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Quasistatic reduced vyield stress number in Londorvan der Waals interacting solid-liquid
media: Influence of high solid mass concentrations
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A set of ! functions, dependent on a parameter, is theoretically constructed to investigate the influence of
the solid mass concentrati@n on the(quasjstatic yield stressy of a liquid dispersion of solid particles near
or at the isoelectric point and ruled by Derjaguin-Vervey-Landau-Overbeek interactions. The yield stress has
been described as the force per unit area necessary to break two-particle clusters governed by attractive
London—van der Waals interactions. As soon as an external stress begins to move the slurry, in the limit of
zero velocity profile, the interparticle potential averaged over the cluster volume at the equilibrium state
approaches the value deriving from the Hamaker law and gives rise to a relationship invghandc, . The
achieved theoretical curves closely agree with experimental data concergihg &,O and Ca(PO,), aque-
ous suspensions as well as flocculatedOilsystems. Correspondingly, the parameter value turns out to be
predictable from a phenomenological relationship involving the Hamaker constant and/or the mean interpar-
ticle energy. Theoretical descriptions were formulated in terms of a “reduced yield stress nuigber”
=7,/7,, for some experimental val(®), which accounts for the contribution associated to dispersion forces.
[S1063-651%98)00603-5

PACS numbdss): 83.50-v, 82.70-y

I. INTRODUCTION A
Va= = 507 1

The progress in understanding the static and dynamic
yield stresses dfcolloidal) suspensions of solid particles dis-
persed in a liquid medium is mainly due to the increase
knowledge of interatomic-molecular and surface forckes
15]. Thus, as the Derjaguin-Vervey-Landau-Overbee
(DLVO) theory[1,2,16,17 and its various modified formu-
lations were suggested, many experimental and theoretical B {OLB}I’
studies were able to state relations between dispersion rheol- g
ogy and electrochemistry, while, on the other hand, various N
conditions under which non-DLVO effects become notable
(see, for instance, hydrophobic interactions among hydrocar-
bong were obtained1-8§. {

Briefly, the DLVO hypothesis consists of modeling the
interparticle potential as a sum of two antagonistic terms:
one repulsivey,, and the other attractive;,. The first,
Coulombic, is related to the Debye-Huckel length of the dif-
fused counterionic cloud in the slurry and to the double-layer
electrostatic potential on the solid surface occurring by virtue
of ionic adsorption-complexation phenomena from the liquid
solution [1,2,18-21; the second coincides with the weak
dispersion force effects, essentially as Hamaker proposed in
1937[11-13,22,23 He reached the basic formulation of the
London—van der Waals potentia}, for two spherical solid
particles immersed in a medium; the formulation was im-
proved in subsequent works by considering other specific
contributions(geometry, etg.

For two spherical aggregatésandB, of radiir, andry,
and at a distance from the outest surfadgg, such a rela-
tionship reads[22] v,=—[AYap/12Xap(1+Yap)], Where
A(=10"("2D J) is the Hamaker constant, characteristic of (b
the A and B constituentsy,,=ra/rg and Xap=(A,/2rg)

herer andA are the average particle radius and the average
nterparticle distance from the outest surfafese Fig. 13)].
quuation(l) has been successfully employed in studying the

(<1 in sufficiently poncentrat(?d Suspens.ii)nsA first- FIG. 1. Scheme of the equivalent two-particle cluster for a given
attempt mean value is often written by settipg,=1 and  geometrical configuratiode,8} (S, solid; L, liquid). (a) At the
x=A/2r [2,16,17: mechanical equilibrium(b) At or near the yield point.
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equilibrium of solid agglomeration phenomena in liquid dis- tentials arise and/or the complexity of aggregation processes

persions of charged and/or one charged partitle$7,24, increase$38,42. Moreover, the knowledge of the phenom-
or, more simply, of solid surfaces at separation distances thana is often restricted to information derived from best-fit
are not too small1,23—-25. functions only.

