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Rheology of concentrated coagulating suspensions in non-aqueous media 

F. W. A. M. Schreuder  and  H. N. Stein 

Laboratory of Colloid Chemistry, Eindhoven University of Technology, Eindhoven (The Netherlands) 

Abstract: The rheology of concentrated coagulating suspensions is analysed on the 
basis of the following model: (i) at low shear rates, the shear is not distributed 
homogeneously but limited to certain shear planes; (ii) the energy dissipation 
during steady flow is due primarily to the overcoming of viscous drag by the 
suspended particles during motion caused by encounters of particles in the shear 
planes. This model is called the "giant floc" model. 

With increasing shear rate the distance between successive shear planes 
diminishes, approaching the suspended particles' diameter at average shear stresses 
of 88-117 Pa in suspensions of 78 lam particles (glass ballotini coated by a hydro- 
phobic layer) in glycerol - water mixtures, at solid volume fractions between 0.35 
and 0.40. Smaller particles form a more persistent coagulation structure. The 
average force necessary to separate two touching 78 gm particles is too large to be 
accounted for by London-van der Waels forces; thus coagulation is attributed to 
bridging connections between polymer chains protruding from the hydrophobic 
coatings. 

The frictional ratio of the glass particles in these suspensions is of the order of 
10. Coagulation leads to build-up of larger structural units at lower shear rates; on 
doubling the shear rate the average distance between the shear planes decreases by 
a factor of 0.81 to 0.88. 
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to inter-shear plane distance 

Hamaker constant 
radius of primary particles 
frictional ratio u 
attractive force between two particles 
acceleration due to gravity 
distance between the surfaces of two particles V A 
proportionality constant in power law x, y, z 
fraction of distance by which a moving particle 
entrains its neighbours Y0, z0 
effective length of inner cylinder in the rheometer 
torque experienced by inner cylinder during mea- zly0 
surements 
exponent in power law % 
constants in extended power law 
number of contacts, per mm 2, between particles in YN 
adjacent layers with an average degree of occupa- 6s 
tion, assuming a hexagonal arrangement of the par- 6 0 
ticles within the layers 
as NChex, but with a cubical arrangement 
increase of slippage probability when the shear A 
stress increases from r to ~ + & 
average coordination number of a particle in a e~ 
coagulate 
radius of inner cylinder of rheometer ep 

radius of outer cylinder of rheometer 
time during which particle i moves 
time during which a particle bordering a shear 
plane moves from its rectilinear course, on meeting 
another particle 
angle between the direction of motion, and the line 
connecting the centers of two successive particles 
bordering a shear plane 
attractive energy between two particles 
Cartesian coordinates: x - the direction of motion; 
y - the direction of the velocity gradient 
y, z value of a particle meeting another particle, 
when both are far removed from each other 
spread in Y0 values 
- 2/n 
capture efficiency 
shear rate 
average shear rate calculated for a Newtonian liquid 
distance by which particle i moves 
distance by which a particle bordering a shear plane 
moves from its rectilinear course, when it encoun- 
ters another particle 
square root of area occupied by a particle bordering 
a shear plane, in this plane 
energy dissipated during one encounter of two par- 
ticles bordering a shear plane 
energy dissipated by one particle 
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energy dissipated per unit of volume and time 
during steady flow 
viscosity 
r/) calculated as if the liquid is Newtonian 
viscosity of suspension medium 
lim (r/9)~ ~ 
intrinsic viscosity 
drld~, 

t l d i f f / q0  
standard deviation of distribution of Y0 values 
shear stress 
average shear stress at the highest ) values applied 
mass average particle diameter 
number average particle diameter 
solid volume fraction 
effective solid volume fraction in Dougherty- 
Krieger relation 
maximum solid volume fraction permitting flow 
angular velocity of inner cylinder in rheometer 
during measurements 

1. Introduction 

The rheological properties of concentrated coagulat- 
ing suspensions are interesting from both a practical 
and a theoretical point of view. An example of prac- 
tical interest is the blockage of flow by coagulation, 
and its prevention or enhancement. A theoretical aspect 
is that rheology is one of the few methods for learning 
something about particle arrangement and interaction 
in concentrated suspensions. 

In recent years, Hunter and coworkers (see e.g. 
[1-6]) have developed the "elastic floc" model for 
analysing the energy dissipation during steady flow in 
dilute suspensions, where separate flocs can be dis- 
cerned. The starting point of this model is that the 
energy dissipation related to the flow is caused pre- 
dominantly by the viscous drag experienced by par- 
ticles moving within flocs, and by the internal move- 
ment of liquid within the flocs when they change their 
volume or shape. Compared to these effects, the energy 
dissipation through formation and subsequent breaking 
of bonds between the suspended particles, and the 
elastic energy required to stretch bonds between 
primary particles are of minor importance. 

