
The main trends of the rheological behavior of simplegoing from models assuming only hydrodynamic effddts
dilute suspensions and colloidal dispersions, and some mod#& models attempting to include colloidal interactions and
concentrated suspensions, are relatively well understooBrownian motions at different levels by using a varying
from a physical point of vieW1]. Concentrated suspensions maximum packing fractiofi5] or an effective volume frac-
or granular pastega clearer definition of these systems will tion [6]. More recently some authors also attempted to pre-
result of this work(see Sec. VI, within which complex dict the shear-thinning trend, i.e., apparent viscosity decrease
particles interact strongly, giving rise to a viscosity muchwith shear intensity, or the yield stress of concentrated sus-
higher than the viscosity of th@nterstitia) suspending me- pensions through mesostructural approaches using fractal
dium, have received less attention from physicists, probablgoncepts 7] and transient network modeling originally de-
because of the apparent higher complexity of the field. Nevveloped for polymer dynamids]. In practice the Bingham
ertheless the flows of such systems are important in industrgnodel, for which the stress is the sum of a yielding term
at different stages of design, preparation, production or usér.), and a Newtonian-like term have most often been used
of various materials such as fresh concrete, cement or moin literature in the aim of flow modeling or as the type of
tar, herbicides, drilling muds, foodstuffs, pharmaceutical andehavior that some theoretical approaches should predict.
cosmetic pastes, inks, paints, etc. Flows of natural materialdowever, it is now admitted that this model lacks physical
such as lavas, debris flows, landslides, avalanches, etc. asense and, contrary to a Herschel-Bulkley modet
also concerned. Hincf2] proposed an interesting overview +qy”, where v is the shear rate, and and p are fluid
of practical processes in which particulate systems are inparameters it is incapable of representing data within a
volved along with an attempt of unification of the corre- shear rate range of several deca@@s In addition, these
sponding physical phenomena. materials are often viscoelastic and thixotrofitee viscosity
The rheological behavior of concentrated suspensions andaries with flow time [10,11]. Finally, the existing theories
granular pastes has been dealt with mainly in three, apparemain far from able to predict all the various and complex
ently distinct, fields which consider different types of mate-aspects of rheological properties of concentrated suspen-
rials under various conditionga) rheology of(fluid) suspen-  sions. In addition, it is worth noting that concentrated sus-
sions,(b) physics of granular matter, arfd) soil mechanics. pensions and granular pastes are precisely the most difficult
These fields often ignored one another, but it is one of theystems to study with rheometers. Indeed various disturbing
objectives of our work to show that they might reconcile oreffects may develop during tests, such as wall &liyg most
overlap in some cases. Here we are mainly concerned witimportant effecy, fracture, sedimentation, migration, evapo-
one-phase flows for which, within a representative volumeration, edge effects, etc. Some of these perturbating effects
the average particle velocity is equal to the velocity of theoriginate in the specific internal structure of the suspensions.
surrounding fluid, but possible two-phase effects might occuihis may lead to serious misinterpretation of rheometrical
due to short, local, particle migration, dilatancy, and so on.data[12], since in that case this is not the theoretical volume
The first field (a) was developed by physicists somehow of homogeneous constant material which is sheared.
extrapolating the approach of Einstdi8| concerning dilute Concentrated systems have also been tackled by physi-
suspensions of hard spheres to concentrated systems. Thaists within the framework of the study of granular systems
the viscosity of such systems is related to the viscosity of théb), which have received widespread attention in recent years
[13]. For predictions of the mechanical properties of flowing
granular assemblies, mainly the kinetic theory and numerical
*FAX: 01 40 43 54 85. Electronic address: philippe.coussotmodels have been usdd4]| with only partial success. In
@Icpc.fr particular these models remain unable to predict the various
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FIG. 1. Conceptual classification of the rheophysical regimes of a suspension as a function of shear rate and solid fraction on a
logarithmic scale. The other characteristics of the suspension are fixed, and the limiting curves do not correspond to strict (smesttiens
text).

properties of dry granular systems in a wide range of condiother variables such as particle radius or aspect ratio, ionic
tions[15]. Moreover, they cannot be used for modeling slowstrength, externalnorma) force, etc. The present scale
or moderate flows of granular pastes yet. (¢,7v) is used for the presentation of results because it seems
The last field(c) in which such systems have been studiedthe most useful in practice: it contains two parameters pro-
is soil mechanics. Here the constitutive equation is generallyiding rapid basic information concerning the density of the
inferred using phenomenological relations concerning plastigyspension and the flow intensity. In this diagram we assume
dissipation and the so-called flow rule, which enables one tgnat all other suspension parameters, such as ionic strength,
relate a strain increment to a stress increment. The MO$farticle diameter and shape, flow geometry, temperature,
common theory is the so-called Cam-Clay modef] which  ietion coefficient, viscosity of the interstitial fiuid, fluid and

1; usfe(_jl to disl;:rlbett_he elas(;coialast:c hardbenm% beha\lnort_u_p article density, external force, and boundary conditions, are
otential and incremental formulation, have been develope 2SNt For example, for large grains, the curves corre-
P ' P Sponding to the transition from regim@) or (C) toward

sometimes using a more refined framewtsich as Cosserat regime(B) would be displaced toward infinitely small shear

media [17]. In contrast with fieldga) or (b) and contrary to . " .
meta? rEIas]ticity domair(c) suffergs )frorr(1 )the absenceyof a rates, which means that under most conditions hydrodynamic
’ effects prevail. We also remark that the transition curves

physical interpretatioriat the particle scajeof the plasticity - oS
mechanismg[18]. We can, however, quote some efforts which have been. drawn do _not corrgspond to an exact limit
which have recently expended to try to explain the plastid?®tween two regimes, but simply point out a region around
behavior of granular assemblies using homogenization techhich it can be expected that the type of predominant inter-
niques[19]. The lack of physical sense is obvious in manyactions progressively changes. Since this is a conceptual dia-
parameters used for identifying soil features. For instancegram we did not try to draw precisely the curves for a given
the so-called Atterberg limitggiving the water content of set of parameters, but we represented all the main trends of
clay materials, respectively, for the plastic failure and flowthese curvesin terms of slopgas appears from the viscosity
beginning are arbitrarily defined by an experimental proto- and yield stress functions that we used.
col. Our intention is not to provide a complete framework for
Here we essentially intend to provide, from rational argu-modeling the rheological behavior of the various systems
ments, a simplified conceptual diagram of predominant interunder different conditions. This indeed requires taking into
actions within flowing concentrated suspensiémsinly un-  account the specific form of interactions at a mesoscopic
der simple shearas a function of shear rate and solid scale, and may give rise to particular macroscopic properties
fraction (Fig. 1). As soon as one knows the appropriate di-of the suspensiof8,11,20Q. It is expected that a clearer dis-
mensionless numbers governing the transition between thénction of significant interactions in different regimes con-
different regimes, it is easy to draw similar diagrams usingstitutes a necessary first stage in order to understand these