Accordingly, it is usually accepted that near or at the iso- To give a first unified formulation, a family of curves
electric point of a slurry[2,16,24 (iep or pHe,), which  based on classical DLVO assumptions is theoretically de-
stands for the zero surface charge point, the correspondingyved in this paper to describe the behaviagsvs c,,, even
yield stressrg is essentially ruled by attractive DLVO inter- in the presence of steric barriers. All irreducible uncertainties
actions, whose intensity increases with the solid mass corare represented by an independent parametgmhich, af-
centrationc, [16,26—28. Moreover, when non-DLVO ef- ter a test conducted on several experimental data concerning
fects are absent, the quasistatic yield stredecreases with SigN,, ZrO,, Ca(PO,), and ALO; liquid dispersions, turns
the electrolyte concentration in the solution so that, in  out to be related to the Hamaker constant or, equivalently, to
such cases, it is maximum at the iEp8—30, namely,7,  the value of the interaction energy among solid aggregates.
=max, {7(C.)}. In the presence of steric barriers due to the

addition of flocculants, a modified DLVO attractive interac- Il. THEORETICAL DESCRIPTION
tion can be improved by providing, to the adsorbate layer
thickness onto the particle surfaf®16,17,24,26

Therefore, to give a description of yield stress and relate
phenomena occurring in an interacting solid-liquid medium
it may be generally assumed tHa6,24,3]

Statement of the problemAccording to the literature,
ield stress in a DLVO system will be regarded as the force
%er unit of dispersion area required to cause the cohesive
'strength exerted by London—van der Waals forces opposite

to the arising of incipient motiof16,24,28—30] to vanish.
Focusing yield stress behaviors as a function of the solid
(Ih)el(=V(vatv)l, @ mass concentration near or at the iep, namelyys c,,
electrolyte effectd1,2,7,28,43 will not be attempted, nor
electromagnetic field$44] (see, for instance, electrorheo-
logical fluids [45]). Moreover, a population of equivalent
two-particle systems will be dealt with as reflecting the glo-
bal behavior of a dispersion at the givepand at the solid
and liquid phase densitigss andp, [16,24.

The basic idea concerns two London-based interparticle

where the unknown proportionality constamthich in this
notations is nonadimensionabkes into account hardly ex-
pressible phenomena, both macroscapiach as finite size,
shape effects, powder dispersibil{t}6,17,33, etc) and mi-
croscopic (geometrical microstructur¢33—35, chemistry
[36,37], kinetics[38] and evolution of the solid-liquid sur-

face tensior{21,39, mixing entropy effect47], etc). First potentials that, near or at the yield point of a solid-liquid

em_p_loyments of Eqi2) provided with phe_nom_enologlcal co- system, approach the same value. In the first one, which is
efficients gave another successful confirmation of the valid- resent before the beginning of the motiof=0), two-
ity of (modified and nonmodifiedDLVO theories. P 9 9 " '

Unfortunately, the foregoing uncertainty is also influ- particle clusters are considered in their equilibrium position.

enced both by the adopted experimental method and by th-lt—ehe second one, which is present at the beginning of the

) . ; : : motion (y—07"), refers to an equivalent cluster population
physical model considered for interpretingtheoretically. ; : S . . .
o that is moving from the initial configuration and that is sub-
Indeed, a static yield stress can be expected when the genera

motion equation for the dynamic yield stress evolut ject t_o the ori_g.ingl potential field. Acco_rdingly, while at me-
. ; 2o : 9 Chanical equilibrium the interparticle-intermolecular poten-
=7,(t)] includes a functiorZ noninfinitesimal in the van-

L . S tial obeys the previous Hamaker equatidn [22,23], when
:ismhllng ()Tf#tkcl)e[(j(%gula) velocity (and/or frequencyy, i.e., the slurry begins to movgsee Fig. 1b)] a mean interaction
y—0 : can be evaluated by averaging the foregoing relationghip
near or at the incipient motion, namely, over the cluster vol-
ume where small displacements of solid agglomerates from

being th istatic vield st he vi it d th their equilibrium positions can occur. For the sake of math-
7 being the quasistatic yield stresgfhe viscosity, and the o440 simplicity, a statistical approach written in the limit

time, and wherd is a general function representing the pure s Saro velocity profile(i.e., which does not depend upon

dynamic contribution, sometimes dependent on the Sys‘tenlz'inematm will be developed in Sec. lll, and, to this end, the

history, and such that lim.o+ T(7,7,7,)=0. Thus7 can  gisharsion energy will be geometrically averaged over the

generally be dependent da) the behavior ofy near zero oo wo-particle cluster volume that is evaluated near the
[40,41], and on(b) the relation7=7{ 7) that follows from the equilibrium state.

assumed rheological modeingham, Casson, e1d.40]. Derivation of the set of functionSry(C,)}m. Consider a