The present authors regard the elastic floc model as 
a major advance in the rheology of suspensions: Its 
basic idea seems to be sound, although some assump- 
tions need verification. We mention the following: 

1) The solid volume fractions within the flocs is an 
important parameter in the calculations. It has been 
determined by Hunter from the effective solid volume 
fraction in the Dougherty-Krieger relation [7]: 

17p L = ;70 ( 1  - -  @ e f f / ~ O m a x )  - [r/]* fm~x ( 1 )  

where r/pL is [lim (r/?))]~_~, r the shear stress, 79 the 
shear rate, (Pmax the effective maximum solid volume 
fraction permitting flow and [r/] the intrinsic viscosity. 
Hunter used [r/] = 2.5 and ~0max = 0.60. It should be 
noted that this rest on the assumption that an increase 
in solid volume fraction d~0 results in an increase in 
viscosity drIpL = 2.5 rip L d~o/(1 - (P/(Pmax). Especially for 
suspensions with non-Newtonian rheological behaviour 
(as is usual in coagulating suspensions) this assump- 
tion is open to doubt [8, 9]. In addition, the general 
validity of ~Omax = 0.60 for suspensions with aggregates 
of different sizes must be doubted as well. 

2) Distinguishing between the energy needed for 
motion of suspended particles in the flocs and the 
energy needed for moving the liquid between the par- 
ticles in the flocs is not logical. Thus, the work neces- 
sary for moving a single spherical particle through an 
infinite l iquid as calculated from the Stokes equation 
includes the work for displacing part of the liquid. 

3) Hunter sets both ~0 (the capture efficiency for 
coagulation by shear) and the frictional r a t i o . f  (the 
ratio of the friction experienced by a particle in the 
suspension to that experienced by an isolated particle) 
equal to 1. For irregularly shaped particles, the former 
is one to two orders of  magnitude too high [10, 11], 
whereas the latter seems to be rather low. 

In view of these uncertainties a model was developed 
in our laboratory for treating the rheology of coagulat- 
ing suspensions [12, 13] in which the number of as- 
sumptions involved was reduced. In order to avoid the 
use of the Dougherty-Krieger relation, we restrict 
ourselves to suspensions of such high concentrations 
that separation of discrete flocs is not observed. Use of 
the overall solid volume fraction for describing the 
surroundings of a particle then introduces a negligible 
error. When such a "giant floc" is subjected to a 
shearing stress, the shear will not develop homogene- 
ously at low stresses; the shear will occur in preferential 
shear planes only. In the model, these shear planes are 
idealised as flat planes parallel to the direction of flow 
(figure 1), with an average spearation of A. A shear 
plane separates two domains in which a given particle 
remains surrounded essentially by the same neigh- 
bours. A suspended particle bordering a shear plane 
occupies, on the average, an area A 2 in this plane; this 
area is shaded in figure 1. 

When shear occurs in a shear plane, a particle 
bordering this plane meets particles from the adjacent 
domain. In the direction of motion, two such particles 
approaching each other are separated on the average 
by a distance A cos u (where u is the angle between the 
direction of motion and the line connecting the centers 
of the two particles). When such a collision is imminent, 
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Fig. 1. Schematic view of giant floc model. 
Three domains are shown, with their velocities 
relative to the foremoest one. Part of the 
coagulate in the middle domain is indicated. 
Particles 1 and 2 border the same shear plane. 
In this plane, the shaded area is associated 
with particle 1 

the particles involved are forced out of  their way over 
a certain distance 30. Because of hydrodynamic  inter- 
action the particles do not really collide in most cases; 
nevertheless the process is here termed a "collision". In 
the model, the distance 30 is more important  than 
whether or not a real collision occurs. Thus the present 
model is insensitive towards the value of the capture 
efficiency c%. 

Since the colliding particles are bound to q - 1  
neighbours in their own domains (where q is the aver- 
age number  of  neighbours of  a particle within a 
domain),  they entrain these neighbours each over a 
distance 30l (with 0 < l < 1). These neighbours entrain 
their q -  1 other neighbours over a distance 6ol 2 etc. 