PRE 59 RHEOPHYSICAL CLASSIFICATION OF CONCENTRATE. .. 4447

systems better. Since it would take a great deal of space tollowing simplified, general, scheme for the particle inter-
describe all existing works and synthesize their results withactions.

out losing ourselves in detail, we shall often adopt a global At a given time a particle is surrounded by other particles,
position. Nevertheless we think that such an analysis couléach of them interacting with it to a various extent via col-
provide a useful overview and might foster an understandingoidal interactions. Thus we can consider the potential energy
in physical terms, of the relative situation of the different (@) of the particle as a function of the position of the sur-
fields above cited with regards to concentrated suspensiongsynding particles. For a particle, there existgimstanta-

In order to establish the diagram of predominance, We,equg position related to a minimum in potential energy
successwely review the main types. of mteractpns within 23], which should be situated more or less at an equal dis-
suspension of approximately monodisperse particles: Browrg,nce from the centers of neighboring particles. However, the
It?r?czgce)rftsf’riggcl)lﬂldca(llrizriggs’\/\\//:esgfs%s f:)orC%S' and COTtde particle needs a certain time to reach this position when it

iy 1 CE provide some elements has been initially displaced. Thus the position of the particle
concerning the typical rheological behavior of suspensions 'rielative {0 its instantaneous minimum of energy depends on

each regime. Since we aim at obtaining a rough overview o he hist it i dth flow hist M
possible behavior and interaction types, we shall not detai € history oT1tS motion, and thus on flow history. Moreovet,

the possible, more or less understood, specific behavior (ﬁrownian motions of all particles constantly induce fluctua-

some model system@n particular uniform glass bead sus- tions of this equilibrium position in time. The particle can
pensions [21]. reach an equilibrium position only when the suspension has

been left at rest during an infinite time. As a consequence, it
is useful to refer to a mean potential minimym time and
Il. GENERALITIES spacg, to which corresponds an approximate, average en-

We first consider mixtures of a Newtonian fluid with neu- €rgy barrier (bg) to overcome when extractingxtremely
trally buoyant, solid, particles whose size is larger than 1 nm$lowly) a particle from its environmertbut keeping it in the
We assume that from a colloidal point of view the suspen-ﬂUid), after an infinite time of rest of the suspension. Taking
sion is stable. From a practical point of view, this mainly the above remarks into account, it must be kept in mind that
means that repulsive forces prevail if particles are colloidalthe potential energy of each particle, resulting from its inter-
and that attractive forces remain negligible if particles areactions with other particles, can seriously deviate from this
noncolloidal. We remark that in the following we shall often equilibrium value, and in particular can be much larger dur-
use, maybe improperly, the word *“colloidal” to refer to any ing a rapid flow, since particles do not have time to go back
situation in which intermolecular or surface forces are im-to an instantaneous, local position of minimum eneiyye
portant. Here we are concerned with various systems such asmark that in this case the potential barrier to extracting the
model systemge.g., polystyrene latticgsas well as rather particle is smalley. This potential energy obviously depends
complex systemse.g., clay suspensions, fresh concreteon the characteristics of the interactions and interparticle ar-
etc). As a consequence we shall not define repulsive angangement, and it might be expressed in terms of ionic
attractive forces in more detail. In addition we shall neithersyrength, Debye length, solid fraction, etc., as for simple sys-
consider a specific particle shape nor assume a specific &ms[1]. This scheme has some similarities with the initial
rangement of 'the particles. We shall simply use two paramz heme of Ogawat al. [24], who suggested treating suspen-
eters to descrlbe_ the g_eometnc_al structure cha_racterlstlc sions of charged, stabilized, colloidal particles by applying
length of the solid particles defined as the cubic root of th yring's transition state theory.

mean particle volume; and, the local, solid, volume frac- If the interaction energy between particles at a distance of

tion in a representative volume. From these parameters, it iﬁ]e order of the mean separating distance between their sur-
possible to defind, a characteristic mean distance between P 9

the two centers of neighboring particles, &&p/é,)~ fa_ce_s fi=b-r)is n_egligible3 the particles are free to move
Clearly this simplified description only intends to present aWithin the suspending medium as long as they do not ap-
unified view, but other types of variations binay be found ~Proach each other too closely; the suspension is thus appar-

depending on the specific structure of the suspension und&htly Newtonian. Conversely, if this energy is significant,
study[22]. particles cannot easily move away from each other. In that

case the suspension should clearly exhibit a yield stress,

since a flow can be obtained only if a finite energy is pro-

IIl. EQUILIBRIUM STRUCTURE AND YIELD STRESS vided to the system, which should make it possible to extract
IN COLLOIDAL SYSTEMS each particle from its instantaneous, local, potential well

We shall start by analyzing colloidal systems, simply con-reached after an infinite time of rest, even extremely slowly.
sidering suspensions of large particles as a limiting caselypically such a phenomenon has been observed with sus-
i.e., with negligible colloidal forces but with possible, sig- pensions of charged spheres when the Debye length becomes
nificant, direct contacts. Each particle is submitted to variou®f the order of the separating distance between partjdles
forces, the largest of them under usual conditions resultingn the following we provide some elements in order to quan-
from van der Waals attraction, electrostatic forces, forces dutify these phenomena within the framework of our analysis
to soluble polymers, Brownian effects, viscous forces, anaf complex systems.
inertia effects[1]. These two last effects are negligible for  Roughly speaking, the colloidal interactions as described
sufficiently slow flows. We first consider interactions be- above are negligible compared to Brownian motion wien
tween particles under such conditions, and we suggest thie much smaller than 1, with
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d, For flocculated suspensions it has often been assumed
N =17 (1) that, during shear, the network breaks in flocs, the size of
which decreases while the supplied energy increases due to

wherek is the Boltzmann constant affcthe temperaturgln  increasing viscous drafR6]. This scheme does not seem
this paper we shall drop thefactor in the average, thermal, appropriate here since the energy is mainly transmitted via
kinetic energy). In that case, the system never reaches a spdhe interactions between particles. Conversely, we assume
cific equilibrium structure since the particles, even situatedhat the energy required to deform the suspension of a criti-
close to a local, instantaneous, equilibrium position, can bé&al value () at an infinitely small velocity is used to move
rapidly removed far away because of thermal agitation. @ certain numbegwhich can be smalllof particles out sepa-
WhenN, is much larger than 1, it will be more difficult rately from their potential well. Clearly this is an approxima-
for a given particle to extract itself from its local position tion, since in fact the particles are not really moved far away
between other particles. We remark that this is less difficulfrom each other, and the potential well results from mutual
if the particle is far from its equilibrium position, in particu- interactions. This scheme seems nevertheless in global agree-
lar just after an intense flow. Conversely, at rest, one maynent with recent experimental observations with foams and
expect that some forces will tend to draw the particles towar@mulsiong27,28. y. depends on the network structure, but
an equilibrium position. Thus, as time goes on, the probabilsince it results from the rearrangement of some particles we
ity for a particle to escape from its potential well by self- can also assume that the induced deformation is directly
diffusion decreases toward zero. As a consequence it may Bi@ked to the numbetn) by the unit volume of irreversibly
expected that there exists a well-defined equilibrium strucrearranged particles, so thgt=nb®. Under these conditions
ture after an infinite time of rest for which each particle is the energy dissipated by the unit volume deduced from mean
embedded within a particle network. This network must bemesoscopic considerations can be equated to that deduced
broken in order to impose a homogeneous flow on the sugrom macroscopic considerations®,=7;7yc) and we ob-
pension, each particle being extracted from its equilibriumtain
position. Macroscopically this corresponds to an apparent
yield stress. Te~Dob 2. v