Accordingly, in view of a quantitative description, yield . : _
stress ratios(Z = 1o/7,, for an arbitrary measuremen sm_all (but_ finite) suspension volum_é‘,_where_one_paw of
0’0 ' . solid particles surrounded by a liquid medium is free to

which will be called “reduced yield stress numbers” in the move[see Fig. t)]. Let T be a generic volume enclosin
following, seem to be more significant than absolute values, 9. ' 9 — 9

implicitly supposing that the proportionality constants in Eq.20th particles and suppose tHae (T',,,I') for some(limit)
(2) are equal in all experiments, and that non-DLVO effects’0lumel’,,. If the probabilitydPy to find the pairin (I
do not occur28]. Although to derive exact equations for 1 dI') depends on a-power law of the forn{46]

and for all implied physicochemical quantities is a very dr”
tough task, the aforesaid methodology is certainly unsatisfac- dPp=

tory, in particular, when strong electrostatic interparticle po- |F_—F #|”’

(0., 7O =T(n,y,7.)+T(7), )

veR, (4)
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the mean interaction ig47] N <
- Pit=Pit(tY), tx:K—, Sg=—, (12
A |[T vadl| S
2 13
Lo S— y ! (5) A 3 >
[r-r,| and provided thaps=2t,— 2 —Int,—(2/2), px=2(1—t,

+Inty), pi;=—Int,, andpy= %(1—tf). Basic macroscopi-
cal properties of a dispersion, that is, relative mass concen-
trations and density of both solid-liquid phagds], are in-

6) stead enclosed i&:

that, by use of the Hamaker formu(d), becomes

A T
_—f xpdl'”
24T-T,)" Jr,

Va=—

_PL GCp

— , 13
psl—cy (13

The quantityxp=r/2A, which in interacting media reflects 5325 1+5g]: R
the agglomeration state, must be regarded as a function of

the volume that in turn relates particle radius and particleWhereR is derived from an application of the mass-volume
distance. Thus, to integrate E¢p), a relationship for the bp

distanceA depending on the volumi and on the radius is ?haeia;()c:l% tohg;ee E’,'Qﬁ%esﬁtg Yﬁé\ﬁL ;dR ' xssin\?o\I{JLm%elpgs ec-
required and, at first attempt, it can be pé8] P quid p » esp

tively. In Egs.(11) and(12), m is a parameter accounting for
_ T13_ a more general relationship for the yield stress as a function
Bap(l)=al AT @) of the separation distance between the solid surfiz&46.
« and 8 standing for average numerical coefficients obtain-Generally speaking, setting=7(A*) and, as hereu#m, a
able from geometrical arguments. A simple rearrangement glependence of the formn=m(u) is expected. In addition,
the integrand yields m reflects the passage from two-particle clusters to many-
particle systems which should be considered when the prob-
ability distribution in Eqgs.(4) and (5) must be defined ex-
; (8) actly. Due to such hardly expressible effects, the meaning of
m in principle must be regarded as semiempirical.

Based on Egs(11)—(13), it is possible to achieve the
behavior of the reduced yield stress numbee 7, /7, ver-
susc, according to the implied macroscopical quantities, and
corresponding to an arbitrary experimental poityt 7). In

77( 1

2

UVa=—

A N
-~ _—f —dr“(a)
12AT-T,)" Ja, A,

where, according to the correspondence stated in(Bq.
assigning a distance for any volume, one hasA ,4(I") and
A,=A,4(I',). To establish instead the integration limits in

Eq. (8), some observations are needed. fact, as in the present case yield stress is directly related to

: . s
_ First, wheny—0-, if the London—van der Waals energy e torce associated with the Hamaker potential fist Eq.
in Eq. (8) approaches the equilibrium value, according to the >

S : : ) (2) and Refs[22,28]], i.e., 7o* — (dv /| IA) = — Ar[12A?, by
notations in Egs(1) and (3) the yield stress point holds: combining the definitions of, ands, [see Eqs(12], one