The energy dissipated by a particle moving over a 
distance 3i in t ime ti is given by 

ep = force" distance = 6 ~ rlo b f (3i/ti) " 3 i  (2) 

where b is the particle radius, t/0 the viscosity of  dis- 
persing medium,  and f the frictional ratio. 

Thus, one collision is accompanied by an energy 
dissipation: 

ec = 2.6~z qo b f[3~/to + (q - 1) 12 3~/to 

+ ( q -  1)2143~/to + ...] 

1 
= 127r qo bf(32o/to) (3) 

1 - ( q -  1) l 2" 

Here use is made of the fact that the t ime during 
which the particles move is equal to to for all particles 
entrained during one collision. 

The energy dissipated per unit volume and t ime is 
then obtained by multiplying ec by the number  of  par- 
ticles in shear planes per  unit volume (=2/ (AA2))  
divided by 2 (because we counted two particles in 
adjacent planes in relation (3)), and divided by the 
t ime between two successive collisions ( A c o ~ / ( g A ) ) .  

In addition, to = 30/(9A c ~ ) .  We then obtain: 

b 30 A f 92 
~=12~zr /°A A A 1 - ( q - l ) / 2  (4) B 

This would correspond with Newtonian behaviour  if 
all parameters  were independent of  9. However,  espe- 
cially A is expected to decrease with increasing shear 
rate and shear stress: a region able to withstand a small 
shear stress may break down on application of  a larger 
one. Thus, at low 9 values not all potential shear planes 
are operational. 

In a previous paper  [12], a prel iminary version of 
this model was applied to suspensions of  Ca(OH)2 in 
water. In the present paper,  the model is applied to 
systems better conforming with its basic concepts: sus- 
pensions of  spherical particles with a narrow size 
distribution. Compar ison with experimental  data will 
then give information on the parameters  of  the model. 

Coagulation was effected by using a suspension of 
particles coated by an non-polar layer [10, 14] in a 
polar liquid (glycerol-water mixture). In such suspen- 
sions absence of sedimentation is observed for solid 
volume fractions 9) >_- 0.350. 

2. E x p e r i m e n t a l  

2.1 Materials 

The suspended particles were glass ballotini (Tam- 
son, Zoetermeer).  The original sample was divided into 
fractions by sedimentation. Coating by a hydrophobic  
layer was achieved by treatment  with a solution of 
dimethyl-dichlorosilane in hexane [10, 14]. Three coat- 
ed samples were used; their characteristics are shown 
in table 1. For comparison, some data for sample III 
before the coating application are mentioned in sec- 
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Table 1. Characteristics of glass samples 

Sample no. I II III 

Mass average particle diameter 
~/gm 28.32 52.56 78.32 

Number average particle diam- 
eter q~n/gm 26.64 48.71 75.38 

Ratio ~/~n 1.063 1.079 1.039 
Thickness of polymer layer/nm 1.0 3.5 3.0 
Specific mass 2.69 2.83 2.84 

tion 3. Under the circumstances prevailing here, with 
glass particles not strongly desiccated beforehand, 
treatment with dimethyl-dichloro-silane results in 
coating with a polymer layer. 

ESCA analysis showed the presence of Na, Ca, Si, 
Pb and O in the untreated glass. The weakening of the 
Na and Pb lines could be used to calculate an average 
thickness of the polymer layer, which is listed in 
table 1. Electron microscopical evidence, however, 
showed that in addition to a layer spread more or less 
uniformly over the surface, the polymer was also 
separated in globules of diameter up to 100 nm ad: 
hering to the surface (see figure 5). 

The dispersing medium was glycerol (Merck "Zur 
Analyse") consisting of a glycerol-water mixture 87/13 
m / m  (r/293K = 152.05 mPa" s). 

2.2 Apparatus 

A Contraves Rheomat 15 was used with measuring 
system C, a Couette geometry with rotating inner 
cylinder: radius of inner cylinder Ri = 6.77 mm; radius of 
outer cylinder Ru = 10.00 mm; effective length 46.2 mm. 

The largest centripetal acceleration used was 0.933 g, 
where g is the acceleration due to gravity. Torques 
which can be measured vary between 3.56- 10 -4 and 
3.56.10-3 Nm.  

2.3 Procedure 

Pastes were prepared on a mass basis. After thorough 
homogenisation by hand with a spatula, a mechanical 
homogenisation step was applied in order to break 
down agglomerates. This step consisted of stirring for 
2 minutes at a stirring speed of 3,500 rpm in a 100 ml 
glass vessel of 43 mm internal diameter. The stirrer's 
head had dimensions 2 7 x l l x l  mm 3 and made an 
angle of about 30 ° with the horizontal plane. 