It is worth noting that this scheme is valid only if the Equation(2) is quite useful since it provides a basic rela-

positions of equilibrium keep a local character even after a. : o
long time of rest. For suspensions with a marked thixotrop)a/honshlp between thémacroscopibyield stress and the local

L2 . energy barrier within the suspension. It is worth noting that
it is likely that slow collective rearrangements of the par-,[he energy barrier ®,) already contains a possible addi-
ticles (due to Brownian and colloidal effegteccur at rest, 9y 0 y P

giving rise to a particular configuration of particles through—tlonal dependence on the concentration arising from long-

out the suspension. Within this arrangement particles are jffnge interactions, which, for simple systems, provide a de-

> . ) ;
positions of an energy minimum which result from a collec- pendence ofr; on ¢ [1]. This explains why in Eq(2) the

tive arrangement. In that case the energy barrier can be si ield stress appears to be only proportional to the solid frac-

nificantly larger tharP,. This effect is probably at the ori- tlr:):t (ttzlipnughr?to ;'ngvﬁvtiz fo;ra:'g[lézgtgbaﬁrrgrl{ ':n'zr:'{(%?/
gin of the marked thixotropy of some of these systgins Ing | u part 9

particular the strength of the particle network increases witt??maeircmgféiiﬁs\t/\?gf dal?ggi(\;V:rc])m:rdtetae'lsegfcggriﬁggiggs
time of resj, and we assume that it can be associated with g'p P yp P

characteristic time T%). Within this framework the yield Closer to those obtained from experiments or theas;30),

) D . . ) i
stress, as a unique suspension parameter, has a physi"%r’Tcoc(d) o) wherep is associated with the fractal ex

sense only if it is associated with the equilibrium structure nent of the structure and generally ranges from 2 to 3, and

reached after an infinite time of rest, which is in agreement(ZSO Is a critical solid fractionpercolation threshold An ex-

: : onential increase of; with ¢ has also been observed in
with relevant experimental procedure recently developed fo iterature far from the percolation thresho[@1]. When
determining it[25]. Parallel to this, the timeT(;) is associ- b )

ated with the return of a particle toward its instantaneousSO(f))xilzgpeové?i’tis;'(?O%afkr Zitligﬁg(s)s |Elee ;c;‘éji\t/izg:nceor_he
local, equilibrium position, under the action of colloidal PP ' ' 0 y

forces and despite the viscous dfage the quantitative defi- loidal interactions are significant, simply assuming that

nition below. In the following, for the sake of simplicity, we :el olgdthv?:\izﬁsfﬁelnsSsraZtr:(;ie(;nth;r(l:ict;:trsesapoineollg tsc;r:szmﬁﬂzz
assume thal} is much larger tha; andT,,, the charac- y P Y )

o . thixotropic effects are neglected, the yield stress appearance
teristic time of flow, or that collective rearrangements have P 9 y bp

S . " eyond a critical solid fractiofor a critical ionic strength or
negligible effect on yield stress level. Under these condmonspH) is reminiscent of glass transition. Indeed here, as solid

:::Lxgg?f)el(;tevf\fi?lctgse \gllrle?évrvsgcsebtiemleg(lqeucz;??o’ Z?gv\tlr}[iem'_gzmtefraction is_ increase(_:l, particles bec_ome more or Ie_ss enca_ged
To sum up, for sufficiently slow flows, the cunté, = 1 though still fluctuating arounq their local equilibrium posi-

: ' ’ tions. However, the analogy is not complete because of the

e}:’)ossible long time restructuration of the suspension at rest

gime (A) for which Brownian motions dominate, toward a which could correspond to a long-range ordering.

regime(C) for which colloidal interactions dominate, and in
that case the suspension clearly exhibits a yield stress asso-
ciated with an equilibrium structure after a time of rest of

reference. The transition curve is a horizontal line in our The viscous force acting over the particle for some steady
diagram sinceb, does not vary with the shear rateig. 1). motion through a Newtonian fluid can be expressed as

IV. HYDRODYNAMIC VS BROWNIAN EFFECTS
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—KuoV, whereV is the relative velocity between the par- Kub?y

ticle and a representative volume of fluid around it, &nis Pf?- (4)

a coefficient which depends on the shape and size of the

particle and on the orientation of the particle. For a sphere,

is equal to 3rr (Stokes equation For a disk of diametew,  In that case, one obtains the well-known shear-thinning ef-
K/aw ranges from 1.7 to 2.6 depending on its orientationfect for hard sphere suspensions resulting from the predomi-
relatively to the direction of particle motion. Other expres-nance of Brownian effects and consequently larger energy
sions can be proposed for rods or ellipsof@&]. In a sus- dissipations at low shear rates, and the predominance of
pension, each particle will in fact perturbate the velocity fieldmean hydrodynamic effects at higher shear rate33]. The

at every other particle, a phenomenon which is not accountesuspension can be considered as Newtonian both at low and
for in the above expression. It has been shown that the visaigh shear rates, but with two different viscosities. We re-
cosity of hard sphere suspensions can be correctly evaluatedark that the Pelet number is also the ratio of a character-
by simply considering that the particles are added progresistic time (T,=K xb?/kT) of diffusion due to Brownian mo-
sively in a fluid of increasing viscosity as a result of previ- tion to the characteristic time of flowTl(,=1/¥). The curve
ously added particle33]. A mathematical rule for the rela- p_~1 thus corresponds to the transition between a regime
tive viscosity (u/uo) results, which makes it possible to (A) for which Brownian effects dominate toward a regime
determine the form of this function of the solid fractitwith (B) for which mean hydrodynamic effects dominate. In the
an arbitrary parametgrThe fundamental hypothesis behind diagram(Fig. 1), we assume that the suspension viscosity for
this approach, which certainly fails at solid fractions close tonegligible colloidal interactions is given by the equatj6s]