Da— Ve 7, — T o). (9) can introducgh_e functions,=t, /s;¢ and 7,=(2aNg) "t
so thatr,7,=r/A? and
Correspondingly, the equivalent two-particle cluster is bro-
ken up and the distance from the outermost surfaces can be TOX Ty Te, (14)
setted to the value given by the average linear size of the

cluster volume per pair of solid aggregates\2 [see Fig. which represents the separation %f in geometrical-shape
1(b)]. Such a condition reads as follows: (r,) and geometrical-massiver{) contributions. This
means thatr,=const, provided the equivalent two-particle
cluster is characterized by unchanging chemical composition
and a constant liquid phase volume, and provided that the

and points out the first integration limit of E). Since the shape coefficient does not strongly depend ar. There-

sepgnd limit is g.lven by thez_mean separation distance in th'Fore, when only the solid concentration is varying, the effect
original two-particle syster, integral(5) coherently takes ¢ the mass distribution on the yield point of a suspension

into account the contribution due to displacements from theyoyemed by dispersion forces can be followed by introduc-
mechanical equilibrium to the yield point. ing a “reduced” yield stress number
The main steps concerning the calculation of integgal

and the development of conditiof®) are reported in the

A, —N\ce=7,—1(7p), (10

Appendix for v=1. Briefly, by placingr =r=const in the _To_ T¢ (15)

equation forA ,; and adopting the foregoing integration lim- 7 To rg’

its, it can be proved that conditio(®) is equivalent to a

polynomial implicit function where7,=r,(C,) and 7= 7,(C,) are, respectively, théar-
3 bitrary) experimental and theoretical valuge latterr; is a

(11) number deriving from Eq(ll)] corresponding to a given
solid mass concentratiory, employed in the measurements.
To proceed, from the volume balance and the previous
where definition of R in Eq. (13) [43], one has

F(ty asg)EiZO pitsig: 0,
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FIG. 3. Experimental behaviorg®V vs ¢, of Si;N,/H,0O (1)
suspensions at the idpar shows the experimental eryor

can coherently admit data collapses in correspondence of
physically different solid-liquid systems.

0 0.2 04 0.6 0.8 1 Cn

Ill. EXPERIMENTAL DATA COMPARED
WITH THEORETICAL PREDICTIONS

FIG. 2. Theoretical behavios.= ¢ (c,) for p, /pg less than or
greater than 1 ri=1). The numbers indicate the adopted density

ratio values. Experimental section$ilicon nitride(SN) and tricalcium
phosphate(TCP) nonporous powders were used as solid
s Ci p_hases to pr_epare3BI4 and c@Po.4 agueous suspt_ensions gt
. (%)3 Ipi dlfferen_t solid mass concentrations. The_ physu_:ochemlcal
ty=| —| = =1+R, properties of the starting SN and TCP dried grains are de-
A —Cn scribed elsewherg7]. The powders were dispersed in dis-
pL tilled water (pH=5.5) at room temperaturéf €293 K) in a
250-ml beaker, and they were made homogeneous by placing
or the beaker in an ultrasound mixer for about 15 min. The
slurries were then stirred in a strain-controlled universal rhe-
_ 1 ometer and equilibrated for about 30 min before measure-
Cn= pL 17) ments. Isoelectric points of the slurries were obtained by
1+ E using a metal-oxide-semiconductor ion-sensitive field-effect

transistor pH metef20,43,49, which made it possible to

which joins the ratio of the solid mass concentration to thed®tect ong(bthe Hi left in the qulTJiC%medium. They turned out
density, and to the numerical solution of the theoreticall® be PHS'=8.0=0.1 and pk{;”=6.70.1, respectively,
model. Finally, from definitiong14) and (15), one obtains for any solid mass concentration value.

the relationship for the variablg, that is related to physical ~ Rheological measurements were made at room tempera-
and numerical parameters in Ed.7) through ture and by using the Casson model which extrapolates for
v—0 the static yield stress value according to the following
(t3-1)13 relationship[7,40:
(=, (18)
3

Vo= v+ o, (20
Once the solid and liquid density values are imposed, trans-

formations(17) and (18), applied to the 1, ,s¢) plane, de- 5 peing the viscosity of the dispersed system. As analyses of
scribe the €,,{;) behavior parametrically im. Equiva-  the motion equation,) are not important here, extrapolated

lently, Eq. (11) gives a €, ,s,) locus point which can be . yalues only will be reported and discussed in the follow-
employed together witp, andpgto generate the fit function

(cn.¢;) specified by applicationgl?7) and (18) and depen- To obtain quasistatic yield stress values in the best experi-

dent on a phenomenological coefficient. Before using thgnental range of the rheometer, the applied velocity profiles

derived theoretical functions to interpret experimental data, i{yere set toy[s 1]=<400. In this range, the measurements

is worth noting that the/. behaviors shown in Fig. 2 for a ere reproducible, and the relative experimental uncertainty

fixed m value are monotonically increasing @ as well as  {,rned out to bés7|/7=(0.05/0.08). The achievefss'\‘) and

:.n thg degs'tﬁ.[ﬂat'z%/ps' Furtﬂermor(ra], n tf;le limits of pure 7$"°P) versusc,, behaviors are shown in Figs. 3 and 4.