After homogenisation the sample was introduced as 
fast as possible into the rheometer, and measurements 
were started immediately. A series of measurements 

performed on one sample consisted of 3 - 4  angular 
velocity scans. Each scan started at the highest angular 
velocity permitting torque measurement. Then the 
angular velocity was decreased stepwise to the lowest 
angular velocity permitting torque measurement (10% 
of the total torque scale). Then the angular velocity was 
increased again. The parts of a scan with decreasing 
and increasing ~ are indicated as "initial" and "later" 
parts, respectively. The high limit of the angular 
velocity usually was 36.8rad-s  -1 (in some cases 
27.9 rad" s-l); the low limit varied between 0.79 and 
3.5 rad.  s -1. Generally nine to ten different angular 
velocities were covered in a scan. Between successive 
scans, the suspension was homogenized by hand. Each 
scan took less than one minute to complete. 

Measurements were performed at 293.2_+ 0.2 K. No 
sedimentation was observed during the measurements 
or within a few days afterwards; neither was any air 
introduction observed. 

A check was made for the occurrence of wall 
slippage with similar but non-coagulating suspensions 
(uncoated glass in glycerol-water mixtures) according 
to the Rautenbach-Schlegel method [15]. No wall 
slippage was found. 

3. Results 

Figure 2a shows a typical scan of apparent relative 
viscosity (r/(~Nq0)) versus apparent shear rate )N, i.e. 
the average shear rate as calculated for a Newtonian 
liquid. 

In all cases, at a given angular velocity of the inner 
cylinder, a larger apparent viscosity was measured in 
the initial part of a scan (with decreasing ~) than in the 
later part of a scan (with ~ increasing). This effect was, 
however, nearly absent in suspensions with 78 gm par- 
tides, especially at ~=0.350. Thus, sedimentation 
and/or centrifugal separation of the suspended par- 
ticles cannot be held responsible for this effect. Neither 
is the effect consistent with a progressive breakdown of 
a coagulation structure during a scan. It is true that 
during the initial part of a scan a coagulation structure 
builds up which is destroyed again on increasing )~ 
during the later part of the scan. But any hysteresis in 
this respect should lead to higher apparent viscosities 
at a given angular velocity of the inner cylinder, during 
the later part of a scan. The effect is ascribed to align- 
ment of shear planes (see Discussion). 

The apparent viscosity increases with decreasing i, 
indicating shear thinning behaviour. Average shear 
rates were then calculated by treating the suspension as 
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Fig. 2. Relative apparent viscosity versus 9N, the average shear 
rate calculated from the flow field of a Newtonian liquid. 
a) Measurements during one scan; q~= 0.350, q5 = 52.57~m. 
b) Measurements during the later parts of the respective scans; 
{0= 0.350, v - ~b = 28.32pm, o - q5 = 52.56 ~tm, [] - cb = 
78.32 ~tm 

a power-law fluid: 

r = K ~n (5) 

in which n was found by a least-squares t reatment  of  
l o g M  vs. log coi ( M -  torque;  co; - angular  velocity of  
inner cylinder). Table 2 shows the values of  n thus ob- 

Table2. Constant n for power-law description of data 
(r = Kg") 

{b/lain {o 

0.350 0.375 0.400 0.425 

28 0.756 0.756 0.770 
0.760 

53 0.720 0.694 0.636 
0.644 

78 0.794 0.779 0.789 
0.792 0.772 0.762 

0.779 

0.789 

tained, each value representing the average of  the 3 to 
4 scans performed on one sample. Dupl icate  and tr ipli-  
cate values show the reproducibi l i ty  of  the suspension 
preparat ion.  

Average shear rates were then calculated by 

2 (R~ + 2 -  R7 +2) 
9 =  ( n - 1 )  (R~- R~) (R,2- Ri2) o2i (6) 

with 7 = -  2/n. 
The data, though represented well enough by rela- 

t ion (5) for calculating an average shear rate, showed 
systematic deviat ions from this relat ion necessitating 
representat ion by an extended power  law: 

log M = no + n l log o2i +//2 (log O2i)2 (7) 

for calculating dlogrlapp/dloggi (see Discussion). For  
calculating y, relat ion (5) was considered accurate 
enough, since the influence of n on the calculated 
values, though perceptible,  was only a second-order  
effect. 