¢m, is that, when a particle is added in a suspension, it

“sees” around it a homogeneous fluid. For a particle embed-

ded in a suspension and moving relatively to it, it can be ¢ | ~(52m
suggested, in analogy with the viscosity problem, that, dur- MZMo( 1- ¢—)

ing its motion, the particle more or less sees a fluid around it, m
whose viscosity is that of the geometrically identical suspen-

sion of non-Brownian, noncolloidal particles, of viscosity  which has been proved to represent existing data correctly
so that the viscous force is expressed as and relies on the rational theoretical approach discussed
above. Equatiort5) predicts that the viscosity tends toward
infinity when ¢— ¢,, which is not realistic from a physical
point of view. In fact, beyond a critical value of (such that
¢m— ¢ is finite), colloidal interactiongsee Sec. Yor con-
whereV is now the particle velocity relative to a representa-tacts (see Sec. Vl may become predominant. We remark
tive volume of suspension. For a very dilute suspension théhat the Pelet number is usually written with? instead of
usual expression is recovered. Obviously expresé®ris b2, which is formally similar, and even gives close values
approximate, but contains the appropriate parameters arfdr moderately concentrated suspensions. However, the
variables. In particular it can be expected that the force is ngpresent form and the related demonstration seem more gen-
exactly the same for a motion over a small distance, wherral, and might make it possible to superimpose all curves
the particle remains at some distance from neighboring parfor different particle radii and solid fractions on a single
ticles, and for a motion over a long distance, when it needs toaster curve in ag/uq,Pe) diagram.
move over other particles. This problem is similar to that Now we suggest a physical scheme which makes it pos-
encountered with self-diffusion within a suspension: thesible to explain in a more straightforward way the variations
short and long time-scale self-diffusion coefficients differ of the viscosity with shear rate. This leads to results similar
[34]. In addition the force also depends on the motions of thdo those obtained from dimensional analysis, but provides a
neighboring particles. In view of our simplified overview and physical sense to these results. We shall repeat such an ap-
considering that we shall deal with flow problems in which proach for each transition considered in this paper. The rela-
particles are locally constrained to move relative to eacthive viscosity of the suspensiom& u/ o) at a given time is
other in various directions, it is sufficient to use a singlethe result of the competition between diffusion processes due
average expressidfd), which reflects the expected variations to Brownian motion and convection processes due to the
of the average drag force as a function of main parametemmacroscopic flow. As a consequence we can define a state of
for all types of relative motion of fluid and particles. structure(\) of the suspension as an instantaneous average
When a simple shedof shear ratey) is imposed on our amount of diffusing particles. The rheological behavior of
system, there is a finite, average, relative motion of particleshe suspension depends on this amount and we have
so that viscous effects can become significant. We consider (\). At leading order we can write the rate of change of
that Brownian effects have a significant influence on viscosa as the difference between the number of particles tending
ity when they are capable to move a particle of a distance ofo diffuse by a unit of time, and the number of particles
the order of the interparticle separation within the charactertending to be convected by flow by a unit of time. The first
istic flow duration. In the cashbl, <1, this occurs when the term is proportional to a numbé€F) of “available” particles
ratio (Peclet number,P,) of the hydrodynamic dissipations for diffusion and to the rate of diffusion (Ij). The second
(F,b) along a path of lengtb at the velocityV= yb, to the  term is proportional to the numbé®) of available particles
average, thermal kinetic enerdkT) is much larger than 1, for convection and to the rate of convection ]y so that
with we obtain

, ©)

F,=KuV, (3)
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In the steady state we hada/dt=0, so that Eq(6) reduces Experimental works with clay-water suspensiof#i],

to coal slurries[12], and silica particles in silicone o{l30]
showed that the simple shear behavior of suspensions for a
T, wide range of concentrations can be superimposed on a mas-

)\:H(T—), (7)  ter curve by simply scaling the shear stresssyand the

h

shear rate byr./u. Thus it was shown that colloidal inter-
actions become negligible while hydrodynamic effects pro-
Yressively become predominant whigh overcomes and be-
comes much greater than 1. Other authors presented
experimental data which could be aligned in a similar way

from which we deduce that the steady state viscosity onl
depends on the ket number:

n=1(Peg) with f—75, when P.—0 [35]. Similar master curves were obtaingg6] when scaling
the shear stress wit@ and the shear rate witB/u, where
and f—7,. when Pe—x 8 G is the elastic modulus, which is more or less proportional

to 7.. It has also been shown that for electrorheological flu-
ids an analogous master curve can be obtained if one uses a
V. HYDRODYNAMIC EFFECTS VS COLLOIDAL similar dimensionless numbef37]: the Mason number
INTERACTIONS wyle E?, whereg, is the liquid permittivity andE the ap-
plied electric field, which has also been interpreted as the

ractice. for vield stress fluids. the vieldina behavior basi_ratio of the characteristic time for two particles to come into
P ' y ’ y 9 contact under the action of the electrical fielg/€,E?)

cally takes the form of a flow curvishear stress vs shear rate alone and the characteristic time of flow. The physical expla-

in a steady stajeending to a finite value at low shear rates. __. )
. . . nation of all these results appears clearly here, since from Eq.
At high shear rates, for suspensions, the shear stress is prg- S ) .
1) the characteristic time of the material used in these

portional to the shear rate, indicating that a Newtonian be- R . . . .
havior results from the predominance of hydrodynamic dis—Work.S"”“/TC’ mainly INCreases I|k§'c fo_r an increasing S.Ol'd
fraction. Indeed, as a first approximatid€v,b, which is sim-

sipations, i.e., energy dissipation due to the flow of the X 13 .
interstitial fluid, as in the case of moderately concentrated)Iy proportpnal to_¢> » can b.e. considered as constant. Thus
e are dealing with a transition from colloidal to hydrody-

hard sphere suspensions at low or high shear rates. On tHE

basis of this observation, it appears possible to estimate t ?g]v:/?qi:;figtﬁg/;\rlgéji/malfniiq;;f\(lailtin\fvrﬁ%r:hcele;rr?;igggafrrsogqy
importance of colloidal interactions compared to hydrody—the flow curve superimpositioft] when the Pelet number

namic effects from the value of the following dimensionless. - L
number[30,31: is used to plot the data. Similarly the_tra_nsmon is here gov-
erned by the ratio of two characteristic timek, (@ndT,).
] As a consequence, as for the transition between the
= M~y o) Brownian and the hydrodynamic regimes, we can consider
Te that the instantaneous behavior of the suspension results
from the competition between a tendency of the particles to
IndeedI"* is the ratio of hydrodynamic dissipations within drop into an instantaneous, local equilibrium position at a
the equivalent suspension of noncolloidal particles to thgate 1T and the convection due to flow at a rate .
suspension yield stress, which represents the main rheologliFhus we can define a parametewhich is an averagén
cal effect of colloidal interactions as considered here. spacg instantaneous state of structure, and we can write, for
It is possible to give this number a more straightforward\ (I',t), an equation similar to Ed6), from which it results
physical sense by simply remarking that the energy requirethat a dimensionless shear stre$s=(r/ 7, for examplg may
to move a particle ob at a velocityV= yb (relative velocity ~— be expressed in steady state as a functioh efone:
of adjacent particle layergrom its local potential well is the
sum of the approximate hydrodynamic dissipatiénlf) and T, _
the energy barrierd®,) which must be overcome. Thus col- T=f<_|_—) =f(I') with f—»1 whenI'—0
loidal interactions are predominant during flow when the fol- "
lowing dimensionless number is smaller than 1:

Consider the flow of a suspension in the cake-1. In

and f—al' when I'—oo, (12
2
= Kuyb _ SI‘* (10) where « is a factor depending on material characteristics.
O b~ The detailed evolutions of the stress in E4j2) result from

its expression as the sum of separated contributions from
which is an equivalent form df*. We remark thal is also  hydrodynamic interactions and colloidal interactions.
the ratio of the characteristic timél'{) (see Sec. Il for a The curvel'~1 thus approximately corresponds to the
particle to move of a distance approximately equalbto transition between regimeC{), for which colloidal interac-
driven by colloidal forces though slowed down by hydrody- tions dominate, and regim@) (see Fig. 1 It is worth not-
namic forces, to the characteristic time of flow,j, with ing that the corresponding curve and the curigs-1 and
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P.=1 intersect in a single point for which Brownian, hydro- 3712
dynamic, and colloidal effects more or less balance. In Fig. T AL 13
1, in order to be consistent with most experimental data and

theoretical considerations, we assumed (¢ — ¢)" with  whereV is the relative velocity of particles in the direction
n~ 3. For suspensions with colloidal interactions, the appearef the particle centers. Clearly this expression is not valid for
ance of yield stress beyond a critical solid fraction is thean extremely small separating distance, siffge-c when
equivalent of the yielding phenomenon occurring when re-h— 0, which would preclude any direct contact. In fact, there
ducing, for example, the ionic strendtB8]. In that case, for exists a minimum distance below which the expression no
model suspensions, the transition has been explained on thenger holds. This may originate from various mechanisms,
basis of a reduced volume fraction in E¢) taking into  such as an elastohydrodynamic interplag], the increase in
account an effective volume of particles, including aroundviscosity[43], and the shortcoming of continuum hypothesis
them a volume within which colloidal interactions are strong[44]. As a first approximation, we shall only take the effect
[1,6]. of particle roughness into account. As a consequence we
It is usually considered that suspensions of noncolloidatonsider that a direct contact occurs whnes of the order of
particles remain Newtonian even at high solid fraction butthe particle roughnesg), since at this separating distance
with u(¢)— when ¢— ¢,. Under these conditions, we secondary flows within some channels formed by surface
can taked®,=0, which effectively indicates that hydrody- irregularities are significant, which tends to considerably
namic effects should be dominant as long as Brownian efslow down the rate of increase (/. Takingh=¢ in Eq.
fects are negligible. In that case, regif@® in Fig. 1 disap- (13) thus provides an estimate of the maximum force due to
pears. However even for dispersions of hard spherefiuid squeezing. This assumption is in agreement with the
assumed to be as such, slight colloidal effects might induce axperimental results of Smart and Leightptb]. This ap-
yield stress at solid fraction close ¥, [39]. For suspen- proach might not be valid for particles which are nonplanar
sions of larger particles, possible slight colloidal interactionsor spherical at short distances, for which it could be consid-
can hardly affect the rheological behavior, which dependred that there is more than one scale of surface irregulari-
mainly on hydrodynamic effects and possible direct contactsies, but here we shall neglect this problem. Considering that
(see below the energy dissipated through fluid squeezing becomes pre-
dominant at solid fractions close th,,, Frankel and Acrivos
and other author41,46 computed the suspension viscosity
VI. CONTACTS but obtained various expressions. In addition, some authors
) ) with slightly different hypotheses obtained other expressions
A direct contact occurs when two particles touch eachy47] This is due to the fact that the result a great deal de-
other. It is in fact rather difficult to define the exact form that pends on the assumed, instantaneous, particle configuration
such a process should take. Indeed, because of possible sligh). All theories at least predict the singular behavior of
colloidal interactions, particle roughness, and hydrodynamlq,iscosity wheng— ...
effects, a “true” direct contact can hardly occur over alarge  pyring flow, a direct contact between two particles cannot
sgrface. Contact mechanics generally mvollve various, COMaasily occur due to the large repulsive force developed as
plicated, processes, such as elastoplastic deformation @fey ‘approach each other. More precisely, in the absence of
junctions, adhesion, and film lubricatid@0]. A possible 5, ‘external action on particles, during simple shear such a
way of defining direct contact without dwelling on details is process cannot occur since the repulsive fotae least
to consider it _from its eff_ects on particleT Qynamics ratherluo-yralh) is much larger that the force resulting from flow
than through its mechanisms. Thereby it is very usual 1Qqf the order ofu,yr2) whenh<r. In that case two particles
distinguish between collisiongbrief duration and frictional |,/ remain lubricated by a thin fluid layer during their rela-
(sustainegicontacts. This definition, which makes it possible tiye motion. This may be called a lubricated contact. If the

to avoid considering the physics of contacts in detail, i quite,5ticles are submitted to a sufficiently large external action
appropriate in our case since, in order to determine the pres;ch as pressure or gravity, direct contacts can occur.

dor_ninant interactions from a rheological point of vie_w, We  The predominance of contadgsither lubricated or direkt
mainly need to quantify them. Thus we shall retain thatnecessarily results from the existence of a considerable

basically for a sliding frictional motion between two par- 5maunt of contacts throughout the suspension, so that we
ticles, the tangential force is proportional to the applied nor-qnejyde that this situation can be associated with the exis-
mal force, and that for a collision there is a momentum tranSgence of a continuous network of particles in contacts. Such

fer proportional to the relative velocity of particldgor

) . : mixtures will be referred to as granular suspensions. Since
identical particles

this phenomenon is associated with a percolation process, it
occurs when the solid fraction is larger than a critical one
(¢c). Current knowledge in this field does not make it pos-
sible to specify to what extent. depends on flow and sus-
Let us assume that colloidal interactions are negligible. Inpension characteristics. At least slight fluctuations are ex-
that case a direct contact requires that we overcome the vipected, since the arrangement of the particle network can
cous force resulting from the flow between particles. At achange under varying flow conditions. As a first approxima-
small separating distancé<r) the most significant force is tion we shall assume that, remains constant. Experimental
the normal force due to fluid squeezifgl], which in the and numerical results indicate that for dry uniform spheres
case of spheres, is expressed in leading order as ¢ should be situated between 0.5 and 0.89]. In the fol-