Iquid and Solid phases, one has, coherently, Additionally, rheological data on zirconi@R) aqueous

(19 suspensions and on flocculated alumid.) systems dis-
persed in decalina will be examined together with the previ-
ous ones. Experimental details of the,drand ALO; sys-

while Yc¢,=C,<1 no singularities occur. Based on three freetems are given elsewher27,28. Here Figs. 5 and 6

parametersp, , ps, andm), notice that the set of functions illustrate the concerned measuremeﬂf@ and rgA") versus

lim ¢,=0, Ilim {,=+oo,
c,—0 ch—1
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FIG. 4. Experimental behaviorg? vs c,, of Cay(POy),/H,0

. . . FIG. 6. Experimental measuremenf§® vs c,, of Zr,0/H,O (1
(1) suspensions at the idpar shows the experimental eryor P ﬁé’% " 20/H0 (1)

suspensions near or at the i&g8].

c,- Recall that all quasistatic dispersion behavior investi-
gated here at or near the iep are ruled by DLVO-based inter-
actions. _

Theoretical results and discussioxperimental data k=TCP.SN.ZR, @D

were described by considering experimental reduced yield being an empirical constant. All values of Hamaker con-
stress numbers, which consist of yield stress ratios normakiants are pointed out elsewhdtel,50-53, as well as the
ized to the minimum of all7, measurements, i.e{"  yalue of the interparticle energy among solid@ragglom-
=1V¢, (i=SN,TCP,AL,ZR). As indicated in the end of the erates dispersed in watg28].
Sec. Il, the locus poins,=s,(t,) can be calculated numeri- |t should be emphasized that E&1) is only indicative. It
cally from Eq.(11) and, by using applicationd7) and(18),  simply states that then value increases in the mutual attrac-
the reduced yield stress number predicted by the model cafive potential or, equivalently, in the long-range character of
be determined as a set of* functions. A description of the concerned interaction. Nevertheless, due to the expected
experimentalgi') vs ¢, behavior can be attempted according relation among the only phenomenological coefficient and
to the adoptedn value. As Figs. 7—10 show, although the the intrinsic intermolecular quantities and due to the close
employed experimental methods were different, each set aigreement between measured and predicted data, there are
measurements is well described by Es?) and (18) pro-  reasons for believing that further developments of the pro-
vided with an appropriaten value and the agreement be- posed method can increase the model predictability.
tween theory and experiments is quite satisfactory for all
systems, including the flocculated modified DLVO disper-
sions.

Note that in the implicit functiors,=s,(t,) the entity of
the interparticle energy is absent, whereas the yield stress
certainly reflects the energetics of the suspension. Thus the 3
only quantity related to the interaction strength is the phe-
nomenological constamh [or, more rigorously, the value of
v in the probability function(4)]. If so, a relation linkingm
to the Hamaker constant and/or the mean interparticle en-
ergy £ would not be surprising. Then behavior shown in
Fig. 11 indeed obeys the following relationship:

m(E)xIn(cE), Ei=A.&,

r=AL,ZR,

APPENDIX

Consider Eq(8), provided withv=1 and expressed as

A
12r-T,)

a

dr

. (A1

fr :
1/3
r, al'*==pBr

and assign to the two-particle cluster a geometrical configu-
ration according to well defined and B ranges and to a
selected function of the form=r(T") [53]. Adoptingr=r
=const to avoid overly difficult calculations, and recalling
Eq. (7), integration of(Al) gives

7+ log Y [Pa] R A = .2 _—
100 Da=— ——5——— | A2=A2+46r(A-A,)
6+ . 8a3(I-T,)
54 . A
R +28% 7 In —|, (A2)
4 + L /,»:’/ h u
.”0—/ /K
T ',.-"'.';:-_:'.':-"”‘ & from which, using condition$9) and (10), one arrives at
24 . ,,’"__,_, /", o
’:‘/ r’ I —a - — — A

1 — € Sa(I=22) =A% ANE+4BAT (A~ o) +287Ar7 In —.

03 04 05 06 07 08 09 1 c

FIG. 5. Experimental measurements g vs c, of Al,0; | _ mas
suspensions dispersed in decalin for different values of the interpatng of solid and liquid phase volumegs and V|, reads

ticle energy{27].