4. Discussion 

4.1 General remarks 

One remarkable  feature of  the data  is that  the ap- 
parent  viscosities, at a given angular  velocity of  the 
inner cylinder, are lower on going from low to high 9 
values than in the reverse direction. Since sedimenta-  
t ion and centrifugal separat ion of  suspended particles,  
and hysteresis in the bui ld ing-up and breakdown of  a 
coagulation structure can be excluded, as ment ioned 
above, we interpret  this effect as an al ignment of  shear 
planes during a scan. 

No disorder  arises on reducing 9 because of  Brow- 
nian motion: the t ime necessary for a part icle  to diffuse 
over a distance equal to its own radius, in the pure dis- 
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persion medium is much longer (270-5,700hours)  
than the time covered by a scan (_-< 1 min). Thus, align- 
ment of  shear planes progressively builds up during a 
scan. In the following, therefore, data obtained during 
the later part of  a scan (with ~ increasing) are used in 
the calculations, as corresponding better with the 
assumptions of  the "giant floc" model. 

4.2 Analysis of behaviour at high shear rates 

In the giant floc model, shear thinning in coagulating 
suspensions is ascribed predominantly to a decrease 
of  the inter-shear plane separation A (relation (4)), 
because regions able to withstand a small shear stress 
may break down on application of a larger one. It ap- 
pears from figure 2b that at the highest shear stresses 
realized in the present work the apparent viscosity has 
not yet become constant. This is also seen in figure 3, 
showing typical results for the differential relative 
viscosity: 

dr dr 

~diff//?]0 = (~--~) suspension/(~-~) mediur n . (8) 

When plotted versus the logarithm of )5, a linear rela- 
tion is obtained up to the highest shear rates. No sign 
of  levelling-off corresponding to complete breakdown 
(A = 2 b) is seen. 

Nevertheless, though complete breakdown of  the 
coagulation structure is not achieved in the present 
investigation, the following arguments indicate that it 
is approached at the highest shear rates, for the sus- 
pensions with 78 gm particles: 

1) The differential relative viscosity is in this case 
(in contrast with suspensions of  smaller particles) 
nearly equal to that found in suspensions of uncoated 
particles in glycerol-water mixtures, with the same size 
distribution. In such suspensions, no rheologically mea- 
surable coagulation is found [8]. The values of  /']diff//~0 
for ~ ~ o% obtained in those cases [9], are mentioned 
in the caption to figure 3. 

2) The course of  the differential viscosity vs. log10)5 
plots at various solid volume fractions would lead to a 
crossing of  the curves at qdirf/~/0 ~ 4 if the linear rela- 
tions were to continue. At such a crossing point the 
differential viscosity would become independent of  the 
solid volume fraction. At higher )5 values even a de- 
creasing differential viscosity with increasing q~ would 
prevail. Since this is very improbable, a levelling-off of  
the curves at ?]diff/t]0 ,~ 4.5 is indicated. 

If  we assume that at the highest )5 employed com- 
plete breakdown of  the coagulation structure is 
achieved (A ~ 2 b) in suspensions with 78 ~tm particles, 
but not in suspensions with 28gm particles, we can 
calculate the force necessary for separating two touch- 
ing particles. In table 3, the average number of  contacts 
between particles in adjacent layers, per mm 2, is men- 
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Fig. 3. Differential relative viscosity versus 1ogl0~N. ¢ =  
78.32 gm, v -- (o= 0.400, © -- ~o= 0.375, [ ] -  ~o= 0.350. For 
non-coagulating suspensions, lim(r/diff/r/0)t~c e is 6.38, 5.29 
and 4.66, respectively 

Table 3. Number of contacts per mm 2 between particles in adjacent planes with average degree of occupation; and forces 
available per particle pair in the direction of separation 

n/gm q) = 0.350 fp = 0.375 ~ = 0.400 

hexagonal cubical hexagonal cubical hexagonal cubical 

NC/ F/ NC/ F/  NC/ F/  NC/ F/ NC/ F/  NC/ F/  
mm-2 10-7N mm-2 10-7N mm-2 10-7N mm-2 10-7N mm-2 10-7N mm-2 10-7N 

28.32 483 1.89 557 1.64 540 1.96 640 1.66 630 1.64 728 1.42 
52.26 140 5.71 162 4.93 161 5.97 186 5.17 183 6.34 211 5.50 
78.32 63 9.88 73 8.52 72 10.6 84 9.09 82 10.09 95 8.71 
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tioned for suspensions with volume fractions and par- 
ticle sizes comparable to those investigated experimen- 
tally. The distance between two adjacent layers was 
taken to be 2 b, such as to enable the layers to slide past 
each other. Both a hexagonal and a cubical arrange- 
ment of the particles within the layers was introduced. 
Full occupation corresponds with {o=0.6046 and 
0.5236, respectively, in these cases. If a random distri- 
bution of vacancies over the available sites is assumed, 
the average number of contacts between two adjacent 
layers becomes: 