A. Squeezing effects
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lowing we shall examine successively the behavior of thehe repulsive forces are small. As the shear rate increases, the

suspension when each of the three types of con{hatsi- repulsive forces due to fluid squeezing may become suffi-
cation, collision, and frictiondominate, and establish crite- ciently larger than the additional force, and preclude direct
ria for the transition between these regimes. contacts. This phenomenon again occurs only under appro-

priate boundary conditions, and is, for example, at the origin
of the so-called resuspension of granular suspensions
[56,57. In that case initially settled grains are found to dis-
We emphasize that, if fluid squeezing effects are predomiperse progressively through the suspension under shear.
nant at high solid fractions, the mean, shear-induced, relative Thijs transition from a frictional to a viscous regime has
motion of particle Iayers should also develop normal fOfCeSa|So been observed for rough|y homogeneous granu|ar sus-
Indeed, a particle in motion can no longer travel far awaypensiong58] under gravity. Experiments have been carried
from neighboring particles but must more or less slide at &ut in a vane rheometer, with suspension of glass beads in
small distance between the particles of the surrounding layglycerol, air, or water(initially ¢~ ¢,,, but the system is
ers (above and below )t As a consequence the suspensionfree to dilate slightly. At low rotation velocities the rheo-
behavior is no longer Newtonian. Indeed, the particle con{ogical behavior was governed by friction. Indeed, the mea-
figuration is no longer isotropic and constant, crowding ef-syred shear stress was proportional to the suspension height
fects inducing some organization or disorder, depending ofh the bob and thus proportional to the mean normal stress
shear rate, allowing relative motion, and probably tending tQjue to gravity, and did not vary with the interstitial fluid or
minimize energy dissipatiod50]. An exemplary conse- velocity. When the rotational velocity increases, the repul-
quence of this phenomenon is the shear-thickening effect fasjve force increases and the gravity force, which acts verti-
uniform hard sphere suspensions at a critical solid fractioally but transmits forces transversally through grain con-
which has been attributed to an order-disorder transition begcts, was now unable to maintain particles in direct
yond a critical shear ratgb1], or to cluster formatioi52]. frictional contact. This appeared from the fact that the sus-
Since this phenomenon is intimately related to a crowdintghension behaves as a Newtonian fluid within the range of
effect which tends to dilate the granular phdSg], it has  |argest shear rates. In addition, for a given particle size, all
been referred to as dilatan¢$4]. Dilatancy is known to  curves can be plotted along a master curve in a diadtaen
occur with granular systems within which friction dominates, ratio of wall shear stress to fluid height and the ratio of
or for rapid dry granular flowg55]. Dilatancy in fact belongs  (repulsive viscous force to normal force€)]. The transition
to a wider range of phenomena, which could be referred to agetween the two regimes effectively occurs aroude 1.
steric effects, and which Correspond to evolutions of the pParHowever, the data for another particle size, though showing
ticle configuration under shear resulting from mutual ob-the same kind of transition, do not fall on this master curve
struction of particles. [58]. This might reflect the well-known difficulty in dealing
We deduce that there should exist a transition betweeRith the mechanical behavior of granular materials, because
regime (B) and a lubricational regime for which hydrody- the strength of the percolating network of direct contacts can
namic effects are predominant but dilatancy effects also ocstrongly vary, particularly with the ratio of particle size to
cur, possibly giving rise to non-Newtonian effects, approxi-material length. Neglecting this problem, the generalized ex-
mately beyond a critical solid fractiont). If this effectis  pression for the repulsive viscous force to the normal force
considered to be directly related to shear thickening, variougatio (that we shall call L with any normal streséN) also
data can be found in the literature concerning this criticalprovides the dimensionless number governing the transition
value[21,49. It is worth noting that, as soon as dilatancy from a frictional (E) to a lubricational regiméF) (Fig. 1) at
occurs, the real solid fraction depends on flow and boundaryigh solid fractions under free dilatancy conditions, which is

conditions and can be smaller than the initial solid fraCtion.Simi|ar to the parameter governing resuspension in Leighton
As a consequence the solid fraction in the correspondingnd Acrivos’s theory56]

domain in Fig. 1 must only be considered as a solid fraction

of reference of the suspension. Moreover, the associated vb
. . . MoV

rheological behavior depends strongly on the instantaneous Le= Ne

particle configuration, which depends on the flow history and

bound'ar'y conditions. This lubricational regime'occurs onlyjt is easy to show that Le is also proportional to the ratio of
at sufficiently large shear rates and for appropriate boundary cparacteristic timeT|) for the particle to enter into direct

conditions. In particular, below we discusSec. VIQ the  c,nact with another particle when moving through the fluid
transition from a frictional regime toward a lubricated re- . qar the action of the external normal stress, with

gime for increasing shear rate.

B. Lubricational regime

(14)

_ Mob

C. Lubricational vs frictional effects = Ne
&

(15

When the suspension is free to dildtehich depends on
boundary conditions and network permeabljlitthe repul-  to the characteristic time of flowT(,). As a consequence, the
sive forces increase with the shear rate so that direct contactgheme used for the other transitions can once again be ap-
remain negligible. When a given additiorabrma) force is  plied in that case. Now the internal state of the suspension
applied to the particlegfor example due to gravity effects, more or less corresponds to the amount of particles separated
which is in fact often the case in practice with granular sys-by the fluid film at a given time. Describing the evolutions of
temsg, direct contacts can occur at low shear rates becaughis state can be made with the help of an equation similar to
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Eq. (6), which finally provides the following result for the and that normal forces develop proportionally to the shear

dimensionless shear strese<{ 7/N): stress as a result of similar momentum transfer processes in
the direction perpendicular to shear plane. Bagnold's data
T=f(Le) with f—=Cst when Le=0 were in agreement with this theory but, since this author used

rather viscous interstitial fluids, we remark that this might
(16) also result from normal forces due to the fluid squeezing
effects mentioned above. In addition, it is worth noting that

It should be kept in mind that the rheological behavior indi-1f On€ uses the semiempirical expressi& for computing
cated by this approach is obviously approximate because ¢f€ Viscosity of the suspensions used by Bagnold, one finds
the aforementioned lack of knowledge in this field. For ex-Reynolds numbergEq. (20)] larger than 1000 for the data

ample, we simply retained Coulombian and Newtonian peSupposed to corres_pond to th_e so-c_alled inertia regime. We
havior types for the extreme regimes in Eg6). can conclude that, in the inertia regime of Bagnold, macro-

scopic turbulence was fully developed, as mentioned by the
author himself. This constitutes a crucial difference from
most conditions of subsequent use of Bagnold’'s model by
Bagnold[59] suggested that collisions between particlesother authors in various fieldgsatural flows, powders, ejc.
could be predominant for sufficiently large shear rates and/ovarious other experiments were carried out with wet or dry
solid fractions, giving rise to the so-called inertia regime. Incoarse particles flowing in a channel or in an annular shear
fact the probability of occurrence of a collision seems incell [60—62. On the whole, the corresponding results when
general extremely small except for high solid fractions orBa>1 seem to confirm a square dependence of the shear
low viscous interstitial fluid. Indeed the repulsive viscousstress on the shear rate, but several reported phenomena are
force should considerably damp particle inertia. We cardisquieting. For instance, Savage and Saj@&t] reported
evaluate this effect from the rati@a, which is a modified the occurrence of secondary flows, or did not find the same
Bagnold’s number of particle kinetic energy p(pr?"yzbz, stress when applying the same shear rate with different flow
wherep, is the particle densifyto the viscous energy dissi- depths. Craig, Buckholtz, and Domdt62] also showed the
pated when particles approach each ott@oportional to  strong influence of boundary conditions on results. Bag-

and focLe when Lg—oe.