(A3)

Recalling that the mass balance for a binary system consist-

Vs/V =R=(p_/ps)[cn/(1—c,)], once pg  are known,
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((TCP)
cism "
8 |
80
6 | oo
60| oo noo
4
40
2
20
.......... . _ — v
0 0 0.2 0.4 0.6 0.8 1 Cn

0 0.2 0.4 0.6 0.8 1 Cn

FIG. 8. Theoretical yield stress ratig"?=¢("P(c) com-
FIG. 7. Theoretical yield stress rati¢>¥ = 7V (c,) compared  pared with experimental data derived from Fig. 4.
with experimental data derived from Fig. 3.

Eq. (A3) allows us to obtain one geometrical quantity only I'B=2¢r, (A4)

(i.e., A) as a function of the solid mass concentration, pro-

vided the other variablé.e.,r) has already been determined.

The last relationship can nevertheless be rearrangedhereé=((#/3)[ 1+ (1/2R)])*® was introduced in Eq13).

in a more suitable form. For spherical agglomerates, i.e.Accordingly, using the definition af=A/2r and combining
v~3mr [and see Figs.(® and ib)], development of the Eq. (A4) with the geometrical constrair?) for A4, it is

volume balance yieldE=2v [1+(1/2R)], or [43] possible to set
40 e o R
240 400
180 300 . :
120 200
. R
0 0
@ o 02 04 0.6 0.8 1 c) 0 02 04 1 o
iAan ¢4 o I;ET .
320 80 ...
240 60
160 40
50 ol
R | ‘ o , |
(b) 0 0.2 0.4 0.6 0.8 1 e d o 0.2 0.4 0.6 0.8 1 Cn

FIG. 9. (a)—(d) Theoretical yield stress ratigd"-)=¢")(c,) compared with experimental data derived from Fig. 5.
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e

16

12

Cn

0 0.2 0.4 0.6 0.8 1

FIG. 10. Theoretical yield stress ratid”®=¢'*®(c,) com-
pared with experimental data derived from Fig. 6.

E —
2

=fa—X. (A5)

Substitution of Eqs(A4) and (A5) into Eq. (A3), and some
algebraical manipulations, then lead to

x 3 x|
=——_2— —_— —_—
(Inxx Z)X +2X ga(l In);>+xx

3
for In— zx) _ e (A6)
X\

+éa I

wheEx/_xAEE)\c. Defining the quantities;=x/éa and
t,=x,/x, and dividing both members by?, Eq. (A6) is
transformed into a three-degreg polynomial:

p3t52+ p2tS§+ P1:S¢+ Por=0, (A7)

where pg=2t,— 2 —In t,—(t4/2), px=2(1-t,+Inty), py

=—Int,, andpg,=3(1—t3).

Equation(A7) was derived by employing=1 in the in-
finitesimal probability distributior(4). More generally, it is
reasonable to expect that thecoefficient in Eq.(4) will

ZR 7R
AL

TCP .}D/ | o E [KT]

20 + m A [kT]

32 -1 01 2 3 4 5 6 7
In (E,A)

FIG. 11. Heuristicm coefficient as a function of the Hamaker
constantA[kT] and of the interaction energy[kT].

r=7(A™), and to insert the coefficiennh in Eq. (A7) ac-
cording to the global phenomenological position

3
t)\—>t;‘\“:>i20 pi(th)s,, meR. (A8)

If one combines EqA8) and the implicit function(A7), the
set of»! locus pointss,= s,(t, ,m) follows.

Introducing the functionr= 7.(t, ,s;) in Eq. (14), the
solid mass concentratiog, can be related to the reduced
yield stress numbef, according to Eqs(14)—(16) and(A8).
Results obtained in Eq§l7) and(18) can be summarized as

e ={(cn=U1+p /(pst))],

{=(8-1)Ys)| Aty s, =0}, (A9)

from which the behaviot = (c,) can be achieved when
the density ratiop, /ps and the heuristic coefficienh are
kept at constant values.

Finally, it should be noted that if strong electrostatic in-
teractions act between particles, from previous works
[7,20,21,39,42,48 concerning the influence of ionic
adsorption-complexation phenomena on the particle size, it
follows that the assumption of a constant radius within the
cluster volume could fail. Therefore, far from the isoelectric
point of the slurry, integral§8) and (A1) becomes much
more difficult to solve exactly.

change with the specific solid plus liquid system. Thus, since

its value isa priori unknown, a discussion @f,= 10 4(») may
be required. The evaluation of integrd@) for a genericv
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