NChexag°nal = ~ (2 b) 2 sin 60 ° ' (9) 

( { 0 )  2 l  (10) 
NCcubical = ~ -  (2b)2" 

By using the average shear stresses at the highest 
values applied (rn) to calculate the force available per 
particle pair in the direction of separation of the par- 
ticles concerned (F=rncos(~r/4)/NC), we obtain 
values which are independent of the solid volume frac- 
tion (see table 3). If, on the other hand, we start from 
the assumption that when r= rn  the shear stress is 
equivalent with the force necessary to separate the 
touching particles at a constant (i.e., ~0 independent) 
occupation of the layers, we obtain F values which are 
dependent on the solid volume fraction ~0. This refers to 
the case of 78 and 28 gm particles; the 53 gm particles 
show a different behaviour (see below). Since a ~0 
dependent force between suspended particles cannot be 
reconciled with current theories about particle inter- 
actions, we reject the later hypothesis. 

The approach to complete structure breakdown 
(A= 2b) in the case of the 78gm particles, but not in 
the case of smaller particles, can then be explained by 
assuming that in the latter case the average force avail- 
able per particle pair is too small to separate two 
adjacent planes with an average degree of occupation, 
while with larger particles it is sufficient. This leads to 
the conclusion that a force of 1" 10-6N suffices to 
separate two touching 78 gm particles, while a force of 
1.8" 10-7N is not large enough to separate two touch- 
ing 28 gm particles. 

It may be critisized that there will be parts of the 
coagulation structure with a larger number of contacts 
between adjacent planes than the average number. This 
is undoubtedly true. But during shear the stress con- 
centrates on these regions. The use of the average shear 
stress when A --* 2 b, for calculating the force necessary 
to separate two touching particles is equivalent to the 
assumption that, when the average shear stress suffices 
to separate neighbouring planes with an average 

degree of occupation, stress concentration takes into 
account regions with a larger number of bonds between 
particles. 

The F values mentioned in table 3 provide insight 
into the coagulation mechanism. The absence of 
coagulation in suspensions of untreated glass in glycerol- 
water, while silanized glass is subject to pronounced 
coagulation, can be due to three different mechanisms: 

a) The London-van der Waals attraction between the 
polymer coatings in glycerol-water is much larger than 
that between glass in glycerol-water. In colloid chemi- 
cal terminology: the Hamaker constant in the case of 
polymer/glycerol-water/polymer is significantly larger 
than that of the case of glass/glycerol-water/glass. 

b) The London-van der Waals attraction suffices for 
coagulation, for both silanized and untreated glass in 
glycerol-water. Untreated glass, however is, electrosta- 
tically stabilized by dissociation of surface S i -OH or 
S i -ONa groups. 

c) Polymer chains protruding from the coatings in 
the case of silanized glass form bridges. 

In case (a), the attractive energy between two nearly 
touching spherical particles, is given by [16]: 

A'b 
V A = - - -  (11) 

12H 

with A' the Hamaker constant and H the distance be- 
tween the surfaces of the particles. 

The attractive force is found by differentiating rela- 
tion (11): 

A'b 
FA = 12 H---- 5 • (12) 

For polymer/glycerol-water/polymer, A '~  10 -19 J (cf. 
the case of carbon in water [17]). For glass/glycerol- 
water/glass, A ~  10-2°J (cf. the case of SiO2 in water 
[17]). 

However, in reality we deal with the case glass/ 
polymer/glycerol-water/polymer/glass. For this case 
the attraction is determined by an effective Hamaker 
constant 

A'eff=A ~ 1 + 2 2 (13) 
1+2 1+ 

if the contribution of the glass particles to the attrac- 
tive energy is neglected (At ~ 0). Here, 6 designates the 
thickness of the polymer layers. This relation can be 
derived from the expression for attraction between flat 
plates [18]. 

From relation (13) it follows that A;ff is larger than 
0.5A~ only if 6/H > 0.7. Thus, the Hamaker constant of 
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Fig. 4. Typical scanning electron micrograph of silanized glass 
particle 

the polymer chains will predominate  only if the par- 
ticles are very close together (H ~ 2nm).  Since the 
irregularities on the surfaces (see figure 4) are much 
larger than this, two particles can approach each other 
only to distances at which the glass/glycerol-water/glass 
Hamaker  constant determines the attraction. Thus, 
alternative (a) can be rejected. 