D. Hydrodynamic or lubricational vs collisional effects

wor2b?yle): nold’s approach also initiated the development of kinetic
theory for granular material§63], which derives directly

PpYre from the gas kinetic theory. In practice, as appears from ex-

Ba= wo 17 isting data, the field of validity of these theories for suspen-

sions seems nevertheless rather narrow, since it in general

Taking a reasonable value ef= 10 um for the particles, we r(_aquires.a rath.e.r stro_ng agitation of particles and a very low
find that Bagnold’s data correspond to Ba in the range/iSCous interstitial fluid.
[0.014; 4G, for which it is not obvious that collision effects
could have been very predominant. However, collisions can
occur under other conditions. Indeed, for a dry powder of
particles of 1 mm with a roughness ofuln sheared at a rate Granular suspensions are characterized by the existence
of 100 s'%, one obtains Ba of the order of 100. Conversely,of a network of particles in contact. In that case steric effects
for a suspension of sand 41 mmeg~10um) in water, (or dilatancy occur, which may strongly affect the rheologi-
Ba=10 wheny~400s!, which is a rather intense shear cal behavior of the suspension. As far as the rheological
rate. This means in particular that collisions may occurbehavior of these suspensions is concerned, it is also neces-
within certain powder flows, but seldom occur within flows sary to take into account the influence of additional forces
of most current granular pastes under usual flow conditionspver the particles and specific boundary conditiGnspar-
which, as a consequence, cannot be modeled with the help &tular concerning dilatangy Under some conditions the
Bagnold’s theory(see below shear is localized along a few particle layers or the sample

We emphasize that the value of Ba only makes it possibléractures. When dilatancy is permitted and appropriate addi-
to determine whether collisions occur or not under free dilational forces are applied, the predominant contacts are suc-
tancy conditions and without additional forces. In particular,cessively of frictional, lubricational, and collisional types, as
even if Ba is large, it is not possible to conclude that colli-the shear rate increases. Considering the influence of addi-
sions are predominant. Conversely, if Ba is small, collisiongional parameters and the lack of knowledge concerning the
may nevertheless occur if an additional force is applied tdransitions, in Fig. 1 we simply represent this domain in the
the particles or if dilatancy is not permitted. Moreover, inform of a band comprised betweef, and ¢,,, neglecting
some cases, in particular for dry granular flows under gravthe possible, slight variations @f; with shear rate and other
ity, we can expect that there is a direct transition from theparameters. In practice, and typically when gravity effects
frictional to the collisional regime. are important, another problem occurs with flows within this

Bagnold[59] also proposed an original approach to esti-domain. The extent of dilatancy, which depends on the ap-
mate the shear stress within a flowing suspension when coplied normal force, decreases with the depth within the sus-
lisions are predominant. It consists of considering that thepension. As a consequence flows of highly concentrated sus-
collisional rate is proportional to the shear rate, and that th@ensions under gravity are usually more or less
momentum transfer is proportional to the local relative ve-heterogeneous, and do reopriori exhibit the behavior types
locity which is also proportional téy. It results thatro 2, presented above corresponding to homogeneous suspensions.

E. Synthesis
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Leaving apart these problems, we suggest the followinghe grain network are extremely difficult because they induce
simplified scheme: beyong. we are dealing with granular very large pressure gradients. Indeed, Darcy’s law predicts
suspensions for which different flow regimes may be ob-that the pressure gradient for the laminar steady flow of a
tained depending on the relative values of two dimensionlesslewtonian fluid through a porous material at a mean velocity
numbers:(a) a frictional regime(E) for Le<1 and LeBa U is expressed a¥p=— uoU/ky, wherek, is the perme-
<1; (b) a lubricational regimgF) for Le>1 and Ba<1; ability of the porous structure. It is instructive to recall that
and(c) a collisional regimeG) for LeBa>1 and Ba&>1. As  ko=d?/12 for a simple channel made of two parallel planes
a first approximation, the suspension behavior in these reseparated by a distande More generally it has been shown
gimes can be represented with the help of a Coulomb-likéhat the permeability of a porous material increases with the
model (E), a Newtonian modelF) and a Bagnold-type size of pores. Thus, under fixed dilatancy effects, the induced

model (G), respectively. pressure gradient decreases with the separating distance be-
tween particles, and increases with the solid fraction. In or-
F. Fluid-solid coupling der to estimaté for a bead pack, one may use the empirical

. . . . formula of Kozeny-Carmanko,=r2(1— ¢)%45¢%. As a
Though it can provide some useful information Concem'consequence, for a shear flow inducing a net velocity

ing the origin of the behavior of a granular suspension, th(?hrough the porous network, the amplitude of the dimension-
two-phase character of the suspension has not yet been tak%rés pressure gradient can also be written

into account. The force required to shear the suspension Is
related to the deformation of the grain network and to the
varying pore pressure, i.e., the pressure within the interstitial E~ i
fluid. In soil mechanics the importance of this phenomenon ppd St
and its qualitative effects have been recognized for a Ion%_ _
time [64]. The macroscopic effects of this physical processlhis result demonstrates that the tendency of granular pastes
are highly dependent on the instantaneous particle configio dilate is strongly counteracted by the difficulty of flow
ration (loose or dense samples in soil mechanisd bound- ~ through the porosity, which tends to induce large pressure
ary conditions/additional(norma) force applied and possi- 9radients. Thus it is probable that, as long as the particle
b|||ty of d"atancy (drained or undrained Samp'es in soil netWOfk iS SufﬁCientIy |Oose, ﬂOW induces |Oca| partiC|e re-
mechanicy. It has also been suggested that the role of rapidrangements instead of grain network dilatancy. When the
pore pressure fluctuations during the motion of certain wegolid fraction is larger than a critical value, flow tends to
granular masses could be crudiéb]. induce dilatancy, which would give rise to large pressure
From a more genera| point of view the extent of Coup"nggradients. Then, for the material, a solution to minimize en-
between the solid and liquid phases may be estimated b§rdy dissipation is to deform along specific surfaces or even
considering the Stokes numbt) which is the ratio of the (in stretch flow to separate into two distinct parts. This
characteristic time Tr=pr3/Ku,) of the motion of a par- Might be the explanation for fracture in highly concentrated

ticle submitted to viscous drag and inertia, to the characterdranular pastes. It has effectively been observed that beyond
istic time of flow of the suspension: a critical solid fraction, highly concentrated suspensions of