With A ' ~ 1 0 - 2 ° J  and FA=10-6N,  we calculate 
H ~ 2 .10  -l° m. This means, however, that the assump- 
tion (b) must be rejected as well, since this distance 
again is much smaller than the irregularities of  the 
surface. 

We are left, then, with bridge formation between 
polymer  chains protruding into the liquid med ium as 
the cause of coagulation. 

From the conclusion that A =  2b at ~ 9 0 s  -1 in 
78 ~tm particle suspensions, we obtain: 

( b )  36° f =4 .5  (14) 
r/diff/r/°=24~ A-- b 1 - ( q - 1 ) l  2 " 

In this formula, several parameters  can be estimated: 
i) From a comparison with crystal structures, b/A 

can be found. This is based on the idea that particle 
surroundings in a suspension are comparable  to those 

LAYER 2 I2b 
LAYER I >Z 

Fig. 5. Schematic view of particles approaching a certain par- 
ticle in layer 1. The shaded area represents the range of Y0 and 
z 0 values employed for calculating ( ~ 2  

Table 4. Values b/A for some possible shear planes in crystal 
structures 

Structure Shear plane b/A 

FCC 100 0.6083 ~01/3 
110 0.5115 ~o 1/3 
111 0.5939 ~01/3 

Simple cubic 100 0.6204 ~01/3 
110 0.5217 (o I/3 

BCC 100 0.4924 f,01/3 
110 0.5855 ~l/3 

in a crystal. Quite generally, b/A is proportional to 
q~1/3, while the proportionality constant varies between 
0.49 and 0.62 for various crystal structures and shear 
planes (table 4). Because in flowing suspensions dif- 
ferent types of  particle arrangements and shear planes 
occur, we used an average value of 0.562 ~01/3 for b/A. 

ii) cSo/b is estimated as follows: The particles are 
thought to be ordered at high ~ values in layers, with a 
distance between the centres in successive layers of  2 b 
(figure 5). There is a certain spread of the particles 
about their ideal positions, expressed by a Gaussian 
type distribution of the y coordinate of  their centres, 
with standard deviation a (y designates the direction of 
the velocity gradient, x the direction of flow and z the 
direction perpendicular to x and y). 

Consider now some particles in layer 2, threatening 
to collide with one particular particle in layer 1 
(figure 5). When the particles in layer 2 are still far 
removed from the particle in layer 1, their y coordinate 
is Y0 = 2b +Ayo,  with - b < Ayo < + b, and the prob- 
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ability of one particular Ayo value described by a 
Gaussian distribution with standard deviation a. Those 
particles in layer 2, which are displaced appreciably by 
interaction with the particle in layer 1 considered, are 
thought to be restricted to those with - b < z0 < + b. 
An average value of  6o/b can then be calculated by: 

+ b  3b 30 
I yj bTexp [- (yo-2b)/(al/2) 2] dyodzo 

(6o/b) = zo=b = 
+ b  3b 

5 exp [ -  (Y0- 2 b)/(a ]Q)21 dyo dzo 
~o=-b y0=b (15) 

3o/b as a function of  Y0 and z0 was introduced on the 
basis of  two hypotheses: (a) on the basis of  the Batche- 
lor and Green trajectories [19] (table5, co lumn2) ;  
(b) on the basis the rectilinear motion, except when 
direct steric overlap with the particle in layer 1 would 
occur (table 5, column 3). These are the two extremes 
with reality somewhere between, since the particles are 
not free to follow the Batchelor and Green trajectories 
which refer to very dilute suspensions. 

We are then able to calculate the parameter com- 
bination f / [1 - (q -1 )12] .  In columns 4 and 5 of  
table 5, some values are mentioned calculated by rela- 
tion (14), with the 6o/b values in column2.  Values 
from column 3 would lead to proportionally larger 
values of f / [ 1 - ( q - 1 ) / 2 ] .  The largest uncertainty is 
caused by our ignorance of  the degree of  order under 
high shear rate, i.e. by ignorance of  a/b. f [1  - (q - 1) l 2] 
seems to be of  the order of  10. In view of  the fact that 
there is no significant difference between lira (r/dill/ 
r/0);~o~ in coagulating suspensions, and r/eL in non- 
coagulating ones, the large value o f f / [1  - (q - 1) 12] is 
ascribed to a large value of  f rather than to small value 
of  the denominator. A large value of  f is, indeed, ex- 
pected because the effects of  all deviations from recti- 
linear motion in a very dilute suspension, including 
rotation, are combined in this parameter. 

Table 5. Parameters in the high shear rate region 

alb aolb 

from Bat- from recti- 
chelor tra- linear mo- 
jectories tion unless 

direct over- 
lap would 
occur 

f/[1 - (q- 1) 12 l 
on the basis of the 
Batchelor trajectories 
6o/b values 

~0 = 0 . 3 5 0  (0 = 0 . 4 0 0  

0.2 0.036 0.024 26.7 23.3 
0.4 0.080 0.065 12.0 10.5 
0.6 0.104 0.087 9.24 8.08 
0.8 0.110 0.093 8.73 7.64 

4.2 The build-up of structure at lower shear rates 

At lower shear rates, qapp / t ]0  increases (figure 2). If  
all other parameters remain constant, Y/0/?]app is a mea- 
sure for 1/A (cf. relation (4)), while 

T' 

A = Z b /  i p(T) dr. (16) 
r = 0  

In relation (16), p(r)dr  designates the increase of  
slippage probability, at a given potential shear plane, 
when the shear stress increases from r to r +  dr. 

A typical graph is shown in figure 6. A large number  
of  shear planes (about 1 /2 -1 /3  of  the total) is opera- 
tive already at the lowest r values applied here, but 
further breakdown of  the structure is difficult. 

In order to abstract from parameters which remain 
constant when the shear rate and shear stress change, 
dln r/app/dln ~ is plotted in figure 7 for various concen- 
trations and particle sizes. A distinct difference is seen 
between the 28 and 78 ~tm particle suspensions on the 
one hand, and the 53 gm particle suspension on the 
other. This difference is apparent also from other data: 

l) //app/~]0 increases more strongly with decreasing ??, 
for the suspensions with 53 gm particles than for those 
with 28 ~tm particles (cf. the crossing of  the respective 
curves in figure 2 b; this was even more pronounced at 
higher concentrations). 

2) The power law index n indicating the degree of  
shear thinning character, is approximately equal and 
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Fig. 6. r/0/r/app vs. r. ~ = 28.32 gm; v - ~0= 0.350, o - ~o = 
0.375, [ ] -  ~o = 0.400 
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F i g .  7. d l o g  , / / d l o g  9 vs. 9. - -  ~ = 2 8 . 3 2  g i n ,  { o =  0 .350 ;  - - -  
= 28 .32  g m ,  ~ = 0 .400 ;  . . . .  ~ = 52.56 pro ,  e = 0 .350 ;  - - -  

cp = 52.56 l~m, e = 0 .400 ;  . . . . . .  ~ = 7 8 . 3 2  l~m, e = 0 .350 ;  

. . . . . .  ~ = 78 .32  ~ m ,  e = 0 .400  

independent  of  concentration for the 28 gm and 78 gm 
part icle suspensions. It is smaller  and decreases with 
increasing concentration for the 53 gm part icle suspen- 
sions (see table 5). 

] 'he fact that n does not vary with concentration in 
the suspensions with 28 gm and 78 gm particles sug- 
gests that in these cases the parameters  which depend 
strongly on concentration (A, f ,  q) do not significantly 
influence n or dln  r/app/dln ?) (the latter pa ramete r  also 
is determined by the shear thinning characteristics). 

Thus, in these cases dlnrl,pp/dln 9 is de termined 
pr imar i ly  by a change in the inter-shear plane distance 
A with increasing 9. The values of  d ln  ~hpv/dln 9 shown 
in figure 7 vary from 0.20 to 0.33; they are consistent 
with a decrease of  A by a factor 0.88 to 0.81 on 
doubling the shear rate. 

Suspensions with 53 gm particles behave differently. 
This difference is not due to a lack of  reproducibi l i ty  
of  the suspension prepara t ion  (see table 2). Therefore 
the best way to account for it is that  the t reatment  of  
the glass particles with (CH3)2SIC12 in the case of  the 
53 gm particles lead to a different  surface coating with 
a more "sticky" surface, than in the case of  the 28 gm 
and 78 gm particles. This accounts for the fact that 
Plapp at low 9 values is higher for the 53 gm particles, at 
a given solid volume fraction, than for the 28 gm par- 

ticles (cf. figure 2b).  The more sticky surface of  the 
53 gm particles leads to a rapid  bui ld-up of  a coagula- 
t ion structure on decreasing 9; this structure, however 
is not able to withstand increasing shear stresses. 
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