fine particle (pasteg fracture when submitted to shear
[31,66,67 after a critical deformation. In that case the frac-
(18 ture takes the form of a localization of deformation in a very
thin material layer. Fracture also occurs for a paste stretched
between two plates, but in that case it takes the form of a
When S 1, the particle motion is not subjected to the separation of the sample in two paf&8]. As already men-
interstitial fluid motion. Since in our cadgranular suspen- tioned, these phenomena depend highly on boundary condi-
siong we hypothesized a large solid fraction, this means thations. For example, in order to avoid fracturing, it is neces-
the solid phase governs the behavior of the whole suspersary to knead concentrated pastes such as modeling clay or
sion. If p,~1000kg m?3, y=~1s1, andK~r, this occurs pastry. During this operation, one provides additional energy
for a suspension of grains with a diameter larger than 1 mmo favor or balance large pressure gradients due to local or
in air or larger than 1 cm in water. In that case we are dealingnacroscopic fluid transfers resulting from local dilatancy.
with what is often referred to as granular flows. We remark that the same type of energy is required to
When St=1, the coupling between the two phases issqueeze a paste in order to withdraw the interstitial fluid.
weak. In that case the mixture may exhibit a two-phase beThis also makes it possible to propose some elements for a
havior since each phase is partially independent of and deshysical interpretation of the Atterberg limif48]. The so-
pendent on the other phase. called liquidity limit is arbitrarily defined as the minimum
When St1, the particle motion is mainly dictated by that water content for which flow under particular initial and
of the fluid phase. All happens as if the particles were a parboundary conditiongvibrationg leads to close a cractof
of the fluid. This, for example, occurs for a suspengither  given size made at the material surface, and should thus be
characteristics as abovef grains of diameter smaller than 1 related to a critical yield stress of the suspension. The so-
pm in air and smaller that 1pm in water. It is worth noting  called plasticity limit is defined as the maximum water con-
that the suspension behavior can nevertheless still be dictateéeint for which material rodgof given siz¢ submitted to an
by interactions between the solid particles. This material typelongation break, and could thus be related to a dilatancy
corresponds to what is often referred to as granular pastes. briterion under particular normal stressgsessure arising
that case fluid flows through the porous medium formed byfrom the hands of the experimentator

10Uy

g (19
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St= .
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VIl. TURBULENCE at sufficiently large Reynolds numbers, boundary layers can
cgietach from the particles leading to complex effects if they
interlace with the slipstreamf71]. Considering our poor
knowledge of this topic, in Fig. 1 we used only the general-
ized, macroscopic, Reynolds number given by E2f) in

Lo order to position the transition between regii and re-

pyL . . : : : . :

Re= , (20) gime (D), for which either macroscopic or microscopic tur

e bulence is significant.

Usual inertia effects become predominant compared t
hydrodynamic effects, giving rise to turbulent flow, when the
Reynolds numbe(Re) is sufficiently large, with

whereL is a characteristic length of the macroscopic flow
over which the averagén time) velocity significantly varies.
Re is the ratio of inertia effectspf’L?) to hydrodynamic
dissipations fty). We remark that the suspension viscosity
and not the fluid viscosity must be used in Eg0). For The present study makes it possible to define more clearly
non-Newtonian fluidgsuch as yield stress fluilithe correct  a concentrated suspension. We suggest that this simply cor-
dimensionless number can include additional material paresponds to a suspension for which either colloidal interac-
rameters but, though some theories and experiments alreaglyns or contacts dominat@espectivelyI'>1 or ¢>¢.).

exist [69], the range of Re for the transition toward turbu- Remark that this definition is related to a flow regime and not
lence has not yet been completely determined for compleximply to suspension characteristics. Concentrated suspen-
fluids. As a first approximation it is sufficient in that case t0 gjons are thus obtained when particle interactions play a ma-
use a generalized Reynolds number with the apparent VisCOgs role in the suspension behavior. For some silica or clay

ity (7/7) instead ofp. It is worth noting that, for suspen- syspensions this may occur for solid fractions as low as
sions, this approach relies on the doubtful assumption thaj 1o

there is a direct transition from the colloidal regime to the ¢ diagram(Fig. 1) makes it possible to have an over-
turbulent regime. When this is not the case the suspension e\ of the possible rheological behavior of a given suspen-
the hydrodynamic regime is Newtonian, and expres&&)  sjon type. For a dilute suspension we have a shear-thinning
is relevant. In addition, since turbulence is the result of arhehavior when one increases the shear rate, since Brownian
instability, its occurrence is conditioned by various factorsyotions dominate at low shear rates. Sufficiently increasing
such as the macroscopic characteristic lerigjtof the flow,  the shear rate leads to turbulent flow. For a concentrated
the roughness of boundaries, the form of the flow geometrygojioidal suspension, i.e., for which colloidal interactions
initial conditions, etc. As a consequence the range of Reominate at low shear rates, we are dealing with a yield
corresponding to the transition to turbulence varies in a wid&jress fluid. In addition it is viscoelastic, because elasticity
extent with the system under consideration. _ . can provisionally be stored when particles only climb along
With a suspension, other inertia effects can be distinyhejr jocal potential well without leaving it. It is thixotropic,

guished 70]. These are turbulence within the interstitial fluid pecause there are characteristic durations associated with the
and fluctuations of particle motions around mean motionsiime for coming back to the bottom of its local, provisional,
Quantifying each of these processes requires using a dimefptential well, and the time for the long-range particulate
sionless number which is the ratio of inertia resulting fromstrycture to rearrange. However viscoelasticity and thixot-
the flow of fluid between neighboring particlésr from & ropy are not always apparent since they are associated with
relative motion of two close particlego hydrodynamic dis-  time scales which can be much smaller than the flow time
sipations. This in fact yields a single dimensionless numbegqgle. As long as the shear rate increases, hydrodynamic ef-

VIIl. SYNTHESIS AND CORRESPONDING
RHEOLOGICAL TRENDS

as follows: fects play an increasing role and can become predominant.
At this stage the suspension behavior is that of the equivalent

pyb? suspension of noncolloidal particles with the same shape.

Re= wo (2D Then turbulence may occur at larger shear rates. For all these

regimes the suspension behavior may be determined from a

Though the range of Rdor the transition toward the differ- 10Cal point of view. _ _
ent corresponding regimes can be different, it is reasonable The rheological behavior of granular suspensitios ¢

to consider that in general these effects occur more or less $c) Was discussed in Sec. VI E. This region correspond to
beyond the same critical conditions for a given system'€9Imes for. which the network formed by partlcle§ in lubri-
Moreover the question remains open whether these inertig@€d, or direct contacts throughout the suspension plays a

effects can occur independently of macroscopic turbulencértical role. The mutual force between two neighboring par-
Indeed. we have ticles is then always of a repulsive type, so that displacing

one particle within the suspension requires a large force,
b\ 2 making it possible to deform the whole network. As a con-
Rep=(—) ﬁRe, (22)  sequence the suspension behavior depends on the possible,
L) wo additional, external force and boundary conditions. The be-
havior of the granular suspension has fundamentally a non-
so that, in general, Re though formally similar to Re, is local character. It could be referred to as a “hard” suspen-
much smaller, which might mean that these effects shouldion in opposition to the “soft” suspensions which are
occur only when macroscopic turbulence occurs. In additionpbtained in the other regions.
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